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Diabetes and its complications derived are among serious global
health concerns that critically deteriorate the quality of life of
patients and, in some cases, result in lethal outcome. Herein,
general information on the pathogenesis, factors aggravating the
course of the disease and drugs used for the treatment of two types
of diabetes are briefly discussed. The aim of the review is to
introduce supramolecular strategies that are currently being
developed for the treatment of diabetes mellitus and that present a
very effective alternative to chemical synthesis, allowing the
fabrication of nanocontainers with switchable characteristics that
meet the criteria of green chemistry. Particular attention is paid to
organic (amphiphilic and polymeric) formulations, including those
of natural origin, due to their biocompatibility, low toxicity, and
bioavailability. The advantages and limitations of different
nanosystems are discussed, with emphasis on their adaptivity to
noninvasive administration routes.
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1. Introduction

Diabetes mellitus (DM) is a group of serious chronic diseases
associated with endocrine disorder and characterized by high
blood glucose levels (hyperglycemia) caused by a combination
of genetic, environmental, and behavioral factors, including
genetic predisposition, ethnicity, sedentary lifestyle, obesity and
others.!~7 In turn, for the patients suffering from hyperglycemia
over prolonged period, macro- and microangiopathy are
developed, which can lead to a number of serious and even fatal
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complications affecting the cardiovascular system, different
tissues and organs (nerves, kidneys, foot, eyes, efc.). Among the
latter are diabetic neuropathy, diabetic nephropathy, diabetic
retinopathy, impaired wound healing, etc.8~13 According to the
International Diabetes Federation (IDF), more than 500 million
adults between the ages of 20 and 79 are affected by DM. This
number is expected to increase, as the disease is becoming more
widespread.!->414 According to the IDF data, DM is among the
top 10 causes of death worldwide; 4.2 million patients in 2019
and 6.7 million patient in 2021 died of DM.!2:4 14 Importantly,
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in addition to the social and human effects, DM is associated
with serious economic burdens. These depressing statistics have
led to an increased research attention on the management of DM
and its complications.

Generally, two types of diabetes, i.e., type 1 diabetes mellitus
(T1IDM) and type 2 diabetes mellitus (T2DM), are classified
depending on various pathogenesis. TIDM is insulin-dependent
diabetes characterized by absolute insulin deficiency due to
destruction of pancreatic B-cells. It is typical for young
population and mainly caused by genetic predisposition. Patients
with TIDM need insulin administration throughout their life.
T2DM is characterized by reduced insulin sensitivity with a
progressive deficiency in insulin secretion by pancreatic
B-cells,!> thereby resulting in a lack of the hormone in the body.
According to statistical data, about 90% of patients with DM
have T2DM.!> Meanwhile, more complex classification may be
accepted in some cases, including gestational diabetes.” In other
cases, authors emphasize the role of insulin deficiency in the
etiology and pathogenesis of the Alzheimer’s disease (AD),
with insulin resistance in the brain being considered as type 3
diabetes (T3DM).5

Diabetes management domain involves a combination of
research and clinical strategies focusing on modelling, diagnosis,

differentiation, monitoring, drug administration, etc. The
diagnosis of DM usually involves the monitoring of glucose
levels in body fluids, such as blood (>125 mg dL~") and urine.
Additional glycemic control may be used by measuring glycated
hemoglobin (HbAlc) levels, with an acceptable level of less
than 6.5%. Nanomedicine tools for the diagnosis, prediction,
prevention and monitoring of DM present a separate line of
research, which is mainly remained beyond this review, with
only principal points briefly outlined.

Both types of DM lead to hyperglycemia and require
administration of exogenic insulin to keep the metabolic glucose
balance. This is conjugated with a number of problems, since
(1) conventional treatment of DM occurs through multiple
subcutaneous injections of exogenous insulin, which is painful,
discomforting and may be the source of infection; (2) there are
limited ways of insulin administration, and each has its own
weaknesses; (3) unlike low molecular weight drugs insulin is a
protein consisting of 51 amino acids (21 and 30 amino acids in
chain A and B, respectively) (Fig. 1), which makes it even more
difficult to deliver. Despite these challenges numerous efforts
are made to develop noninvasive routes of administration,
including oral, intranasal, pulmonary, transdermal and
others.3:16:17 A variety of antidiabetic drugs are used to treat
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Figure 1. Amino acid sequence of human insulin and a schematic representation of the monomer, dimer and hexamer of insulin.
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T2DM, with small molecules showing clear advantages.
Classical drugs for these cases are metformin, sulfonylureas,
glinides, thiazolidinediones, etc., with metformin being of
special importance.* Although mechanism of metformin
therapeutic effect is not clear, it is suggested that the drug affect
liver insulin sensitivity due to controlling glucose production. It
is noteworthy that administration of metformin allows both
producing hypoglycemic therapy and protection from impaired
fasting glucose.

Structure of metformin
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Rapid progress in medicinal chemistry is leading to new
generations of drugs with novel mechanisms of action are
developed. Much attention is being paid to naturally derived
medications!$1° due to their affinity to therapeutic targets,
safety and availability. First of all, the following antidiabetics
should be mentioned: dipeptidyl-peptidase-4 (DPP-4) inhibitors;
sodium-glucose cotransporter-2 (SGLT2) inhibitors, glucagon-
like peptide-1 (GLP-1) receptors agonists, that belong to a new
class of medicines for the treatment of T2DM and its
complications, including those with cardioprotective effects.?0
Despite this encouraging information, the occurrence of drug
resistance, multitargeted character of the DM, long-term and
complicated progression of the disease, existence of additional
diseases, and individual sensitivity of diabetic patients to the
drug should not be forgotten. These dictate the need to intensify
the research activity towards the discovery of new targets and
new multitarget therapeutics.”?! Meanwhile, the design of new
therapeutic molecules and their bench-to-bedside translation are
very expensive and time-consuming processes. Alternatively,
essential increase in efficacy of drug therapy can be provided by
the use of nanosized carriers, or nanocontainers, that can
dramatically modulate the effect of traditional drugs. This is
achieved by tuning stability, side effect, targeting properties of
drug formulations, as well as their adapting to different
administration routes. Since the 1980s, nanotechnology
approach finds wide application in medicine, with many
generations of drug delivery systems developed for different
diseases including oncology, neurodegenerative disorders,
inflammatory processes, tuberculosis, DM, etc.2!1:13.22-24
Typically, these nanocarriers are categorized into several
domains, including inorganic, organic (lipid, polymeric) and
hybrid.2>26 Meanwhile, this is a challenging task to adapt,
modify and optimize these nanocontainers to the specific
disease, drug and administration route. In view of these facts,
effective management of DM and DM-related complications is
impracticable outside the nanotechnological approach, which
plays an important role in the diagnosis, monitoring, and
treatment processes.2 Application of nanocarriers makes it
possible to modify pharmacokinetics and biodistribution of

drugs, control their release profile, improve stability,
biocompatibility and bioavailability, create depot-like
nanoformulations.

Nanomedicine is a dynamically developing field, so to
provide the most breakthrough information this review focuses
on the most recent publications, primarily covering a period of
last one to five years, with the pioneer ideas and approaches
highlighted.

Despite the enormous number of publications in the field of
diabetes therapy, the structure and content of this review allow

it to take its unique place among other recent review publications
on this topic. According to the analysis of recent literature,
reviews are becoming highly specialized both in terms of
medical aspects and in drug formulation development. A
significant number of works are devoted to the delivery of a
specific drug, primarily insulin, the description of particular
administration route, and the use of a certain class of nanocarriers
or materials.>®%!7 This review, authored by chemists
specializing in drug delivery, includes a classification of systems
by both carrier type (lipid, polymer nanocontainers) and delivery
route (e.g., oral, transdermal, intranasal, etc.), which allows us
to discuss various aspects of modern nanomedicine in the field
of diabetes treatment. For a more detailed analysis and
understanding of observed trends, forecasting the direction of
research and assessing the effectiveness of various systems, it is
important to take into account medical aspects, including
pathogenesis, etiology of the disease, information on risk
factors, stages of disease development, biological targets,
involved signalling pathways, etc. Therefore, in addition to
chemical, supramolecular and nanotechnological aspects, this
review will pay attention to a balanced discussion of biochemical
and medical issues necessary to justify the choice of medicinal
compositions and nanomaterials.

2. Medicines for the treatment of type 1
and type 2 diabetes mellitus

As described above, DM can be categorized into two main types
based on their underlying causes and pathogenesis: type 1 and
type 2. The terms used to denote age of onset (juvenile or adult)
or treatment type (insulin-dependent or non-insulin-dependent)
are considered outdated because these indicators for different
types of DM may be similar in some cases.?’” The main reason
for the development of TIDM is genetic predisposition,2%2
however, viruses (Coxsackievirus) and some poisons
(streptozocin (STZ) and rat poison) can have a destructive effect
on the pancreatic B-cells. The causes of T2DM are primarily
related to metabolic disorders, age, ethnicity, family history,
sedentary lifestyle, and unhealthy diet may contribute. Diagnosis
of T2DM is complicated by the fact that its symptoms are often
mild, and the disease is diagnosed when complications arise
several years after its onset.

2.1. Type 1 diabetes mellitus: insulin delivery
methods

Insulin, a peptide hormone, is secreted by the B-cells within the
islets of Langerhans. Its primary role is facilitating glucose enter
into cells of insulin-dependent tissues such as liver, muscles,
and adipose.>3° In the pancreas, insulin is predominantly stored
as hexamers — structures made up of six insulin molecules that
form a stable complex with zinc ions. In this form, insulin
remains inactive and cannot interact with cell receptors. Upon
release into the bloodstream, these hexamers gradually dissociate
into dimers and monomers, which are then able to carry out their
biological function. Upon binding to two monomers of the
insulin receptor on the cell membrane, insulin triggers their
combination into a dimer, initiating the formation of a channel
for glucose transport. The stabilization of insulin as hexamers,
or conversely, the acceleration of its dissociation into monomers,
determines the rate of insulin action. This process is characterized
by key parameters such as maximum concentration in the body,
time of onset, and action time (Fig. 2). Insulins are categorized
into four main types based on their action time: rapid-acting,
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short-acting, intermediate-acting, and long-acting.’! Regular
human insulin typically needs to be administered 0.5 to 1 hour
before meals, which can be inconvenient. To address this, rapid-
acting insulins were developed with slight modifications in the
amino acid sequence to accelerate the dissociation of dimers
into monomers. For instance, Insulin lispro, a human insulin
analogue, differs by the reversed sequence of proline and lysine
residues at positions 28 and 29 on the B-chain (see Fig. 1).32 On
the contrary, NPH (neutral protamine Hagedorn) insulin includes
protamine, which interacts with insulin hexamers, promoting
their crystallization and precipitation. This allows to delay the
onset of action, but to achieve a more prolonged effect. In
addition, to achieve the maximum therapeutic effect, it is
possible to use a mixture of different insulins.?3

Insulin is primarily injected subcutaneously. Recently, there
has been a growing focus on noninvasive insulin delivery
methods, including the development of systems for oral,
intranasal, buccal, pulmonary, transdermal, rectal, vaginal, and
ocular delivery.3*-3¢ Oral insulin delivery remains a promising
field of research with significant potential for clinical
application,’”-3% but low bioavailability is a major obstacle to
this route of administration. Inhaled insulin Afrezza®3 is
administered through the respiratory tract and is absorbed into
the lungs through the pulmonary alveoli. This method is
considered convenient and express for patients, but there may be
problems in selecting the required dose. Vaginal and rectal
insulin delivery involves the use of specialized forms, such as
suppositories and gels, which are administered into the vagina or
rectum, allowing insulin to be absorbed through the mucous
membranes. Despite the advantage of bypassing first-pass
hepatic metabolism, the challenges of uncontrolled insulin
absorption and potential irritation of the mucous membranes
have limited the widespread adoption of these delivery routes.*
Other noninvasive methods of insulin administration include
intranasal and transdermal delivery. These methods could help
patients overcome the psychological challenges and risk of
infections linked to frequent injections. These routes of insulin
administration will be discussed in more detail in this review.

2.1.1. Intranasal insulin delivery

The nasal mucosa is highly vascularized, allowing drugs to be
rapidly absorbed into the systemic circulation through
transcellular and paracellular transport. The olfactory region in
the nasal cavity provides a direct route to the central nervous

system, bypassing the blood-brain barrier. For diabetic patients
requiring daily insulin, the nasal route offers a viable alternative
to subcutaneous injections.*! =*3 In addition, the intranasal route
of insulin administration is often considered in the context of the
neurodegenerative  diseases treatment.*»* The intranasal
delivery of insulin using various nanocontainers is of utmost
interest.

Chitosan and its derivatives are most commonly used in the
design of nanocontainers for intranasal delivery. The optimized
thermosensitive hydrogel based on 2 wt.% chitosan, 1 wt.%
chitosan quaternary ammonium salt, and 0.5 wt.% gelatin
showed short gelation time, uniform pore structure, and the ideal
swelling rate. These properties facilitated the prolonged release
of 65% of encapsulated insulin over 24 hours after intranasal
administration.*® The non-toxic NPs were characterized by a
hydrodynamic diameter of 165.3 nm, polydispersity index (PdI)
of 0.24, and zeta potential of +21.6 mV.4” The Krebs—Henseleit
buffer was used as a novel diffusion medium in a Franz diffusion
cells because of its ability to maintain tissue viability, thereby
allowing for more accurate monitoring of insulin penetration
efficacy. Chitosan was also commonly used to coat the surface
of other nanocontainers. For instance, chitosan-coated insulin-
loaded solid lipid nanoparticles (SLN) and poly(lactic-co-
glycolic acid) NPs were obtained.*® Encapsulating insulin in
chitosan-coated NP improved structural stability and enhanced
nasal absorption. Transfersomes obtained at phospholipids/
Tween 80 weight ratios of 10:1, 7:1, 5:1, 3:1, and 1:1 were
modified during hydration of the lipid film with acetate buffer
containing chitosan.* For example, the shift of the zeta potential
from a negative value (-3.5+0.1mV) to a positive value
(+23+4 mV) for the composition with ratio of 3: 1 indicated the
successful coating of the transfersome surface with chitosan.
The nasal uptake of insulin encapsulated in transfersomes was
validated through fluorescence imaging.

Insulin-loaded fast-dissolving films were developed using
the casting method with hydroxypropyl methylcellulose and
polyvinyl alcohol.®® The clinical study of the selected film in
post-COVID-19 anosmic patients demonstrated a significant
improvement in olfactory detection scores (lower olfactory
threshold) in the group of 20 patients.

The insulin-loaded self-emulsifying nanoemulsion (NE)
increased insulin permeation three times compared to the insulin
solution.! In vivo results demonstrated that the C,,,,, (maximum
plasma concentration) and the bioavailability (relative to the
subcutaneous delivery) was 255.9 uU mL! and 68% (insulin-
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Figure 3. Scheme depicting fabrication of insulin-loaded arginine-coated self-emulsifying nanoglobules system (INS-LANano): medium chain
triglyceride (MCT), medium chain monoglyceride (MCM), lauroyl ethyl arginate (LAE), phosphate buffered saline (PBS).3 This figure is pub-

lished under a Creative Commons Attribution license.

loaded NE), 5.8 U mL"! and 5% (insulin solution). Intranasal
delivery of 3.61Ukg! insulin-loaded self-emulsified
nanoemulsion significantly reduced plasma glucose level up to
70% with the effect lasting for 4 hours of the experiment.

To prepare arginine-coated self-emulsifying nanoglobule
system, lauroyl ethyl arginate was added to a preconcentrate
consisting of a medium chain monoglyceride Capmul, a medium
chain triglyceride Captex 8000, and a surfactant Kolliphor® RH
40 at a weight ratio of 2:3:4 (Fig. 3).>? Insulin loading was
achieved by electrostatic binding between the negatively
charged o-helix of insulin and positively charged arginine
nanoglobules. Following intranasal administration of the
insulin-loaded nanoglobule system to diabetic rats at a dose of
2 IUkg!, a rapid insulin absorption was observed with a
significantly higher C,,,=143mUL"! and a relative
bioavailability of 23.3%. The optimized protamine/insulin
formulation after intranasal administration demonstrated blood
glucose-lowering activity comparable to subcutaneous insulin.>
Tissue histology and confocal microscopy revealed that
protamine induced rearrangement of adherens junctions in the
nasal epithelium, thereby enhancing insulin penetration to the
lamina propria for systemic absorption.

Intranasal insulin delivery has been extensively studied and
tested due to its ability to achieve the necessary therapeutic
levels for DM treatment. This method offers several advantages,
including increased bioavailability, painless administration, and
usability. Moreover, intranasal insulin delivery is not only
beneficial for diabetic patients but has also shown promising
results in the treatment of cognitive disorders, such as AD.
Drugs administered intranasally can be rapidly absorbed through
the nasal mucosa and enter the systemic circulation, which is
crucial for quickly achieving therapeutic concentrations in the
blood. In addition, intranasal administration allows certain
substances to bypass the blood-brain barrier and reach the brain
directly. While insulin can be delivered intranasally, this method
is not universally applicable for systemic insulin administration.
Inhaled insulin, such as Afrezza®, is delivered through the
respiratory tract, but not through the nose, to facilitate faster
entry into the systemic circulation.®® Insulin, being a large
molecule, has limited absorption through the nasal mucosa into
the bloodstream, making intranasal insulin less effective for
glucose control compared to traditional methods like
subcutaneous injections. At present, noninvasive insulin

administration through the nose is still the subject of fundamental
research. But it is of great interest in the context of the connection
between DM and AD. Intranasal administration may be more
suitable for the delivery of small molecules for the treatment of
T2DM.

2.1.2. Transdermal insulin delivery

Transdermal delivery offers numerous advantages, including
sustained drug release, the maintenance of steady plasma drug
level, and enhanced patient compliance.’* Needle-free injectors,
patch, microneedle devices, chemical enhancers, ionophoresis,
laser therapy are new techniques to improve the efficiency of
insulin delivery through the skin (Fig. 4).16-54-56 Moreover, 3D
printing technologies are being actively researched to obtain
microneedles, also using available raw materials.”~>°

Innovative patch with heating elements on polyimide
substrates for electrothermal transdermal therapy was presented
by Pagneux et al.?® The results demonstrate that adjusting the
electrical resistivity of a gold nanohole array patterned on
polyimide enables a fast-responding electrothermal skin patch,
while a subsequent coating with reduced graphene oxide
provides insulin encapsulation capabilities.

Microneedles are needles from 50 to 1000 um, which can be
either soluble or insoluble depending on their purpose and
design. Soluble microneedles are made of biocompatible
materials (e.g. hyaluronic acid, polyvinylpyrrolidone (PVP),
etc.) that dissolve in the skin after injection, releasing active
substances. Hollow insoluble microneedles serve as channels
for the delivery of drugs. They can be made of metals, silicone,
or other solid materials. Drugs are injected through the cavity of
the microneedle into the deeper layers of the skin. Zhang et al.
proposed polymeric nanocarriers based on carboxymethyl
chitosan for insulin delivery, whose penetration through the
stratum corneum is facilitated by the use of microneedles.®!
Compared to the transdermal rate of passive diffusion
(2.77+0.64 ug cm2 h™"), the transdermal rate of the insulin-
loaded NP is increased by 4.2-fold (10.24+1.06 ugcm2h™")
when administered with microneedles.

The water-soluble polysaccharide pullulan was used to
fabricate microneedles,®> which dissolved within 2 hours
releasing up to 87% of the insulin. After 4 weeks of storage at 4,
20, and 40°C, the insulin successfully retained its secondary
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Figure 4. A schematic illustration of the different strategies for the delivery of insulin via the transdermal route.>* This figure is published under

a Creative Commons Attribution license.

structure. Microneedles can be collected on a substrate, such as
a patch or roller. A roller with microneedles made of polyvinyl
alcohol has been developed for rapid drug delivery across large
surface areas.®> The insulin-loaded roller demonstrated an
immediate hypoglycemic effect: lowering blood glucose levels
to less than 50% of their original value within one hour of
application.

| Structure of pullulan

o]
CHa CH,0OH CH,OH
OH © OH © on ©
or OH © OH © HO_/(I)/n
Pullulan ?Hz

Insoluble microneedles formed by crosslinking gelatin
methacrylate with polyethylene glycol diacrylate have been
developed.®* Molybdenum disulfide is added to the microneedles
for insulin delivery under near-infrared irradiation. Transdermal
administration of insulin using these microneedles significantly
lowers blood glucose levels in C57BL/6 mice and mini-pigs
achieving effects comparable to subcutaneous insulin injections.

The use of microneedles in combination with ionophoresis
significantly enhanced controlled insulin delivery.®> In this
study, the smartphone powered the ionophoresis-driven circuit
through its charging port. The natural polymer material (silk
fibroin) was often used as a raw material for forming hydrogels
for transdermal insulin delivery.®0—%8 Poly(3,4-ethylenedioxy-
thiophene):polystyrene sulfonate as a drug carrier and silk
fibroin as a hydrogel matrix were used for the transdermal
delivery of insulin via ionophoresis allowing precise control of
release rate, dosage, and duration.®® Porous thermoplastic
polyurethane was used as a matrix for transdermal insulin

delivery.%® In addition, the ionophoresis technique achieved a
twofold increase in insulin penetration through pig skin.
Various types of stimuli-responsive systems are of particular
interest. Microneedles that respond to external stimuli have been
developed based on metal-organic framework (MOF) made of
Co?* and Zn?".7° The MOF in these systems has been used as a
storage reservoir for insulin. An increase in glucose levels can
trigger the destruction of MOF and the release of insulin.
Mesoporous silica NPs with insulin have been incorporated into
hyaluronic acid-based dissolving microneedle patch.”! This
smart and elegantly built system consists of the following parts:
mesoporous silica NPs as the insulin reservoir, Wulff-type
phenylboronic acid (PBA-2) as a sensitive ‘linker’, zinc oxide
NPs as gatekeepers. At high blood glucose levels, the stable
boronic acid ester formed between ZnO-PBA-2 and diols on the
surface of mesoporous silica NPs is completely destroyed,
followed by insulin release. In another study,’”? phenylboronic
acid (PBA)-modified methacrylate hyaluronic acid was
proposed as a base material for microneedle fabrication. In
addition, the formation of a covalent bond between PBA and
gluconic acid-modified insulin, degrading at high glucose
concentrations, was suggested as a stimulus-responsive element.
Lin et al. modified multivesicular liposomes with PBA
derivatives to confer glucose-sensitive properties.”> In vitro
studies demonstrated the sensitivity of these multivesicular
liposomes to pH and H,0,, attributed to the presence of glucose
oxidase (GOx) within the liposomes. Additionally, in vivo
experiments showed that when blood glucose levels were
reduced to normal, insulin release was decreased.
Microemulsion formulations were successfully obtained
using ionic liquids of choline-fatty acids composition as
surfactant, Span 20 as a co-surfactant, choline propionate ionic
liquid as an internal polar phase, and isopropyl myristate as a
continuous oil phase.” In vivo transdermal administration of
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low insulin doses (50 IU kg!) to diabetic mice revealed that
these microemulsion formulations maintained insulin level for a
significantly longer period (half-life > 24 hours) compared to
subcutaneous injection (half-life = 1.32 hours). In work,”
optimized insulin-loaded niosome emulgel combination was
investigated. The transdermal flux of insulin in the niosome
emulgel was ten times higher than that of the insulin solution.
In vivo data demonstrated that the insulin niosome emulgel
reduced plasma glucose level more effectively than other tested
formulations with insulin, including niosome gel, emulgel, gel,
and niosomes. Phospholipid derivative 1,2-dimyristoyl-sn-
glycero-3-cthyl-phosphatidylcholine as a cation and unsaturated
linoleic acid as an anion were used to form ethosomes for
transdermal insulin delivery.”® The formulation with 35%
ethanol was identified as the lead candidate. These ethosomes
effectively encapsulated insulin with an encapsulation efficiency
of 99% and showed long-term stability at both 4°C and 25°C.

Three different deep eutectic solvents were investigated as
chemical penetration enhancers for transdermal administration
of insulin across rat skin: choline chloride/urea, choline chloride/
glycerol, and choline chloride/ethylene glycol, each in a 1:2
molar ratio.”” The cumulative insulin permeation over 24 hours
was 131.0, 89.4, and 29.6 ug cm™2 in the presence of choline
chloride/ethylene glycol, choline chloride/glycerol, and choline
chloride/urea, respectively.

A water-in-oil NE system was developed for percutaneous
insulin delivery, consisting of 5 wt.% oleic acid as an oil phase,
60 wt.% Tween 80 as a surfactant, and isopropyl alcohol as a
co-surfactant (in a 3:1 weight ratio), with 35 wt.% water as an
aqueous phase.”® The optimized formulation was characterized
by a small droplet size (41.05+8 nm), a high entrapment
efficiency (93.08%), and a notable flux (1.75 pg cm=2h™1).
Circular dichroism spectra indicated minor conformational
changes in the insulin structure due to its entrapment within the
NE, indicating that the hormone retained its biological functions.

Advances in transdermal technologies, such as microneedles,
ionophoresis, and chemical enhancers, have shown their
effectiveness in insulin delivery through the skin. Although
further research is needed to optimize these systems and confirm
their safety and efficacy, recent trends highlight the potential of
transdermal drug delivery for DM treatment. A combination of
different methods, for example, NPs with microneedles,
microneedles with ionophoresis, to enhance transdermal
delivery is particularly promising.

2.2. Type 2 diabetes mellitus:
drugs and administration routes

T2DM is much more common than other forms of the disease.”
Its peculiarity is that the body’s cells become less sensitive to
insulin, which means that insulin loses its ability to transport
glucose to the tissues. The pancreas perceives this as a signal of
insulin deficiency and begins to produce it with increased
intensity. As a result, the B-cells of the pancreas, responsible for
producing insulin, become depleted over time, and the person is
forced to resort to insulin injections.

There are several classes of drugs used to treat T2DM, each
with its own mechanism of action and route of administration
(Fig. 5). Many medications for T2DM treatment are designed
for oral administration, which, despite its advantages, has
several drawbacks: first-pass metabolism, ‘peak and valley’
pharmacokinetic profile, and low degree of absorption in the
gastrointestinal tract.

Metformin (1,1-dimethylbiguanide) is the first-line treatment
for T2DM because of its strong glucose-lowering effects, proven
safety profile, and affordability. In the form of hydrochloride, it
is easily soluble in water. It is administered orally in tablet or
liquid form. Metformin treatment is associated with moderate
weight loss in patients and, with long-term use, a reduction in
cardiovascular risk, as well as antioxidant and anti-inflammatory
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Figure 5. Main classes of antidiabetic drugs for treatment of T2DM.

OH Dapagliflozin

» Target: Kidney
(decreased glucose production)

O DPP-4 inhibitors

F Sitagliptin

FE F Gemigliptin
» Target: Pancreas (stimulate insulin secretion)
and hypothalamus (appetite suppression)




L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

8 of 35

Russ. Chem. Rev., 2024, 93 (11) RCR5150

effects.8%-81 At this stage, metformin is considered as a
polyfunctional drug that can be used to treat various diseases. In
addition to the treatment of DM, metformin is also used to treat
glucose intolerance, obesity, and polycystic ovary syndrome.3?
Metformin is attracting attention as a potential anticancer agent.
In DM management, metformin decreases hepatic glucose
production through activation of adenosine monophosphate-
activated protein kinase and increases insulin sensitivity in
peripheral tissues. Metformin also reduces the rate of glucose
absorption in the intestine, which helps to reduce postprandial
(after a meal) hyperglycemia. However, metformin is not
without negative side effects, including digestive upset, vitamin
B12 deficiency, lactic acidosis, and kidney problems. To
minimize side effects and unlock the potential of metformin,
active fundamental and applied research with this drug is
ongoing.

Sulfonylureas (e.g., Glipizide, Glyburide, Gliclazide) and
meglitinides (e.g., Repaglinide, Nateglinide) are administered
orally in tablet form. Sulfonylureas bind to P-cells of the
pancreas and inhibit the adenosine triphosphate-sensitive
potassium channels, reducing potassium efflux and causing
B-cell membrane depolarization. This depolarization opens
calcium channels, allowing calcium influx and increasing
intracellular calcium levels, which in turn stimulates insulin
secretion from the pancreatic B-cells.33-84 Meglitinides (glinides)
also bind to B-cells as sulfonylureas, but with less affinity, which
reduces the risk of hypoglycemia.

Thiazolidinediones (e.g., Pioglitazone, Rosiglitazone) are
also used orally. Through the activation of peroxisome
proliferator-activated receptors, thiazolidinediones modify the
expression of genes responsible for glucose and lipid metabolism,
leading to enhanced blood sugar regulation and reduced
triglyceride levels.3%% Thiazolidinediones also increase the
sensitivity of tissues to insulin. However, these medications are
associated with a wider range of side effects (weight gain,
edema, and an increased risk of heart failure) and are expensive.

DPP-4 inhibitors (e.g., Sitagliptin, Linagliptin, Gemigliptin)
are a class of medications known as gliptins. They function by
elevating levels of incretins, namely GLP-1 and glucose-
dependent insulinotropic peptide, thereby enhancing insulin
secretion in the blood.®’ %% They are available in tablet form for
oral administration. DPP-4 inhibitors are weight neutral and
well tolerated.

SGLT2 inhibitors (e.g., Canagliflozin, Dapagliflozin,
Empagliflozin) prevent the reabsorption of glucose in the
kidneys, which leads to the excretion of glucose in the urine
(glycosuria).”® In addition to their glucose-lowering effects,
SGLT2 inhibitors also help to prevent the onset of chronic
kidney disease and reduce the incidence of cardiovascular
complications in patients with T2DM.°! This helps to lower
blood glucose levels. Medications of this class are used in oral
tablet form either as monotherapy or in combination with other
antidiabetic drugs.

GLP-1 receptor agonists (e.g., Exenatide, Liraglutide,
Semaglutide) enhance the secretion of insulin by B-cells of the
pancreas in response to increased blood glucose level and inhibit
the secretion of glucagon by a-cells of the pancreas, which
reduces the production of glucose by the liver.”> Route of
administration of these large molecules is subcutaneous
injection.

Therefore, the primary classes of drugs for treating T2DM
include metformin, sulfonylureas, DPP-4 inhibitors, SGLT2
inhibitors, and GLP-1 receptors agonists, each providing unique
mechanisms of action and benefits. These medications are

typically administered in tablet form, although injectable options
are available for some, such as GLP-1 receptors agonists and
insulin. Personalized treatment plans that consider the patient’s
health profile are crucial for effective management of T2DM,
aiming not only to regulate blood glucose levels but also to
reduce associated risks such as cardiovascular events and
chronic kidney disease.

3. Supramolecular strategies
for the construction and modification
of nanocontainers for diabetes therapy

The continuous and intensive development of supramolecular
chemistry has brought medicine, in particular the field of drug
delivery, to a new quality level. The demand for nanoscale
delivery systems and the increasing publication activity can be
attributed to (1) the simplicity of supramolecular structure
assembling, (2) the possibility of fine-tuning of NP properties,
and (3) the enhanced bioavailability, improved biocompatibility,
and drug targeting facilitated by encapsulation in nanocarriers,
which in turn leads to reduced toxicity of pharmaceutical
substances.?>%* In addition, the use of nanoscale drug delivery
systems makes it possible to reduce the drug dosage, control the
onset of its action, and regulate the release rate, which is
especially relevant in the context of DM therapy.?® Currently, a
multitude of nanocontainers with diverse nature (organic,
inorganic, and hybrid) are being developed for the treatment of
various diseases, including DM. Supramolecular structures for
DM therapy can be constructed through electrostatic
interactions,”® host-guest interactions,®’ hydrophobic effect,”®
and intra- and/or intermolecular n—m stacking interactions.”
The nanocontainers required for the drug delivery routes
used have now been developed. In DM therapy, research
has focused primarily on improving the efficacy of drugs
for oral administration.!%-192 Nonetheless, there are also
studies exploring transdermal!®® and intranasal 94105 drug
administration (Table 1). The search for alternatives to
intravenous administration is driven mainly by the inconvenience
and pain associated with it, which leads to poor patient adherence
to treatment regimens. At first sight, alternative routes of drug
administration offer significant advantages over intravenous
route, but they also have disadvantages, which means that
researchers need to carefully select drug delivery systems and
their components.

Another important challenge in DM therapy is the controlled
release and targeted drug delivery. For example, systems
responsive to blood glucose levels,'!3 stomach pH!'® or both
stimuli'!7 are known. It is worth noting that a substantial amount
of research is focused on the development of an oral form of
hypoglycemic drugs, and responsiveness to environmental pH is
one of the key factors in the effectiveness of the therapy. pH-
Sensitive systems include polymeric nanocontainers, which can
undergo protonation and ionization in response to pH changes.
This property can be utilized both for protecting the nanocontainer
and for the controlled release of drugs. For instance, nanocarriers
based on poly((2-dimethylamino)ethyl methacrylate) ' and the
natural biopolymer alginate ''° released only 15-20% of drug at
acidic pH. In contrast, at pH 7.4, the release of the drugs was
significantly higher due to the NP swelling.!'8:11% Similar results
were obtained for MOF based on FeCly;-6H,0O and
2-aminoteraphtalic acid with zwitterionic polymethacrylate
Eudragit® L100-55. Additionally, this system included a
mixture of sodium bicarbonate and citric acid as a pH-controlled
generator of CO, bubbles, which accelerated the unpacking of
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Table 1. Examples of nanocarriers used for the DM treatment.

Nanocarrier type Drug Administration Conclusion Ref.
route

Quantum dots coated  Insulin Oral Dose-dependent effect with reduced incidence of hypoglycemia and lack 106

with polymer of toxicity in mice, rats and baboons

Nano-micelles Glipizide Oral Prolonged drug release and regulation of blood glucose levels in rats with 107

DM model for up to 24 h, safety, and biocompatibility

Polymer Rapeseed-derived ~ Oral Controlled transport and release of peptides in small intestine fluid, 108
nanocontainers cruciferin and napin high biocompatibility, and non-toxicity in rats
peptides
Polyelectrolyte Insulin Oral pH-dependent release of insulin and a significant reduction in its 109
complex chitosan/ enzymatic degradation in vitro, the 8.1-fold higher transepithelial
poly-y-glutamic acid permeability than that of native insulin, improved oral bioavailability
Microemulsion Insulin Transdermal Facilitation of insulin permeation through rat skin and induction of 110
therapeutic effect in rats after repeated transdermal administration
Transfersomes Metformin Transdermal Increased drug bioavailability with increased AUC* ., 111
hydrochloride (42.336+1.115 ng hmL") and C,,, (2.195 ug mL") in comparison
to oral drug solution (AUCy ¢, ., = 1.429+0.004 ng h mL-! and
Crax = 0.646£0.015 pg mL™!)
Chitosan-coated Glipizide Transdermal Reduction of glucose levels in rats with the DM model to 138+15.53 for 112
deformable 24 h, while oral drug administration increased glucose levels from 8 to
liposomes 48 h
Bilosomes Metformin Transdermal Biphasic release profile within 24 h from 60.62% and up to 75.28%, and 113
hydrochloride permeation flux enhancement (198.79—431.91 ng cm 2 h™!) in comparison
with the nonformulated drug (154.26 ng cm 2 h™!)
Solid lipid Repaglinide Intranasal 2.5-fold total decrease in blood glucose levels in rats with significantly 104
nanoparticles longer duration of action (>48 h) after intranasal administration vs oral
administration
Hydrogels containing  Insulin Intranasal Gradual decrease in glucose levels in rats with DM model, maintained 114
liposomes with at a low level for 360 min after a single intranasal administration, while
cell-penetrating glucose levels in diabetic rats treated with insulin subcutaneously
peptides increased for 6 h
Cubosomes Repaglinide Intranasal Enhanced antidiabetic effect in rats with DM model compared to 105

intravenous drug solution (the pharmacological availability is
178.26+2.61% and 180.96+4.34%, respectively)

*AUC is area under the pharmacokinetic curve.

the capsules at neutral pH.'?° Another promising approach is to
form NPs with vitamin B12, which at low pH values can form a
strong bond with the negatively charged components of NPs
and prevent premature drug release.'?!:122 To create glucose-
responsive NPs, their surface can be conjugated with
phenylboronic acid,!?3~ 123 glucose oxidase '?® or concanavalin A
(Con A).""7.127 GOx and Con A are proteins with lower
specificity and stability compared to PBA.!?® As shown in
Figure 6, glucose-sensitive fragments can be conjugated to
various nanocontainers for the delivery of insulin and other
hypoglycemic drugs. GOx is capable of oxidizing B-D-glucose
to glucono-1,5-lactone, which spontaneously hydrolyzes to
gluconic acid with the formation of hydrogen peroxide (Fig. 6 a).
In this case, nanocontainers, mainly polymeric, respond to
changes in the pH of the environment, swelling and releasing the
drug into the blood in response to high glucose levels.!?® The
mechanism of action of Con A involves specific binding to
glucose through noncovalent interactions, which leads to
changes in aggregate morphology and the subsequent release of
the drug (Fig. 65).13% 131 PBA and its derivatives have attracted
considerable attention due to their stability and ease of
modification. PBA exists in water in a dynamic equilibrium
between a neutral and a negatively charged form (Fig. 6¢). The
negatively charged form of PBA is capable of binding glucose,
whereas the uncharged form can convert to the charged form.
This reversible transition between water-soluble and insoluble

forms in response to glucose level has led to the development of
various glucose-responsive drug delivery systems, including
polymer carriers such as hydrogels, microgels, microcapsules,
etc. However, due to the high pK, values of PBA (8-9), its
glucose responsiveness under physiological conditions (pH 7.4)
is limited. Consequently, researchers have focused on lowering
its pK, values by introducing electron-withdrawing substituents
into the benzene ring (such as carboxyl groups, halogens, and
nitriles).!28:13%133 [n addition to conjugating PBA to various
types of nanocarriers, another noteworthy strategy involves
crosslinking PBA and its derivatives directly to insulin, creating
‘smart insulins’. For instance, Chou ef al. synthesized a class of
insulin derivatives that contain both an aliphatic segment,
designed to bind to serum albumin or other hydrophobic
components in the bloodstream to prolong the half-life, and a
PBA moiety.'3* These novel insulin conjugates demonstrated a
more rapid restoration of normal blood glucose levels in mice
compared to standard insulin and clinically used long-acting
insulin derivatives in vivo. In another study, PBA, specifically
3-fluorophenylboronic acid, was conjugated with long-acting
insulin (insulin glargine, marketed as Lantus®).'3> It was found
that attaching the hydrophobic residues of 3-fluorophenylboronic
acid to the C-terminus of the A-chain of insulin increased its
solubility without compromising its efficacy. Ohno et al. also
successfully synthesized a modified PBA-insulin conjugate to
evaluate its glucose-lowering activity and cellular adhesion
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properties.!3¢ It was demonstrated that subcutaneous injection of
the conjugate, in contrast to intravenous injection, exhibited low
activity in reducing glucose level. It is worth noting that there is
currently significant interest in modifying various nanocarriers
with the aforementioned glucose-sensitive compounds. Both
in vitro and in vivo studies have shown that NP can not only
protect the drug but also regulate the drug release rate according
to the glucose concentration in the body. It is important to note
that while the primary focus in DM therapy is on lowering
glucose level, it is equally crucial for the drug formulation to
respond to hypoglycemia. This concept was proposed by Dong
et al. and includes the development of a painless and flexible
system for regulating blood glucose levels consisting of glucose-
loaded pressure-responsive nanovesicles, insulin-loaded black
phosphorus nanosheets, as well as hydrogel applied via patch.'37

Currently, there are various methods for drug delivery,
numerous types of nanosystems, and ways to modify them for
specific requirements, but how can the appropriate type of NP
be selected for the delivery of antidiabetic drugs? Despite the
diversity of nanocontainers, there are requirements that all
systems must meet, namely biocompatibility and low toxicity.
Failure to meet these requirements can often be a limiting factor
in the approval of drugs by the Food and Drug Administration
(FDA). Nowadays, the majority of NPs among FDA-approved
drugs (since 2016) are represented by liposomal (22% or
43% if including lipid-based NP) and polymeric (29%)
nanocarriers.'3® This is due to their low toxicity, as well as the
relative ease of modifying the NP properties through covalent
and noncovalent interactions. Although the number of FDA-
approved lipid and polymer nanocarriers for DM therapy is
limited, innovative delivery systems for insulin and other
hypoglycaemic agents are being researched to improve the
efficacy and safety of DM treatment. Research and development
in this area is ongoing, and future advances may lead to the

approval of new drugs for DM therapy utilizing nano-
technologies.

3.1. Lipid formulations: from classical liposomes
to noncovalently modified vesicular nanosystems

The first mention of lipid vesicles dates back to the 1960s,
marking an important milestone in the development of new drug
formulations with improved properties. The second important
step was the FDA approval of Doxil®, the first liposomal
anticancer drug doxorubicin, for clinical use. Due to low
toxicity, improved biocompatibility, ability to encapsulate
hydrophobic and/or hydrophilic substrates, etc., lipid-based
drug delivery systems are increasingly reaching clinical
applications (more than 20 to date) compared to other types of
nanocontainers.'3 In the context of DM therapy, the main
challenges are (1) protection of hypoglycemic drugs from
premature chemical and enzymatic degradation, (2) overcoming
biological barriers, (3) controlled drug release (stimulus-
responsive systems), (4) high encapsulation efficiency.!4?

The DM pathogenesis can be slowed down by using natural
ingredients obtained from medicinal plants. An example of such
compounds is quercetin, which has antioxidant and anti-
inflammatory activities. Incorporation of quercetin into soy
phosphatidylcholine and cholesterol liposomes has been shown
to reduce oxidative stress, inflammation, endoplasmic reticulum
stress, and autophagy in pancreatic tissue in a rat model of
TIDM.'"*! Tt is worth noting that the efficacy of quercetin
encapsulated in conventional liposomes, i.e., phospholipids
(or a mixture of lipids), cholesterol and sometimes polyethylene
glycol (PEG), has been repeatedly demonstrated, making this
therapeutic strategy promising for addressing both insulin
resistance and the associated inflammation.!#> Another example
of a natural therapeutic agent with similar properties is silibinin
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(or silybin), which has been shown to normalize blood glucose

levels, enhance insulin sensitivity in cells, and improve
pancreatic B-cell function, as confirmed by in vivo
experiments.”®!*3 It is worth noting that the classical liposome

composition is safe and non-toxic for both oral and transdermal
delivery of antidiabetic drugs.!

Liposomes are very ‘flexible’ type of nanocarrier, since
they can be used in their classical composition, modified with
various ligands to confer specificity of action, and loaded with
both hydrophilic and hydrophobic substrates. Additionally,
their size, charge, and the number of bilayers can be varied.
This versatility explains their continued popularity as one of
the most sought-after delivery systems.!*> While monolayer
liposomes of classical composition have been described above,
Tian et al. developed multilamellar liposomes for intramuscular
injection of exendin-4. Exendin-4 has a short half-life in the
body, which is around 2.4 h, however, encapsulating it in
liposomes modified with palmitic acid (with encapsulation
efficiency of >99%) extended its half-life to
77.28+12.92 hours. 46

One of the main properties of liposomes is to increase the
bioavailability of drugs. At the same time, through various
modifications of the vesicle composition, their therapeutic effect
can also be enhanced. Such modifying agents include
hyodeoxycholic acid, which can induce insulin secretion. It has
been shown that the content of hyodeoxycholic acid directly
affects the physicochemical characteristics of the vesicles.
Increasing the concentration of hyodeoxycholic acid increases
the hydrodynamic diameter of the liposomes from 196 nm to
332 nm and decreases the encapsulation efficiency of metformin
from 67% to 59%. Furthermore, in vivo experiments have
established that the most optimal system is liposomes witha 1:1
mass ratio of hyodeoxycholic acid to metformin (compared to
ratios of 0.5:1 and 2: 1). Oral administration of this composition
significantly reduces glucose levels, bringing it close to the level
of healthy animals and even slightly lower than in the group
receiving free metformin.'47

As noted earlier, liposomes as drug delivery systems occupy
a leading position both in the market of nanosized dosage forms
and in the field of scientific research. Most liposomal drugs
currently available on the market have a classical composition.??
However, despite their advantages, conventional liposomes
have several limitations, such as low stability, rapid elimination
from the body, non-targeted drug delivery, etc. As a result, the
current trend in the literature is increasingly focused on the
development of nanocontainers with improved properties
through the incorporation of specific ligands. The primary goals
of these modifications are to increase the circulation time of
liposomes in the body, achieve controlled drug release, enhance
targeting, improve the stability of liposomes during storage, and
adapt them to various routes of administration.'*® This research
has led to the development of next-generation lipid
nanocontainers that have been successfully tested for the DM
treatment.

j@ o) OH
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3.1.1. Application of surfactants for creation
and modification of nanocontainers

In addition to the degradation of nanocarriers in the
gastrointestinal tract, low oral bioavailability of drugs may be
due to first-pass metabolism, limited drug solubility and
permeability.'4%150 As a result, conventional NPs are not always
suitable (or insufficiently effective) for oral drug delivery, which
motivates researchers to develop new, adapted systems.
Surfactants are a vast class of compounds and serve as versatile
tools for creating a wide range of NPs with enhanced properties
due to their amphiphilic nature and structural diversity. Among
the most well-known nanocontainers obtained using surfactants
are transfersomes and transethosomes,!3'~133  cationic
liposomes,!34-156 micro- and  nanoemulsions,!57-159
niosomes, 69162 bilosomes, 9319 efc. (Fig. 7).

3.1.1.1. Bilosomes

In the context of oral drug delivery, a relatively new type of
nanocontainers — bilosomes — is of particular interest. The
main components of bilosomes are nonionic surfactants (Span,
Tween), bile salts (more commonly sodium deoxycholate), and
lipids. Bile salts also act as biosurfactants, repelling external bile
salts present in the intestinal lumen, thereby protecting the
aggregates and the drug from degradation.'®> Since their first
mention by Conacher et al. in 2001, bilosomes have been
tested for the therapy of various diseases, including oncological

Surfactant based/modified nanocontainers
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Figure 7. Schematic representation of nanocontainers obtained
using surfactants.
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and neurodegenerative. They have also been adapted for
transdermal and ocular drug delivery.!®’ In DM management,
Soliman et al. developed lactoferrin-coated bilosomes for oral
delivery of the flavonoid quercetin.'®® Based on the results of
in vitro, exvivo, and invivo experiments, the authors
demonstrated a significant enhancement of the antidiabetic
effect of bilosomes due to the synergistic effect of lactoferrin
and quercetin, specifically owing to their hypoglycemic, anti-
inflammatory, and antioxidant properties. In another study, the
effectiveness of bilosomes in enhancing the oral bioavailability
of berberine (an isoquinoline alkaloid) was evaluated for the
first time. The authors found that bilosomes exhibited optimal
characteristics with a concentration of phosphatidylcholine at
0.06 mol L', 25 mg of sodium deoxycholate, and 15.2 mg of
cholesterol. It is important to note that the size of bilosomes and
their encapsulation efficiency are primarily influenced by the
cholesterol content, while the zeta potential is affected by the
concentration of nonionic surfactants and bile salts.!6%170
Pharmacokinetic experiments revealed a 6.4-fold increase in the
relative bioavailability of berberine when loaded into
nanocontainers compared to the free form of the alkaloid.
Although the authors found a 99.3% and 31.7% pharmacological
effect in reducing blood glucose levels for the formulated and
free berberine, respectively, subcutaneous insulin injection
remains more effective.'’% It is worth noting that the literature
includes studies on loading bilosomes with first-line DM
medications, i.e., insulin for oral delivery and metformin
hydrochloride for transdermal delivery.''>17!  However,
bilosomes can be used not only for lowering blood glucose
levels butalso for addressing the complications and consequences
of DM, such as diabetic nephropathy. In vivo studies have
demonstrated the nephroprotective effects of eprosartan
mesylate and  losartan-loaded  bilosomes upon oral
administration.!7%173
Structures of berberine, losartan,
and eprosartan mesylate
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3.1.1.2. Niosomes

Another example of an effective dosage form containing
surfactants is niosomes. Due to their composition (nonionic
surfactants and cholesterol), niosomes exhibit lower toxicity
compared to other types of NP and can be administered via
various routes, including oral, transdermal, ophthalmic, and
pulmonary.!”* According to years of research in the field of drug
delivery systems, niosomes are promising vehicles for dermal
and transdermal drug delivery.!”® For instance, the classic drug
metformin hydrochloride was encapsulated in niosomes for
transdermal administration to extend its antidiabetic effect and

to explore its ability to enhance wound healing in diabetic
patients.!’® The authors of the study claim that transdermal
administration of metformin hydrochloride every 2 days
provides a more sustained antidiabetic effect compared to daily
oral administration of metformin. Additionally, the niosomal
formulation demonstrated wound-healing activity by improving
wound contraction and collagen deposition, and by stimulating
serum transforming growth factor beta (TGF-) level, which is
also a significant outcome in the context of DM therapy.

One of the advantages of niosomes (as well as other lipid-
based nanocontainers) is their ability to encapsulate drugs over
a wide range of solubility. Due to their bilayer structure,
niosomes can encapsulate both hydrophobic (within the bilayer)
and hydrophilic compounds (within the aqueous core). Dual
loading of substrates into nanocontainers has been and remains
a highly attractive strategy, as it not only enhances therapeutic
efficacy but also targets multiple sites and produces a synergistic
effect. This approach has also been applied in DM therapy for
one of the most widely used drugs—hydrophobic glipizide and
hydrophilic metformin.'”” The main idea of this work is to
develop a drug formulation based on a suspension, which could
make oral administration of antidiabetic medications more
convenient, especially for patients with dysphagia. Pursuing the
same goal, the authors of the Ref. 178 developed chewable
tablets containing niosomes with repaglinide. It was found that
encapsulating metformin and glipizide in niosomes results in a
more prolonged release of the drugs, which potentially addresses
the issue of their short half-life (less than 6 hours) and,
consequently, reduces the frequency of medication
administration. In another study, Eissa et al formulated
proniosomal compositions loaded with amitriptyline and
liraglutide for the treatment of diabetic peripheral neuropathy.!”
In this study, the strategy was different: amitriptyline, used for
treating diabetic neuropathy, can lead to hyperglycemia, which
is a major drawback. Combination therapy with amitriptyline
and an antihyperglycemic agent (liraglutide) can provide
effective treatment for neuropathic pain while also managing
blood glucose level. Moreover, the developed formulation
enables the replacement of the currently available injectable
form of liraglutide with an oral one. Interestingly, not only drugs
can be combined, but also drug delivery systems. For example,
novel deformable liponiosomal hybrids have been developed,
combining components of both liposomes and niosomes
(phospholipids, cholesterol, nonionic amphiphiles Span 60 and
Tween 80), for oral delivery of repaglinide.!3” Researchers are
also highly interested in the antidiabetic properties of plant-
based medicinal compounds encapsulated in niosomes.!'81-183

3.1.1.3. Transfersomes and transethosomes

Another well-known example of modifying the properties of
lipid nanocontainers with amphiphilic molecules is the creation
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ofultra-deformable liposomes—transfersomes—by incorporating
edge activators, most of which are nonionic surfactants, into the
lipid bilayer. Transfersomes were first proposed in 1992 as
transdermal drug delivery systems by Cevc et al.'8* Eleven
years later, in 2003, Cevc published a review on the potential of
ultra-deformable carriers for transdermal insulin delivery.!83 It
is noteworthy that there are references to clinical studies
conducted with transfersomes loaded with insulin and
ketoprofen.'8%-187 Qver the years, transfersomes have been
tested for transdermal delivery of classic hypoglycemic drugs
such as insulin'® and metformin hydrochloride,!'! as well as
pioglitazone and eprosartan mesylate for combined therapy
against hypertension and DM.% For all compositions tested in
the STZ-induced model of DM, an improved glucose-lowering
effect was observed in rats compared to the free and/or oral
forms of the drugs. It is worth noting that transfersomes have
‘siblings’ —transethosomes—which have also been successfully
used for loading antidiabetic drugs.'%1°! The only difference
between transethosomes and transfersomes is that transethosomes
contain ethanol to enhance the penetration of aggregates through
the skin. Transfersomes and transethosomes have also been
successfully used as delivery systems to address complications
caused by DM, particularly for promoting the diabetic wound
healing.192193

Thus, the strategy of modifying liposomes with surfactants is
quite promising. Special attention should be paid to other lipid
nanocarriers containing surfactants, such as SLN, nanostructured
lipid carriers (NLC), and NE, as they offer certain advantages
over liposomes, including improved stability, controlled drug
release, higher drug loading capacity, and easier production and
scalability.

3.1.2. SLN, NLC, NE

Despite the advancements achieved by researchers in the
development of liposomal delivery systems for antidiabetic
drugs, several significant challenges remain, such as premature
drug leakage, limited stability, low targeting ability, nonspecific
clearance, and difficulties in scaling up production.'®* To
address these issues, the next generation of lipid nanocarriers
has been developed, specifically solid lipid nanoparticles and
nanostructured lipid carriers. The primary components of SLN
are biodegradable and biocompatible solid lipids (e.g.,
1-tetradecanol, cetyl palmitate, various triglycerides, etc.) and
surfactants (such as sodium lauryl sulfate, Tween, Precirol®
ATO-5, etc.). In contrast, NLC include these components
along with liquid lipids or oils (castor oil, Labrafac™ CC, oleic
acid, etc.).!% Another example of such systems is NE, which
are fine water-in-oil (w/0) and oil-in-water (o/w) dispersions of
two immiscible fluids. Nanoemulsions — emulsions with
droplet sizes ranging from 20 to 100 nm — are kinetically
stabilized dispersions formed by combining and stabilizing
two immiscible phases using a surfactant. Due to their small
droplet size, they possess characteristics such as high surface
area per unit volume, high stability, optically transparent
appearance, and improved bioavailability of drugs.!°% 97 The
primary components of these systems include various
semisynthetic oily esters, triglycerides, partial glycerides, and
nonionic ester emulsifiers. It is important to note that
emulsifiers with high hydrophile-lipophile balance (HLB)
values (8 —18) are used to produce o/w NEs, while emulsifiers
with low HLB values (3—6) are more suitable for producing
w/o NE.!?¢ Numerous studies have confirmed that SLN, NLC,
and NE have low toxicity, high stability and have been

extensively studied for the treatment of a wide range of
diseases, including DM.

3.1.2.1. Solid lipid nanoparticles

Like any drug delivery system, the composition and
physicochemical characteristics of NPs must be thoroughly
optimized before testing on animal models. This stage is crucial
and requires the preliminary statistical and mathematical data
processing. Priyanka et al. optimized the composition of SLN
using a central composite design with Design Expert software
by varying four factors during NP preparation: homogenization
speed and time, as well as sonication time and intensity.'*® The
results were monitored by changes in particle size, Pdl, and zeta
potential of the NPs. The same design method was applied for
the development of curcumin-loaded SLN.2% The authors found
that increasing the homogenization speed (up to 15000 rpm)
and time (up to 30 min) reduced particle size and PdI while
increasing the zeta potential. Increasing sonication time up to
5 min demonstrated similar results, whereas sonication intensity
had minimal impact on the SLN physicochemical characteristics.
In another study, the Box-Behnken Design (using Design Expert
software) was employed to examine the effects of the drug-to-
lipid ratio, surfactant and co-surfactant concentration on SLN
size, entrapment efficiency, and Pdl.2°! Statistical analysis
revealed that the most optimal values for particle size
(147.1 nm), entrapment efficiency (83.6+£0.8%), and PdI
(0.265), which were close to the predicted values, were obtained
with a drug-to-lipid molar ratio of 1:4.16, 1.21% surfactant, and
0.4775% co-surfactant (Fig. 8). Subsequently, the optimized
formulations were loaded with extracts of Ficus religiosa L.'%°
and tetrahydrocurcumin,?®! both of which possess antioxidant
properties. In vivo, these formulations demonstrated an enhanced
ability to lower blood glucose levels compared to the free drugs.
In general, compounds with antioxidant properties that are
encapsulated in SLN are highly effective for DM therapy and
exhibit significant potential.

SLN have been successfully tested for the delivery of
glibenclamide,?®?>  tetrahydrobiopterin,®®  repaglinide,?%*
myricetin, 2> and many other therapeutic compounds. Evidently,
SLN possess excellent properties, and in addition, like
conventional liposomes, they can be modified with various
ligands. For example, SLNs loaded with the hydrophilic drug
saxagliptin were further coated with the methacrylic acid
copolymer Eudragit RS100 to enhance the oral bioavailability of
the drug.2% A similar approach was applied for the transdermal
delivery of glibenclamide using NLC coated with Eudragit L.297
Polymethacrylates can be used to enhance drug penetration
through the skin, intestinal epithelium, and cornea, improve
bioavailability, serve as enterosoluble coatings, prolong drug
release, enable pH-dependent release, etc.?%% In another study,
SLNs were adapted for endosomal escape.?’” The authors
prepared nanocarriers with pH-sensitive HA2 fusion peptides
from influenza virus hemagglutinin, which can respond to the
acidic environment in endosomes and initiate escape. It was
found that loading HA2 peptides into the outer shell of SLN
results in more efficient release of nanocarriers from early
endosomes compared to peptides loaded into the aqueous core,
leading to increased biological activity of insulin.

3.1.2.2. Nanostructured lipid carriers

NLCs are also being successfully developed for the delivery of
hypoglycemic drugs for both oral?!® and transdermal?!!
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Figure 8. 3-D response surface plots of selected responses: (A) particle size, (B) encapsulation efficiency, (C) and PdI.2°! This figure is pub-

lished under a Creative Commons Attribution NC-ND license.

administration. As noted earlier, structurally, NLCs are very
similar to their predecessors, but they differ in the inclusion of
liquid lipids, resulting in greater stability of NPs. In DM
treatment, NLCs have found widespread use both as carriers of
hypoglycemic drugs and for healing ulcers and wounds
associated with DM. For successful vesicle production, it is
crucial to select the right components. The authors of the
Ref. 212 tested a range of solid lipids at various concentrations
(Imwitor® 900 K, Dynasan® 116, Kollivax® GMS I,
cetostearyl alcohol), as well as several surfactants (Tween 80,
Poloxamer 188, Lecithin, and TPGS) to obtain stable NLCs and
load sucupira oil. Using a 2?2 factorial design, it was established
that an optimal sucupira oil-loaded NLCs should consist of
0.5 wt.-vol.% sucupira essential oil, 4.5 wt.-vol.% Kollivax®
GMS 11, and 1.425 wt.-vol.% TPGS, resulting in a mean particle
size ranging from 100 to 200 nm and PdI < 0.3. Overall, plant-
based medicines are gaining increasing interest due to their
lower toxicity compared to synthetic drugs. For example,
silymarin  inhibits gluconeogenesis, reduces glucose-6-
phosphatase activity, and suppresses the overexpression of the
cytochrome CYP 3A2 enzymatic system, contributing to its
antidiabetic properties. However, its low water solubility has
prompted researchers to create NLCs and investigate the impact
of various solid lipids (stearic acid (C;g) and cetyl palmitate
(C5y)) on their efficiency.?!? It was found that both NLC systems
reduced glucose and triglyceride levels better than free silymarin
in vivo, but the effect of NLCs with stearic acid was more
pronounced and lasted longer. The authors argue that as the fatty
acid chain length increases, the degradation rate decreases.
Additionally, both formulations demonstrated a significant
antihyperalgesic effect in diabetic neuropathy in mice. NLCs
have also been adapted for the oral delivery of hypoglycemic
drugs such as pioglitazone,?!'* piperine ?'® and glargine insulin,?'®
as well as transdermal delivery of repaglinide.?!!

It is necessary to highlight the studies, in which NLCs were
used as carriers for the healing of wounds and ulcers caused by
DM. Diabetic wound healing is known to be a complex process
that involves multiple stages. However, in many cases, severe
inflammation leads to improper and consequently prolonged
wound healing. For this purpose, the authors of the Refs 217, 218
developed NLC-based systems with various auxiliary
components to deliver anti-inflammatory agents 20(S)-

protopanaxadiol and pioglitazone. For 20(S)-protopanaxadiol,
the authors designed a three-dimensional mesh structure of
silicone elastomer loaded with drug-bearing NLCs. In in vivo
experiments, it was shown that due to the synergistic action of
the wound-healing elastomer and the anti-inflammatory 20(S)-
protopanaxadiol, the authors managed to achieve suppression of
inflammatory infiltration, stimulation of angiogenesis, and
regulation of collagen level during the inflammatory,
proliferative, and remodelling phases of diabetic wound healing,
respectively.?!® Pioglitazone was loaded into NLCs within a
framework of collagen (a structural stabilizer) and chitosan (a
controlled drug delivery system). The authors demonstrated a
similar synergistic effect in diabetic wound healing in vivo:
pioglitazone suppressed the inflammatory phase, while collagen
and chitosan promoted cell proliferation and migration, leading
to 99% wound healing within 21 days.?!’

3.1.2.3. Nanoemulsions

Over the past decade, there has been a significant increase in the
use of NE, especially in the pharmaceutical and cosmetic
industries, and DM therapy is no exception. The well-known
antioxidant quercetin was loaded into NE for DM therapy.
Mahadev et al. investigated the NE form of quercetin and
evaluated its combinatory effect with the B-carotene.?!%-220 The
process of obtaining NE in both cases was optimized using the
Box-Behnken design. It was demonstrated that NE-formulated
quercetin, both alone and in combination with [-carotene,
exhibited excellent oral bioavailability and significant protective
and therapeutic activity against STZ-induced DM over 21 days.
This composition allowed control of body weight and blood
glucose levels while suppressing high serum lipid levels. To
enhance the antidiabetic potential, quercetin was loaded into
self-nanoemulsifying drug delivery systems (SNEDDS) along
with curcumin, Ganoderma lucidum powder extract, and
probiotics. An in vivo pharmacodynamic study demonstrated
improved recovery of blood glucose levels, body weight and
lipid profile in rats over 42 days of treatment.??! It is worth
noting that quercetin loaded into NE has been investigated
in vivo as a cardioprotective agent to mitigate cardiac toxicity
and deoxyribonucleic acid (DNA) damage induced by DM.??2
In DM therapy, SNEDDS have been successfully developed for
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the oral delivery of exenatide-4%2% and mahogany seed extract
(Swietenia mahagoni).*** Since exenatide-4 has low oral
bioavailability due to enzymatic degradation in the
gastrointestinal tract, the authors combined it with the
chymotrypsin inhibitor chymostatin. It was shown that the
pharmacodynamic response after oral administration of the NE
was comparable to that of the commercially available oral form
of exenatide-4, Byetta®. In another study, SNEDDS based on
black seed oil (which contains thymoquinone), Capmul MCM,
and Cremophor EL were loaded with sitagliptin and
dapagliflozin, encapsulated in hard and/or soft gelatin capsules
for the effective treatment of T2DM (Fig. 9).22° In turn, NE have
been used for the delivery of both synthetic drugs (pioglitazone
hydrochloride,?”® as well as metformin and repaglinide
individually or in combination??’) and plant-derived substances
(glycyrrhizin,?28 2,4, 6-triphenylaniline,?? berberine,?3” essential
oil from Alpinia zerumbet Fructus®"), whose efficacy has also
been demonstrated in vivo. Much of the current research is
focused on creating gel forms of NE for better retention on the
skin and diabetic wound healing. The pharmaceutical substances
chosen for these formulations typically include drugs with
antidiabetic, anti-inflammatory, antimicrobial, and wound-
healing properties.32-235 As a gel matrix, substances such as
chitosan, hyaluronic acid, alginate, agarose, gelatin, cyclodextrin,
carrageenan, fibrin, collagen, dextran, efc. can be used.?30-238
Thus, the use of lipid nanocarriers encompasses a wide range
of applications, from delivering various types of drugs for DM
therapy to addressing disease complications. Researchers have
learned techniques for controlled drug release, achieving high
loading efficiency, and prolonging drug action by modifying
nanocarriers with specific ligands, leading to the development of
new generations of lipid vesicles. Today, there is a growing global
trend to develop new drug delivery systems for DM treatment, to
adapt existing systems, and to incorporate drugs of natural origin.

This surge in interest is driven by the ease of manipulation and
low toxicity of lipid nanocarriers. Polymer nanocarriers, which
will be discussed in the following section, also meet these criteria.

3.2. Application of polymers for creation
and modification of nanocontainers

In general, oral administration of antidiabetic drugs is preferred,
as the dosing and frequency of medication make invasive
methods challenging. The gastrointestinal tract, however,
presents a wide pH range, a multi-layered mucosal structure,
and enzymes reducing the bioavailability of peptides and
proteins. Polymer NPs made of various natural biodegradable
polymers, as well as synthetic ones are pH-sensitive (Fig. 10).
This, combined with their modifiability, high biodegradability,
biocompatibility, and stability, provides a broad platform for
selecting the appropriate composition for antidiabetic drug
delivery. Nanocarriers can either be composed entirely of
polymers (polymeric micelles, vesicles, and dendrimers) or
polymers can act as modifiers for other NPs, like liposomes,
silicone nanospheres, etc.?

Polymers occupy a leading position in the field of biomedicine
in terms of applicability and scientific research.?*? Review
articles emphasize the advantages of polymeric nanocontainers,
including precise size control (ranging from 1 to 1000 nm),
diverse morphologies (rods, worms, disks, etc.), the capacity to
load a wide variety of substances (hydrophobic, hydrophilic,
large and small biomolecules), stimulus responsiveness (to pH,
redox environment, enzymatic environment, and temperature),
as well as their stability, modifiability, etc.?*1-24?> Due to these
numerous advantages, polymeric nanocontainers are extensively
studied for the treatment of some of the most pressing diseases,
including cancer,?*3-24 neurodegenerative,?* cardiovascular,?40
DM and its complications,?*”-2*% rheumatoid arthritis>** and
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Figure 9. (a) Appearance of the SNEDDS preconcentrate (in glass tubes) and SNEDDS after dilution with water (in glass beaker) that were
developed with black seed oil and soybean oil for the model drugs, sitagliptin (SN) and dapagliflozin (DN), as combined dosage form. (b) The
combined F1-SNEDDS dosage form filled in a hard gelatin capsule and the appearance of the diluted SNEDDS (10 mg anhydrous formulation
was diluted in 10 mL water) and (c¢) formation of nanodroplets/micelles of F1-SNEDDS in the presence of bile salt (BS): phospholipid (PL) and
pancreatic lipase during lipid digestion in the small intestine.??® This figure is published under a Creative Commons Attribution license.
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Figure 10. Examples of synthetic and natural polymers used to create and modify nanocontainers.

many others. As described above, the majority of FDA-approved
NPs are represented by lipid and polymeric nanocarriers.!'38 The
choice between polymer and lipid nanocontainers depends on
the specific goals and conditions of treatment. Polymer
nanocontainers may be preferable for sustained, controlled drug
release and where high stability is required. Lipid nanocontainers,
on the other hand, may be better in cases where high
biocompatibility and ease of production are required. With each
passing year, more and more research is being conducted in the
field of polymer-based drug delivery systems to address the
existing limitations. For instance, a common method of
increasing the stability of drug carriers is to use polyacids and
polybases, which are resistant to pH changes but capable of
swelling and degrading. Another example of a responsive
system is a nanocarrier with dual sensitivity to both glucose
level and pH value. The creation of multifunctional systems that
are immediately responsive to several stimuli was pursued in the
work of Lin.”> The authors investigated polymeric vesicles
based on glucose-sensitive polyphenylboronic acid and pillar[5]-
arene, containing GOx for transcutaneous delivery of insulin.
The selected formulation demonstrated a rapid response to
hyperglycemia and the ability to restore blood glucose
concentration to normal level.

For more effective therapy, additional requirements for
polymeric NPs, such as the ability to be adsorbed onto mucosal
surfaces or to avoid exposure to the immune system, must be
taken into account. These factors are particularly important
given that transdermal and oral routes are the primary methods
for delivering hypoglycemic drugs. These aspects, which will be
discussed in following sections, have the potential to significantly
enhance the therapeutic efficacy of nanocarriers in DM
treatment.

3.2.1. New generation stealth nanoparticles

The use of polymers in drug carrier formulations not only
ensures controlled release of the substance but also helps to

prevent its clearance. When any nanocarrier enters the human
body, a protein corona is formed around it, which can lead to
opsonization, phagocytic clearance, the formation of immune
complexes, and the activation or suppression of the immune
system.230-251 One strategy to avoid recognition by the immune
system and removal of particles from the body involves coating
them with hydrophilic polymers such as PEG, poly(2-oxazoline)
(POx), PVP, polyglucoronic acids, efc. (stealth delivery
systems).>3:233 The polymers create a steric hindrance to the
interaction of NPs with the surrounding opsonin proteins,
making them invisible to phagocytes. The term stealth effect
emerged from studies on PEGylated liposomes, which
demonstrated prolonged blood circulation compared to
conventional non-PEGylated liposomes.?**25 Non-PEGylated
liposomes exhibit a biphasic clearance, whereas PEGylated
liposomes typically exhibit a monophasic clearance with a
longer half-life. Stealth effectrefers to the ability of nanomaterials
to remain invisible to the immune system, particularly to the
reticuloendothelial system. Hydrophobic and charged particles
tend to be more easily opsonized in the bloodstream.25¢-257
Therefore, to increase their half-life, hydrophilic polymers with
flexible structures that can sterically prevent the formation of a
protein corona are used, such as the aforementioned PEG
and POx,>® as well as poly(zwitter ions), for example,
polysulfobetaine or polycarboxybetaine.?5°-26! Additionally,
the edges of the polymer coating are sometimes functionalized
with cell membrane components or with integrin-associated
protein Cd47 (Fig. 11).233

PEG is the primary material used for NP surface modification.
It coats nanocarriers with a hydrophilic masking surface,
providing reduced immunogenicity and phagocytosis, decreased
intermolecular aggregation, and increased water solubility and
stability in blood. Therefore, these properties promote long-term
circulation of NPs in the bloodstream. Various approaches have
been used in developing antidiabetic drug delivery systems
using PEG. The main methods include encapsulating drugs in
polymer NPs made of PEG, covalent binding PEG to drug
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Figure 11. Schematic representation of action of conventional nano-
containers and stealth nanoparticles in the bloodstream.

molecules, and using PEG to modify the NP surface.20%263
Numerous studies have repeatedly demonstrated the increased
effectiveness of drug delivery systems coated with PEG.264265
One such study was conducted by Reboredo e al.,2%° where NPs
based on natural polymer zein, which enhances glucose tolerance
by stimulating GLP-1 secretion, were compared with PEG-
modified particles. Experiments on mice showed a significant
reduction in hyperglycemia and a higher ability to induce GLP-1
secretion in the group of animals treated with NP-PEG compared
to those treated with free zein or unmodified NPs. The authors
attribute these differences to the fact that unmodified NPs
remain in the protective mucus layer, whereas NP-PEG can
diffuse through mucus and reach the surface of the intestinal
epithelium.

Despite the widespread use of PEGylated systems, some
studies have shown that such NPs can induce immune responses,
including hypersensitivity, accelerated blood clearance, and
antibody production under certain conditions.?%” This makes the
use of other polymers or modified PEG a promising direction in
the development of new drug carriers.2%® However, attempts to
use other polymers, such as POx, as stealth polymers have
shown that particles with these polymer coatings can accelerate
Clg-mediated complement activation and C3 opsonization
(third complement protein) by human phagocytes,%® despite
positive results when administered to mice.?*® Another example
of attempts to replace PEG is the work of Ryujin et al.,>’" where
researchers demonstrated that modification of liposomes with
zwitterionic polycarboxybetaine induced specific immuno-
globulin M after the first administration of the optimal dose, and
modified liposomes were rapidly cleared from the blood after
the second dose due to accumulation in the liver, as previously
observed for PEGylated liposomes. Currently, PEG is the most
extensively studied polymer for use in pharmaceuticals, with
several PEGylated drugs in clinical trials for the treatment of
DM (Besremi™, Fulphila™, Neulasta®, Krystexxa®), making
PEG modification the most advanced strategy in drug
formulation development.?”1-272

The structure of PEG allows it to be modified with ligands to
facilitate NP transport across biological barriers. In some cases,
conjugating PEG with biomolecules (such as peptides and

antibodies) has been shown to reduce immune responses. One of
the therapeutic agents used in DM treatment is GLP-1 receptors
agonists (such as semaglutide, exenatide, and oxyntomodulin).
However, these agents typically have short half-lives and face
challenges in penetrating the intestinal barrier.2”>-274 Thi Nguyen
et al. developed monoPEGylated exenatide to extend its half-
life in vivo.2”> Monitoring of hypoglycemic activity demonstrated
that such modification improve glucose tolerance compared to
free exenatide, with the nanocarriers maintaining hypoglycemia
12—14 times longer than native exenatide. In addition to peptides
and antibodies, folic acid (FA) and glucose can also act as
molecules that enhance the penetration of PEGylated
particles.?’%277 FA is one of the gastrointestinal tract receptors
capable of enhancing the absorption and transport of biologically
active substances. In a study by He et al.,”” FA conjugated with
1,2-distearoyl-sn-glycero-3-phosphoethanolamine and PEG
was used to modify the surface of reversible micelle-lipid
nanocapsules (FA-RM-ELNC) to ensure targeted delivery of
exenatide and prolong the circulation time of particles. In vitro
experiments showed that oral administration of FA-RM-ELNC
showed a good hypoglycemic effect in mice with T2DM.
Notably, FA-RM-ELNC was able to maintain blood glucose
level at 65 to 90%, whereas blood glucose after subcutaneous
injection of exenatide solution remained at 80—95%, and in the
case of RM-ELNC at 80—90%.

Structure of folic acid

HO (0]

N/\©\

H

OH NH
N7 N
P

HoN N N

Folic acid

O
OH

Addressing the limitations of PEGylated drug delivery
systems, Ozer et al. developed poly[oligo(ethylene glycol)
methyl ether methacrylate] (POEGMA) as a next-generation
polymer, analogous to PEG, for drug conjugation.?” In the
hyperbranched polymer POEGMA, long ethylene glycol
sequences are replaced by shorter oligomeric ethylene glycol
side chains along the hydrophobic backbone. The approach
involves conjugating exendin with POEGMA as an injectable
drug formulation. POEGMA with exendin demonstrates a
sustained clearance from the bloodstream while maintaining a
lack of immunogenicity, unlike PEG.278.279

3.2.2. Mucoadhesive polymer nanocontainer creating
strategy

In addition to challenges such as early clearance from the body
and enzymatic degradation, the mucosal barrier can also impede
the passage of drugs through biological barriers. Mucoadhesive
compounds can enhance the contact of particles with the
biosurface, thereby increasing the bioavailability and
permeability of drug.?8? Mucoadhesive polymers have numerous
hydrophilic groups, such as hydroxyl, carboxyl, amide, and
sulfate groups, which are adsorbed to the mucosa through such
interactions as hydrogen bonding, electrostatic forces, or binding
via specific receptor sites. The adhesion process is considered as
two successive stages: (1) the mucus wets the mucoadhesive
particle, and (2) the particle adheres to the mucosa through
various physicochemical interactions.?8! Several natural
polymers exhibit mucoadhesive properties, including
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polysaccharides (such as chitosan and alginate) and proteins
(such as gelatin and albumin).2%? The gastrointestinal mucosa
comprises mucin proteins, which include glycan structures,
cysteine residues, negatively charged sialic acid groups, and
sulfate groups. This composition results in multiple chemical
and nonspecific interactions between mucin chains, forming a
mesh-like and gel-like morphology that protects the epithelial
cell layer beneath the mucosa.”®> Mucoadhesive drug delivery
systems can overcome this protective barrier by adsorbing to
and remaining on the mucosal surface for longer periods, thereby
enhancing the bioavailability of therapeutic agents. Several
theories explain the mucoadhesive properties of materials,
including electrostatic, wetting, general adsorption, and
diffusion, which help in developing or identifying materials
with mucoadhesive capabilities. Materials such as chitosan,
sodium alginate, cellulose, zein, and hyaluronic acid are
effective in modifying drug delivery systems for DM
therapy. 284285

One of the most widely used natural polymers with wide
biomedical functionality, including mucoadhesive properties
is chitosan.?86-289 [ts structure contains free amino groups that
facilitate nonspecific binding to the mucosal surface.
Importantly, numerous water-soluble modifications were
developed through introducing of hydrophilic functional
groups.?’® It was demonstrated that dicyandiamide-modified
chitosan NPs with cell-penetrating octaarginine and hyaluronic
acid facilitate insulin delivery via the paracellular route,
thereby enhancing the efficiency of sequential transport from
apical to basolateral regions and consequently increasing
penetration efficacy.?’! In a study by Alalaiwe et al.,>*? it was
demonstrated that the bioavailability of chitosan-coated gold
NPs was significantly increased upon oral administration
compared to intravenous injection of unmodified particles. The
bioavailability of the particles increased 25-fold when chitosan
was used instead of PEG. Additionally, chitosan exhibits pH
sensitivity due to the protonation of amino groups only in
acidic solutions, which is particularly advantageous for oral
administration as it allows for controlled release of the drug
upon reaching the target site.2”3 The use of chitosan to enhance
the bioavailability of oral insulin has been documented in the
literature.2%+295 In another study, NPs based on poly(lactic-co-
glycolic) acid were modified with both PEG and chitosan.??
Ex vivo and in silico studies showed that chitosan coating
improved particle mucoadhesion, while in vitro analysis
demonstrated successful protection of insulin from degradation
under gastrointestinal-like conditions. Chitosan has also
proven effective for modifying particles for the oral delivery of
other antidiabetic drugs, such as metformin hydrochloride %
and hesperidin.?®’ In the study by Rebitski et al, a
bionanocomposite system was proposed for the oral treatment
of T2DM.??® This system is based on intercalated compounds
of metformin and clay incorporated into a pectin polymer
matrix to ensure stability in the gastrointestinal tract, with
chitosan added to impart mucoadhesive properties. In vitro
experiments simulating gastrointestinal conditions
demonstrated a slow release of metformin with the double
coating across the entire pH range examined (1.2, 6.8 and 7.4)
(Fig. 12).

To modify chitosan, which shows stability only within a
limited pH range and is insoluble in water at neutral pH, sodium
alginate is widely used due to its more hydrophilic nature and
mucoadhesive properties.??®3% Moreover, sodium alginate is
used as a standalone surface modifier for nanocarriers.’*! For
DM therapy, Baig et al.30> developed NPs with vildagliptin, a
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Figure 12. Schematic models of the metformin-clay hybrid
(Mt-MF) and the chitosan (CHT)/pectin (PEC) bionanocomposite
beads (on the left) and SEM images of cross-sections (on the right)
of the PEC@CHT/Mt-MFw (a) and PEC@CHT@PEC/Mt-MFw (b)
bionanocomposite beads.??® This figure is published under a Creative
Commons Attribution license.

drug that regulates insulin-glucagon secretion from the pancreas,
encapsulated within DNA nanocubes and coated with sodium
alginate. Increasing the percentage of sodium alginate in the
formulation increased encapsulation efficiency, and the resulting
formulation was more effective at maintaining blood glucose
levels for up to 24 hours due to the slower release of vildagliptin.

In addition to the mucoadhesive agents used, other polymers
are also explored in the context of DM therapy. For example,
zein-based particles were modified with PEG to enhance their
diffusion through mucus.393-3%4 Another promising approach
involves the use of hyaluronic acid. The effectiveness of such
systems has been demonstrated for oral formulations of insulin
and metformin,305.306

The use of supramolecular systems is therefore a promising
direction in medicine, including the DM therapy and its
complications. Conventional treatments for DM used for many
years have significant drawbacks such as low bioavailability,
high toxicity and side effects, invasive delivery methods and, as
a result, difficulties in compliance. Nanoscale drug delivery
systems bypass these drawbacks by providing targeted drug
delivery, thereby reducing side effects, improving solubility and
stability of poorly soluble drugs, and prolonging their action.
Among the various nanocarriers, lipid- and polymer-based
systems remain the undisputed leaders, both in the market of
approved nanoscale drug formulations and at the laboratory
research level, due to their low toxicity, biocompatibility, and
potential for modification for specific tasks. Furthermore,
nanocarriers can be designed to be responsive to glucose or pH
levels, carry multiple pharmaceutical substances, and target
multiple action sites. It is worth noting that a significant part of
research focuses on delivering natural plant compounds rather
than toxic synthetic hypoglycemic drugs. Noninvasive drug
delivery routes, such as oral, intranasal, and transdermal,
combined with the use of nanocarriers, have great potential in
DM therapy. However, despite the promising positive results,
there are still many challenges that researchers need to overcome
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in the application of nanocarriers for DM treatment. These
challenges include immune responses, production complexity,
scalability of NP, high quality control standards, and the
difficulty of correlating in vitro and in vivo experimental results
with real conditions. Overall, nanoscale delivery systems and
noninvasive drug administration routes represent promising
directions in DM treatment, offering significant advantages over
traditional methods. However, their widespread implementation
requires further research and overcoming existing technical
and regulatory barriers.

3.3. Materials and devices for diagnostics,
visualization and monitoring of diabetes mellitus

An important task of nanomedicine is the development of
devices for diagnosis, prediction, screening, visualization and
monitoring of serious chronic diseases. Early detection of DM is
of great importance, therefore brief discussion of the issue is
given in this review. Currently, new prospects for timely
diagnosis and adequate treatment of diabetes are opened by
emerging the theranostics, which addresses both detection of
diabetes biomarkers and therapy of the disease.’"” Much
attention is therefore being paid to the development of new
biomarkers that will allow the identification of prediabetic
patients and their personalized management.

Traditionally, two glycemic biomarkers, i.e., plasma
glucose concentration (fasting plasma glucose or oral glucose
tolerance test) and HbA lc are clinically used, with the former
being recognized as a gold standard, while the latter
corresponding to the three-months averaged indicator and
correlating properly with DM chronic complications. Both of
them have advantages and limitations. Values obtained
through plasma glucose monitoring are influenced by a
variety of factors (diet, physical activity, sex), thereby show
large fluctuation, need fasting, and should be done in a timely
manner. In its turn, HbAlc test is time-consuming and takes
special  instruments. To avoid these limitations,
nanotechnological approaches have been used to develop
biosensors for noninvasive detection and continuous
monitoring of diabetes biomarkers. These nanomaterials
sensitive to indicator molecules are usually classified as
organic and inorganic NPs. The category of organic NPs
includes biological and synthetic materials, both low
molecular and polymeric. Inorganic nanoparticles are grouped
into metallic and ceramic, with the quantum dots and carbon-
based nanocomposites receiving special attention.307-309
Quantum dots are one of the key components in nanomedicine
tools, which have many applications in noninvasive
monitoring and treatment of diseases. Importantly, they are
successfully used for imaging due to their beneficial
characteristics, including colloidal and photostability, size-
dependent luminescence, the ability to use the same irradiation
source to excite quantum dots of different sizes. These give
them advantages over luminescence devices based on organic
dyes. A separate line of research activity focuses on the
development of analytical devices for the detection of
antidiabetic drugs in biological fluids, which is necessary to
prevent their accumulation and side effects. Gazizadeh et al.
constructed3'® a dual-emission fluorescent sensor by
combining two fluorescent platforms, nitrogen dopped
graphene quantum dots and Tb(IIT)-based NP (Fig. 13). It was
shown that the emission intensity of both sources increased
upon interaction with the antidiabetic drug metformin
depending on its concentration in human serum samples. The

developed method has a low detection limit of 0.76 nM and
can be used for selective and accurate control of the drug
content.

In this regard, wearable diabetic healthcare devices should be
emphasized that analyse various biofluids (saliva, tears,
interstitial fluids, sweat), which are a very attractive alternative
to traditional glucometers.3!! 313 Among noninvasive platforms,
patches sensitive to glucose in sweat, microneedles monitoring
glucose level in interstitial fluids, and smart microscale lenses
detecting glucose in saliva are of particular interest. These
devicses are generally classified according to physical methods
used into electrochemical and optical constructions.30’
Electrochemical techniques involve two strategies based on
enzymatic or non-enzymatic glucose detection. Optical sensors
are based on fluorescence, colorimetry, surface plasmon
resonance techniques and some other. An example is the
development of a sweat glucose monitoring platform based on a
fluorescent microfluidic chip with a dual-sensor membrane. The
device includes simultaneous measurement of O, and H,O,
levels, which are involved in the enzymatic oxidation of glucose,
and is connected to a smartphone. When excited by 395 nm
light, red fluorescence is used to detect O, level, while the ratio
of green and blue fluorescence is used to detect H,O, . The dual
sensitivity principle ensures high analysis accuracy and a low
detection threshold.

Apart from widely used glucose sensing smart materials (for
example, the fluorescent microarrays described above), DM
may be successfully diagnosed through monitoring the
concentration of violate compounds in human exhaled breath. A
variety of organic low molecular weight derivatives including
alcohols, aldehydes, ketones, and other are identified as
biomarkers for various diseases. In particular, an abnormal
acetone concentration more than twice that of healthy patients
indicates diabetes symptoms.3'# New opportunities are provided
by multisensory technologies, which enable the precise detection
of several analytes or parameters in a tested sample, and
fundamentally improve the size and timeline characteristics, as
well as the prospects for scaling the device manufacturing
process.3!3

To summarize this brief literature assay of the nanomedicine
tools for the prevention, diagnosis, and treatment of DM and its
complications, it should be emphasized that despite the fast
progress in this field, many challenging problems remain
unsolved and require further investigation. A variety of
theranostic platforms have demonstrated their high efficacy due
to variable characteristics that allow fine tuning towards personal
needs. An important task is to establish correlation between
physicochemical parameters (size, surface, charge, spectral
characteristics), solution behavior (stability and prolong
circulation in bioenvironment), and functionality (sensing of
biomarkers, ability to switchable behavior, ezc.) of nanomaterials.
This can be achieved by developing interdisciplinary research to
highlight the factors behind this interrelation and will allow the
creation of nanodevices with specified and customizable
characteristics.

4. Nanomaterials to treat complications
of diabetes mellitus

The particular danger of DM is associated with the development
of various complications in the background of the disease.
Despite the fact that all complications have a common
source — long-term hyperglycemia, they can affect different
organs and proceed individually in different patients. Therefore,
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Figure 13. Design of a device for the determination of metformin based on its enhancing effect on the fluorescence emission of nitrogen-doped
graphene quantum dots N-GQDs and Tb(III) (Tb—Phen).3!? This figure is published under a Creative Commons Attribution license.

before moving on to a discussion of chemical and
nanotechnological aspects, it is necessary to briefly consider the
types of complications associated with DM.

The long-term hyperglycemia results in macro- and
microvascular complications. Macrovascular complications
affect the cardiovascular system, causing stroke, myocardial
infarction, cardiac angina, coronary artery disease, and heart
failure. Microvascular complications affect various tissues and
organs, e.g., eyes, kidneys, nerves, liver, feet; they are classified
as retinopathy, nephropathy, neuropathy, etc., and are a cause of
increased morbidity and mortality of DM patients.3~11,316.317

Recently, new generations of glucose-lowering drugs have
been developed, such as DPP-4; SGLT2 inhibitors, GLP-1
receptor agonists, which has allowed one to reach a new level
for the treatment of T2DM and cardiovascular complications,
signifying a transition from simple glucose control to supporting
the cardiovascular system.® For optimal therapy, it is
recommended that these drugs be introduced in combination
with traditional antiglycemic medications, such as metformin.

The microvascular diabetic complication, retinopathy, or
retinal vascular disease, is associated with progressive
degeneration of photoreceptor cells, that is accompanied by
unusually high angiogenesis. Diabetic retinopathy is the leading
cause of blindness in elderly diabetic patients. It can generally
be categorized into proliferative and non-proliferative

retinopathy. Based on the fact that vascular endothelial growth
factor (VEGF) is akey contributor promoting neovascularization,
antibodies to VEGF, such as bevacizumab or pegaptanib are
typically used to treat non-proliferative diabetic retinopathy,3'®
but long term systemic effects are not achieved.

Nephropathy is another complication, in which hyper-
glycemia is a main pathogenic factor. Excessive formation of
reactive oxygen and nitrogen radicals shifts the oxidation/
reduction balance, thereby resulting in oxidative stress. This in
turn can lead to renal vascular sclerosis, increased vascular
permeability, and disbalanced structural and functional behavior.
This problem is addressed in work,>!8 reporting on melanin NPs
decorated with low molecular weight chitosan for targeted
delivery of dagliflozin to the kidneys. The particles had high
colloidal stability, pH-responsive release of the drug, and high
free radical scavenging properties. In vivo experiments on the
STZ-induced diabetic mice demonstrated a significant
therapeutic effect.

Chronic hyperglycemia, typical for DM, is a reason for the
development of different hepatic diseases. Due to the crucial
role of the liver in glucose metabolism, insulin sensitivity and
lipid regulation, much attention is being paid to the hepatic
complications associated with DM, including an increased risk
of non-alcoholic fatty liver disease. This can be exemplified
by comprehensive review focusing on pathogenesis, risk



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

Russ. Chem. Rev., 2024, 93 (11) RCR5150

21 of 35

factors and therapeutic strategies in the field of hepatic
complications.!?

It should be emphasized that one of the key mechanisms
contributing to DM and related complications is nonenzymatic
glycation, known as the Maillard reaction, which occurs through
a cascade of biochemical transformations with no contribution
of glycosyltransferase.?!°~32! Initially, condensation reaction of
free amino groups of proteins, lipids, and nucleic acids with
carbonyl groups of reducing sugars (glucose, fructose, galactose)
occurs resulting in the labile Schiff bases products. Their further
rearrangement yields more stable Amadori compounds, while
subsequent degradation of these early glycation products results
in the formation of advanced glycation end-products (AGEs)
(Fig. 14).

AGEs play a crucial role in the etiology of DM and its
complications by accumulating in tissues, changing the structure
and functionality of proteins, thereby triggering pathological
processes. The higher the glycemia, the more AGEs are
generated, which remain in tissues even when normal level of
glycemia is adjusted. A number of glycated products are used as
diabetes biomarkers, which can be illustrated by the example of
HbAlc, a widely accepted DM biomarker.

Many researchers are focusing on studying the detailed
mechanisms of AGE effects on tissue behavior. There are two
key pathological contributions responsible for the development
of diabetes and its complications, i.e., receptor-free and receptor
mediated ways. The first is due to chemical modification of
proteins, resulting in alteration of their biochemical behavior,
interactions with other biopolymers, and, ultimately, altered
tissue properties. Noteworthy, that almost all proteins: collagen,
albumin, hemoglobin, lipoproteins, and eye lens proteins are
damaged by glycation. This can be briefly exemplified by
collagen, the key component in the human body. It is known that
up to 50% of all collagen is contained in bone tissue, while the
rest occurs in connective tissue, skin, vascular walls, etc. There
are 28 types of collagen, which differ in amino acid sequence
and degree of functionalization, and different types of collagen
are found in different tissues. The most common of these is
collagen type 1. Glycation of collagen causes a change in its
physicochemical  properties, flexible and mechanical
characteristics, which are manifested in lower solubility, greater
resistance to collagenase, eventually resulting in aging and
diabetes.322:323

The second pathway is mainly through the interaction of
AGE with the receptor for advance glycation end products
(RAGE), which triggers different signalling pathways. RAGE is
a transmembrane protein that is expressed in a wide variety of
cells, such as macrophages, endothelial cells, neurons, etc.
Consequently, different signalling pathways can be involved,

oxidase, nuclear factor-kB, phosphoinositide 3-kinase, Janus
kinase/signal transducer and activator of transcription, and other
signalling pathways, contributing to the development and
progression of DM-related complications. The AGE/RAGE axis
is therefore recognized as a pathophysiologic factor in diabetes
complications.

More detailed discussion of the diabetes complications in
terms of nanomedicine platforms and approaches is exemplified
by diabetic wound healing.

4.1. Current strategies and nanomaterials used
for diabetic wound healing

Delayed wound healing is one of the most serious DM
complications that can occur in persons with long-term
hyperglycemia. The pathophysiology of diabetic wound healing
is a complex process contributed by a combination of risk factors
and abnormalities, including neuropathy, vascular diseases, and
bacterium infections. The treatment of diabetic wounds is
therefore a global challenge for modern medicine and requires
the development of coordinated solutions with the participation
of experts from the fields of chemistry, biology and
nanomedicine. For this, it is necessary to take into account the
specific nature of the process of wound healing, as well as the
factors that determine the transition of the disease to a chronic
form. The therapy of diabetic wounds is a striking example of
interdisciplinary research using supramolecular strategies and
chemical materials, where knowledge of medical aspects is
crucial.

To fabricate materials for the effective treatment of different
kinds of injuries (burn, cut, ulcer, wound, etc.) micro-
environmental details and categories of the regeneration process
should be defined, taken into account and synchronized upon the
healing 324325 Thus, in work,??* experimental rat models are
analyzed and compared with other animal models with a view to
their appropriate use in the study of chronic wounds of various
etiology and the most accurate translation of the findings into
clinical practice. Depending on the period of time needed for the
healing, acute and chronic character of the process are
differentiated. For acute healing, four stages are categorized,
overlapping with each other, including hemostasis, inflammation,
proliferation and remodelling (Fig. 15).326-330 These processes
are highly coordinated with different mediators (cytokines,
growth factor, genes) and involve a variety of cells, including
keratinocytes, fibroblasts, immune system cells, endothelial
cells, mesenchymal stromal cells (MSC) and others.

The hemostasis stage (coagulation) includes the vascular
contraction, formation of fibrin clots and platelet aggregation to
prevent loss blood and provide a barrier against bacteria. After
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symptoms as elevated temperature, reddening, edema, and pain.
At this stage, neutrophils and macrophages are defending the
wound site against pathogens, and necrotic cells with damaged
tissues and cellular debris are being cleared out. Further, the
closer of the wound and growth of new skin begins, mediated by
extracellular matrix deposition, contraction of wound borders,
neovascularization, and re-epithelization. At the final stage, the
processes of maturation and remodelling occur, when the
collagen type 3 is reorganised into the collagen type 1, granulated
tissues transform into scar tissue, accompanied by apoptosis of
unneeded cells.

Unlike these four stages typical of acute wounds, in the case
of chronic wounds, regardless of their etiology, there is a
disruption of the normal course of the healing process.32>:33!
Risk factors responsible for this deviation from the above four-
stage process are considered to be hypoxia, reactive oxygen
species, inflammatory cytokines, proteases, and dense biofilm.
Review 33! highlights different genes and signalling pathways
involved in the wound healing process, the disbalance of which
results in impaired healing. Among these, the phosphoinositide-
3-kinase/protein kinase B, Wnt/B-catenin, TGF-B, VEGF,
Notch, nuclear factor erythroid 2-related factor2 (Nrf2) are
crucial contributors mediating wound healing behavior. These
factors behind the redirection of normal wound healing are
being taken into account in the development of the strategies and
therapeutic platforms for the chronic wound treatment, including
those for diabetic patient.

Traditional management of diabetic wounds including
debridement of wound, antibiotic and insulin therapy, as well
as simple wound dressing is not enough effective due to
numerous limitations and is unable to improve the quality of
life of diabetic patients. A recent literature review demonstrates
that a significant increase in the therapeutic efficacy can be
achieved within the framework of nanomedicine approach,
with different therapeutic platforms and different nanocarriers
being explored. According to work,3? the following therapeutic
strategies are categorized: drug therapy, growth factor-based

therapy, gene therapy, peptide therapy, stem cell therapy, gas
therapy.

Drug-based therapy, including drug combination, involves
different types of NPs, which can nominally be divided into
three categories, namely, biological NPs (e.g., exosomes),
organic NPs, both synthetic and naturally derived (polymer-,
lipid-based and hybrid systems), inorganic NPs based on metals
and their oxides, mesoporous NPs, nanotubes and others. It is
important to mention the trend in current drug therapy to
reprofile drugs, ie., to use approved therapeutics for the
treatment of a wider range of diseases.?3

Growth factor-based therapy. Families of different growth
factors play a crucial role in the wound healing process. These
polypeptides control the interaction of different cells, the
formation of extracellular matrix, angiogenesis, and
epithelization. Much research is therefore being devoted to the
development and delivery of preparations based on growth
factors. This line of research is a branch of a broader strategy
based on peptide therapy, which in addition to growth factors
involves hormones, ion channel ligands, neurotransmitters, etc.
Due to their high affinity to surface cell receptors peptide
molecules activate signalling intracellular pathway thereby
initiating therapeutic effect.

Gene therapy is a promising strategy directed on replacing a
defective gene or its section by delivering genetic material into
the cell. For this purpose, overexpression of matrix ribonucleic
acid (RNA) and plasmid DNA is typically used, while small
noncoding RNA, small interfering RNA and oligonucleotide are
introduced as silencing agents. In this field, nanotechnologies
provide numerous advantages enabling gene delivery to targeted
cell.

Stem cell therapy. Stem cells, the precursors of all other
cells, contribute to the formation of new, unaffected vessels in
the wound area, restoring local blood flow, promoting reparative
processes, and stimulating the healing of the skin defect. Various
types of stem cells are reported to be explored for the treatment
of diabetic wound, e.g., adipose-derived MSC, peripheral blood
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stem cells, human umbilical cord MSC, placental-derived MSC,
embryonic stem cells, etc.

Gas therapy is associated with the use of gas-signalling
molecules, such as nitric oxide, hydrogen sulphide and carbon
oxide. A therapeutic strategy based on the gas-signalling
molecules can be exemplified by the study33? devoted to the
control of biofilm formation. Due to antibiotics resistance,
biofilms present a challenging problem in many chronic diseased
subjected to infection. It has been shown that bacterial NO
sensors can influence the biofilm formation; therefore, this study
presents new nitric oxide sensing bacterial proteins and their
contribution to the biofilm regulation in gram-negative bacteria.
In this context, work 334 devoted to the design of the NO-donor
drug molecule for the T2DM treatment could be mentioned. For
this purpose, nitrosyl iron complex with thiosulfate ligands was
prepared and studied in vitro, including effects on DM and
interaction with cell membranes, wherein its antiradical activity
was demonstrated.

Recent publications exploring the above strategies using
nanomedicine tools are given below.

One of the most sought-after platforms for the management
of diabetic wound are dressings. Initially, they were used as
simple barriers covering the injuries, thereby preventing them
from contact with external contaminants. With the advancement
of the nanotechnology, rather strong criteria emerged towards
the design of dressings, including their composition,
biocompatibility, stability, antimicrobial activity, answering the
change in microenvironmental conditions at different healing
stages and ability to switch between them. There is a large body
of literature devoted to the dressing formulations for the
diabetic wound treatment, including those based on nanogels
and nanofibers with different polymeric  material
used.325:326:329.335-339 Among these, hydrogels composed of
hydrophilic polymers have received special interest and
widespread application. Due to three-dimensional structure
hydrogel-based dressings can effectively absorb exudate and
provide retention. In a series of studies,>3#-340 supramolecular
hybrid hydrogels, including those with chiral properties, were
developed, demonstrating excellent antimicrobial and
antioxidant activity in combination with high biocompatibility.

In the Ref. 341 application of oligo- and polysaccharide-
based nanomaterials in biomedical sphere are reviewed. It
highlights the advanced characteristics of chitosan-based
hemostatic hydrogel, including appropriate viscosity, stability in
wet conditions, fast reorganization into a gel to stop bleeding,
which can provide an effective tool for engineering the diabetic
wound dressing. It has been shown that the hemostasis effect
depends on the molecular mass of chitosan and the degree of
functionalization of the macromolecule. A decrease in the
degree of acylation results in an increase in the coagulation
effect and formation of blood clots due to the enhanced
interaction of positively charged chitosan with red blood cells.
Deacetylation of the polymer is accompanied by a decrease in
charge density and lower conductivity, while resulting in the
formation of hydrogen bonds and an increase in viscosity.

A family of oligosaccharides, cyclodextrins, are also
discussed, highlighting beneficial properties such as natural
origin and low toxicity, biocompatibility and bioavailability.3*!
Additional advantages of cyclodextrins are associated with their
guest-host interaction involving drug molecules, which is a
promising tool for tailoring the stability and reactivity of
encapsulated guest. Importantly, the physicochemical properties
of cyclodextrins can be modulated by their chemical or

noncovalent functionalization, allowing the control of HLB and
the preparation of amphiphilic macrocycles.

The polymer-based nanocontainers are discussed in section
3.2 of the review. Generally, both natural and synthetic polymers
are used for the hydrogel engineering, with different benefits
and limitations observed for each. Hydrogels based on the
natural polymers are characterized by biocompatibility, low
toxicity and biodegradability, while do not show sufficient
mechanical strength. In contrast, the advantageous stability and
mechanical properties of hydrogels based on synthetic polymers
are offset by poor biocompatibility and biodegradability. This
encourages researchers to fabricate composite hydrogels
containing different domains based on synthetic or natural
polymers, bound with noncovalent bonds. Such a bilayer
hydrogel was designed 3*? with the outer layer composed of two
polymers, polyvinyl alcohol and hydroxypropyl methyl
cellulose, while the inner hydrogel was formed by chitosan
quaternary ammonium salt, flaxseed gum, and polyvinyl
alcohol. The outer layer demonstrated good mechanical and
protection properties due to the formation of hydrogen bond
network. Quaternized chitosan in the inner layer provided an
additional antibacterial effect, thereby increasing multifactor
healing activity of the dressing. This hydrogel platform was
loaded with L-arginine-modified polyoxometalate, which can
generate NO in response to hydrogen peroxide conditions,
which was essential in accelerating wound healing by promoting
cell proliferation and migration.

Another example of polyfunctional hydrogel is given in
work,?*3 wherein composite material based on quaternized
chitosan (QCS), graphene quantum dots (GQDs) conjugated
with e-poly-L-lysine (e-PL), and benzaldehyde (BA)-terminated
4 arm PEG was developed. The hydrogel demonstrated excellent
combination of beneficial colloidal and therapeutic behavior,
including in situ sprayable ability, biocompatibility,
responsibility to xenon light and environmental pH, thereby
undergoing swelling/degradation transition resulting in the
release of antibacterial components, self-recovering of hydrogel
structure and promotion of wound healing (Fig. 16).

In study,** a hydrogel dressing based on a carboxymethyl
chitosan is fabricated. The mechanical properties were improved
by supplementing the formulation with pectin and polydopamine.
The resulting composite hydrogel with beneficial multifunctional
characteristics  (biocompatibility, water retention, tissue
adhesion, antioxidant, and antibacterial effects) was further
loaded with active therapeutics, recombinant human epidermal
growth factor, demonstrating sustained release. /n vivo study
provides evidence of high acceleration of wound healing with a
97.84% wound contraction rate at two weeks.

Nanofibers are another platform of interest from the point of
view of chronic wound therapy, demonstrating such benefits as
advanced mechanical and porous characteristics, high surface
area-to-volume ratio, efc. Nanofibers can be fabricated through
different techniques, with primarily role devoted to
electrospinning. In work,337 nanofibers potential in the wound
healing process is discussed, with special focus on hyaluronic
acid-based materials. Hyaluronic acid is directly or secondarily
involved in different stages of the wound healing process,
thereby stimulating the therapeutic efficacy.

A number of studies have focused on the lipid formulations
due to their low toxicity, high biocompatibility and simplicity in
the preparation. Section 3.1.1. of the review presents SLN, NLC,
and NE as efficient nanocarriers for DM treatment, including
their use in wound healing.
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Figure 16. Schematic diagram of the GQDs-¢-PL/QCS/4 arm PEG-BA hydrogel and the hemostasis, the chemo-photothermal synergistic anti-
infection and self-healing functions of the hydrogel for accelerating the healing of the infected diabetic wounds.?*? This figure is published under

a Creative Commons Attribution NC-ND license.

Fabrication, characterization and application of micro-
emulsions and NE have been reviewed.’** Microemulsions are
spontaneously formed thermodynamically stable systems. The
formation of NE, similar to liposomes, requires the application
of energy; they are kinetically stable systems. Unlike NE and
liposomes, microemulsions are not widely used as drug delivery
systems, since they are less stable to the action of the
biomicroenvironment and are quickly destroyed in the body. In
this paper, both fundamental and biomedical aspects are
emphasized, with much attention paid to reverse microemulsions,
which are widely used as nanoreactors for the NP synthesis. The
advantages of microemulsions are noted, including the
possibility of encapsulating substances of various natures, as
well as high efficiency for transdermal therapy. In work,3#¢ lipid
nanoparticles (LNPs) based on the polymer isomannide were
used for the co-delivery of messenger RNA to adipose stem cells
(ASCs), which are recognized as an efficient therapeutic
platform in terms of regenerative properties in combination with
low immunogenicity. Optimized drug nanocomposition showed
amarkedly higher delivery efficacy compared to electroporation,
lipofectamine-based vector or FDA approved LNPs. It was

demonstrated that the developed lipid formulation is a promising
ASC therapeutic product with controlled secretion of purpose
proteins for accelerated wound healing.

An excellent alternative to cell therapy are strategies based
on the application of extracellular vesicles, which have
higher stability, lower immunogenicity, and lower risk of
embolization.®*” In this study, MSC-derived small
extracellular vesicles were used as drug carriers for a
therapeutic circular RNA. In vivo study showed that local
subcutaneous injection results in an accelerated wound
healing and skin regeneration.

Hybrid lecithin-chitosan ethosomes were fabricated for the
encapsulation of drug kaempferol.3*® The developed formulation
answered nanomedicine criteria (size 186 nm; zeta potential
31.9 mV), demonstrated high encapsulation efficacy of 96.2%
and prolonged drug release. Topical administration of the
ethosome based gel loaded with kaempferol showed higher
therapeutic efficacy compared to the plain gel formulation,
which was supported by a pharmacokinetic study in the rat and
histopathological tests. Enhanced wound closure effect is
thought to be due to the moisture gel environment in combination
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with the antimicrobial, lipophilic and mucoadhesive properties
of the components.

In work,>* a hybrid polymer-lipid platform was engineered
based on a polycaprolactone core and a lecithin/geleol outer
shell, that were incorporated into the thermosensitive pluronic
hydrogel. This composite nanostructure was used for the co-
delivery and step-by-step release of granulocyte-macrophage
colony-stimulating factor and VEGF to successively affect
different stages of the healing process, namely, to activate
macrophages in the inflammation phase and to further promote
the proliferation process.

It was documented that one of the key components promoting
the chronic wound healing is vitamin B5, pantothenic acid or its
calcium salt.330-333 Pantothenic acid is a precursor of coenzyme
A (CoA), which plays a vital role in metabolism of proteins,
lipids and carbohydrates. Disturbance of CoA functions may
result in serious exacerbation of chronic diseases, including
diabetes, inflammatory processes, oncology, etc. Therefore,
therapeutic intervention in CoA metabolism is a promising
approach for the treatment of various chronic diseases, including
wound healing. The role of the vitamin B5/CoA axis in the
pathology of a wide range of diseases has been highlighted in
work.3% In particular, the contribution of pantothenate to
improving the wound healing process achieved by topical
administration of dexpanthenol, provitamin BS5, has been
demonstrated. This alkanol derivative is a constituent of many
therapeutic and cosmetic products, exhibiting a strong effect on
human fibroblasts, their proliferation, cellular migration to the
site of inflammation, fixation of fibroblasts in the wound and
increased collagen synthesis.

As successful examples, novel wound dressings based on
poly(glycerol sebacate)/gelatin supplemented with vitamin B5
and vitamin C were fabricated by electrospinning.>>! A burst
release of the drugs was observed: after 1 hour (vitamin C) and
6 hours (vitamin B), with the former providing cell adhesion and
cell proliferation, while the latter showed an antimicrobial effect
responsible for the wound healing activity. The same electrospun
technique was applied to develop a nanofibrous textile made of
polyurethane, sodium bicarbonate and pantothenic acid.?>?
The morphology, porosity and hemocompatibility of the
nanocomposite were examined. The excellent combination of
physicochemical and functional characteristics of the dressing
enabled the wound healing process to be markedly accelerated.

Despite the optimistic results discussed herein, there are
numerous challenges and limitations preventing from their
clinical translation. One of the leading reasons is connected with
the difficulties in the choice of proper animal model. The
majority of wound healing assays use the murine model with
STZ — or alloxan-injection explored for T1DM, while
genetically obese (ob/ob) and diabetic (db/db) mice are most
commonly used to model T2DM. The murine model cannot be
adequately extrapolated to humans because it does not reproduce
the human wound healing process. The more relevant porcine
model also has limitations in terms of costs and technical
difficulties. Additional efforts, including intensive fundamental
studies and clinical trials are therefore needed to overcome these
problems and improve therapeutic effect.

4.2. Diabetes mellitus as a risk factor
for Alzheimer’s disease

To conclude the review, it seems important to analyze the
relationship between DM and AD, which is widely discussed in
the literature and is directly related to the creation of carriers

capable of crossing the blood-brain barrier for the encapsulation
and delivery of antidiabetic drugs. Alzheimer’s disease affects
3—4% of people over the age of 60 and is a global health
emergency. The disease is characterized by the excessive
production and accumulation of oligomerized forms of
B-amyloid (AP) peptide, tau protein and, in addition, by the
disruption of the function of the cholinergic system, expressed
by a decrease in the levels of the neurotransmitter acetylcholine
with subsequent death of cholinergic neurons.?**

Existing therapy is based on compensation of the cholinergic
deficit associated with AD and can only provide a temporary
symptomatic effect.3>> To date, attempts to develop new
therapies have not resulted in the development of AD-modifying
drugs, which may be due to a lack of understanding of therapeutic
targets. In this context, it is important to note that AD is a
multifactorial disease and is often burdened by concomitant
comorbid (multimorbid) diseases. These comorbid diseases can
occur before or simultaneously with AD, worsen the overall
clinical status and contribute to the progression of the disease.33¢
In this regard, targeting modifiable risk factors associated with
comorbid diseases may be important in delaying the onset or
progression of AD.

Numerous epidemiological and clinical studies have shown
that patients with DM and/or obesity are at increased risk of
developing AD.337:338 [t should be noted that not all people with
DM develop dementia, and not all patients with dementia also
have any form of DM. Thus, DM and AD are two independent
diseases. However, it can be assumed that influencing the
common pathogenesis factors in DM can have an effect on
delaying the development of AD.

It has been shown that DM patients as well as AD patients
can have impaired cerebral glucose metabolism.33%3¢0 The use
of positron emission tomography (PET) with [18F]2-fluoro-2-
deoxy-D-glucose to assess changes in D-glucose uptake and
metabolism allows the identification of brain regions with
decreased D-glucose uptake.361-393 PET identified decreased
uptake of D-glucose has been observed in the frontal, temporal,
parietal, occipital, entorhinal cortex, and in hippocampus.3%*
These regions overlap with the brain regions, where the greatest
histological changes in response to AD have been observed. The
degree of PET signal reduction during AD correlates with
severity and rate of progression of cognitive defects.303

There are several hypotheses on the origin and the role of
impaired glucose metabolism in AD. The loss of glucose
transporters (GLUT) is one possible cause of impaired cerebral
glucose metabolism. It has been shown that people, who have
developed AD exhibit altered expression of GLUTI1 and
GLUTS3, especially in the cerebral cortex.3%¢ However, there are
other explanations for decreased cerebral glucose uptake. It has
been shown that brain insulin resistance and insulin dysregulation
could contribute to the neurodegeneration observed in AD.3¢7 It
is known that impaired peripheral insulin signalling may account
for brain insulin resistance in AD.3%® Together, these insulin
signalling impairments translate in a collapse of glucose
homeostasis leading to cerebral hypometabolism, which is
responsible for the accumulation of A and hyperphosphorylated
tau.3¢” Thus, insulin resistance can contribute to the progression
of AD and could be considered as a risk factor for the
development of AD. Antidiabetic drugs such as insulin or
agonists of glucose transporters have been suggested as potential
therapeutics that could also slow down the development of AD
in the early stages.®

In addition to impaired glucose metabolism, neuro-
inflammation that often accompanies DM is also a significant
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risk factor for AD. Data accumulated over the past decades
indicate a close relationship between the development of AD
pathogenesis and neuroinflammation.3’" It has been shown that
AD patients have increased levels of inflammatory markers,
such as cytokines, chemokines, and acute phase proteins, in the
brain and cerebrospinal fluid.>’! A bidirectional relationship
between inflammation and AD has been shown;
neuroinflammation can lead to AP accumulation, and A
accumulation can further increase neuroinflammation.’”!-373
Neuroinflammation is currently considered to be the main
mechanism linking AD and DM.?7® Chronic inflammation
during DM can lead to disruption of the blood-brain barrier
integrity, which increases the risk of developing AD.374-376
Based on the analysis of risk factors and signalling pathways,
intranasal insulin administration has been documented as a
promising nanomedicine approach.?”’

5. Conclusion

DM is currently in the focus of both multidisciplinary
fundamental researches and clinical trials due to the tremendous
burdens faced by diabetes patients, their families and health care
systems as a whole. Therefore, the review addresses this
challenging problem with a focus on nanomedicine aspects.
Along with general consideration of the pathogenesis, diagnosis
and monitoring of the DM, the innovation strategies used for the
management of DM and the construction of drug delivery
systems are reviewed. Nanotechnologies are successfully
involved in drug therapy, giving a new chance to traditional
preparations instead of long-term process of discovery and
implementation of new therapeutic molecules. The improvement
of the efficacy of encapsulated drugs is achieved by increasing
their solubility, biocompatibility, bioavailability, control of the
dosage and release profile, and targeting delivery, which makes
it possible to decrease side effects, avoid premature drug release
and prolong their circulation in the bloodstream. A major
advantage of formulated drugs vs free drugs is also the possibility
of combination delivery, allowing the production of multitargeted
cocktails, hydrophilic/hydrophobic drug pairs or drug/diagnostic
probe combinations. At the same time, many problems and
challenges yet remaining in the field of nanomedicine, partly are
due to the strong requirements placed on drug delivery systems,
including nanoscale size, low toxicity, high encapsulation
efficacy, safety, and patient-friendly properties. Therefore, the
development of new generations of nanocarriers is an ongoing
process. In this context, supramolecular tools provide excellent
perspectives not only for designing new formulations, but also
for modifying them to meet new nanotechnological criteria, to
adapt them to alternative administration routes and diseases, or
to optimize their compositions for the delivery of new drugs and
their combination.

In this review, much attention is paid to lipid and polymeric
nanocarriers, as well as hybrid NPs. Different families of
vesicular systems composed of natural or synthetic amphiphilic
building blocks are considered, including liposomes, niosomes,
transfersomes, bilosomes, ethosomes, efc. Their beneficial
features include the ability to overcome biological barriers
(blood—brain barrier, skin, intestinal barrier, nasal), which
allows them to be adjusted to different administration routes,
including patient-friendly transdermal and intranasal ways. The
use of lipid formulations, i.e., liposomes, SLN, NE is of great
importance from the viewpoint of biocompatibility, low toxicity,
high loading efficacy, universal suitability for hydrophilic and
hydrophobic drugs. Application of polymers markedly widen

these bonuses due to the fabrication of stealth systems that avoid
detection by immune cells or impart a mucoadhesive effect
based on an affinity for mucus membranes.

Many challenging problems are associated with DM
complications, which ultimately have common background in
terms of chronic hyperglycemia. To give the representative
information on pathogenesis, risk factors and nanomedicine
tools for the family of macro- and microvascular complications
of DM, diabetes wound healing strategies were discussed in
more details. The final part of the review is devoted to insulin
resistance as a risk factor for AD, making it reasonable to
consider insulin brain pathology as T3DM.

In order to specify nanomedicine strategies for the
management of diabetes, it is necessary to emphasize the
inherent features of DM, that determine special criteria for the
design of drug delivery systems. T2DM is mainly a disease of
elderly people, therefore the management of DM occurs on the
background of other diseases. This requires an individual
approach in the choice of drugs, administration routes,
nanocarriers, efc. Many diabetes patients are faced with the need
for systematic insulin injections. In this case, the development
of a noninvasive patient-friendly therapy can be considered as a
promising alternative to traditional administration ways.
Besides, DM is a multifactor disease with a complicated
pathological pattern, which affects the management of DM
patients. Even more strong criteria should be applied in the case
of DM complications. This can be exemplified by diabetic
wound healing, which consists of several stages with different
microenvironmental conditions. In this case, specific criteria
should be elaborated for drug formulations that allow switchable
self-adaptive behavior answering these conditions.3’® A
challenging problem is the early diagnosis, prediction and
prevention of DM, which requires further efforts to study the
molecular and genetic mechanisms of etiology, pathogenesis
and exacerbation of the disease. Based on these considerations,
the following line of fundamental research activity in DM
management should be marked out: (1)drug delivery
intervention using new generations of therapeutic molecules
with new underlying mechanisms; (2) involvement of advanced
supramolecular strategies to design smart NPs responsive to
various endogenous or exogenous stimuli (pH, temperature,
glucose, light, magnetic field); (3) development of new
biomarkers and engineering of multitargeted delivery systems
for combinatorial therapy; (4) design of composite formulations
with tunable behavior, suitable for their reprofiling for different
drug/diseases/administration routes; (5) creation of theranostic
platforms answering both early diagnosis/monitoring and
treatment of DM; (6) fabrication of noninvasive analytical
devices through multisensor technologies with advanced size
and timeline characteristics; (7) construction of the depot-like
nanocontainers with prolonged circulation in the bloodstream;
(8) priority development of personalized approaches based on
individual patient history to address the unmet needs of patients.
To complete the picture, it should be emphasized that, while the
results are encouraging, especially on the account of
nanomedicine platform, the clinical achievements are rather
modest. This is largely due to difficulties in extrapolation of
in vivo results to humans. Therefore, more relevant animal
models and joint interdisciplinary efforts of specialists in
chemistry, biology and medicine are needed for their successful
translation into clinical practice.

This research was funded by the Russian Science Foundation
(project No. 24-13-00301), https://rscf.ru/project/24-13-00301/.



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin
Russ. Chem. Rev., 2024, 93 (11) RCR5150

27 of 35

6.

List of abbreviations

AD — Alzheimer’s disease,

AGE — advanced glycation end-product,
ASC — adipose stem cells,

AP — B-amyloid,

Cpax — maximum concentration of a substance in blood

plasma,

CoA — coenzyme A,

Con A — concanavalin A,

DM — diabetes mellitus,

DNA — deoxyribonucleic acid,

DPP-4 — dipeptidyl-peptidase-4,

FA — folic acid,

FA-RM-ELNC — reversible micelle-lipid nanocapsules with

folic acid,

FDA — Food and Drug Administration,
GLP-1 — glucagon-like peptide-1,
GLUT — glucose transporter,

GOx — glucose oxidase,

HbA1c — glycated hemoglobin,

HLB — hydrophile-lipophile balance,
IDF — International Diabetes Federation,
LNP — lipid nanoparticles,

MSC — mesenchymal stromal cells,
MOF — metal-organic framework,

NE — nanoemulsion,

NLC — nanostructured lipid carrier,

NP — nanoparticle,

NPH — neutral protamine Hagedorn,
PBA — phenylboronic acid,

PBA-2 — Wulff-type phenylboronic acid,
PdI — polydispersity index,

PEG — polyethylene glycol,

PET — positron emission tomography,
POx — poly(2-oxazoline),

POEGMA — poly(oligo(ethylene glycol)methyl ether

methacrylate),

7.

1.

PVP — polyvinylpyrrolidone,

RAGE — receptor for advanced glycation endproducts,
RNA — ribonucleic acid,

SGLT2 — sodium-glucose cotransporter-2,

SLN — solid lipid nanoparticles,

SNEDDS — self-nanoemulsifying drug delivery systems,
STZ — streptozocin,

T1DM — type 1 diabetes mellitus,

T2DM — type 2 diabetes mellitus,

T3DM — type 3 diabetes mellitus,

TGF-p — transforming growth factor beta,

VEGF — vascular endothelial growth factor.

References

B.Md.Ahmed, M.E.Ali, M.M.Masud, M.Naznin. Smart
Health, 32, 100457 (2024);
https://doi.org/10.1016/j.smhl.2024.100457

2. Y.Wang, C.Wang, K.Li, X. Song, X.Yan, L.Yu, Z.He.

J. Control. Release, 330, 618 (2021);
https://doi.org/10.1016/j.jconrel.2021.01.002

3. Y.-J.Lin, F.-L.Mi, P.-Y .Lin, Y.-B.Miao, T.Huang, K.-H.Chen,

C.-T.Chen, Y.Chang, H.-W.Sung. Adv. Drug Deliv. Rev., 139,
71 (2019); https://doi.org/10.1016/j.addr.2018.12.001

4. C.Hu, W.Jia. Adv. Drug Deliv. Rev., 139, 3 (2019);

https://doi.org/10.1016/j.addr.2018.11.008

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

T.T.Nguyen, Q.T.H.Ta, T.K.O.Nguyen, T.T.D.Nguyen,
V.V.Giau. Int. J. Mol. Sci., 21, 3165 (2020);
https://doi.org/10.3390/ijms21093165

S.Karmakar, M.Bhowmik, B.Laha, S.Manna. Med. Nov.
Technol. Devices, 19, 100253 (2023);
https://doi.org/10.1016/j.medntd.2023.100253

. L.Ustianowski, J.Udzik, J.Szostak, A.Goracy, K.Ustianowska,

A.Pawlik. Int. J. Mol. Sci., 24, 16619 (2023);
https://doi.org/10.3390/ijms242316619

M.Silva, T.Peng, X.Zhao, S.Li, M.Farhan, W.Zheng.

Adv. Drug Deliv. Rev., 173, 439 (2021);
https://doi.org/10.1016/j.addr.2021.04.007

T.Kolipaka, G.Pandey, N.Abraham, D.A.Srinivasarao,
R.S.Raghuvanshi, P.S.Rajinikanth, V.Tickoo, S.Srivastava.
Carbohydr. Polym., 324, 121537 (2024);
https://doi.org/10.1016/j.carbpol.2023.121537

Q.Yan, D.Li, S.Jia, J.Yang, J.Ma. J. Diabetes Complicat., 38,
108688 (2024);
https://doi.org/10.1016/j.jdiacomp.2024.108688

X.-M.Luo, C.Yan, Y.-M.Feng. Adv. Drug Deliv. Rev., 172, 234
(2021); https://doi.org/10.1016/j.addr.2021.01.004
P.M.Tehrany, P.Rahmanian, A.Rezaee, G.Ranjbarpazuki,
F.Sohrabi Fard, Y.Asadollah Salmanpour, M.A.Zandieh,
A.Ranjbarpazuki, S.Asghari, N.Javani, N.Nabavi, A.R.Aref,
M.Hashemi, M.Rashidi, A.Taheriazam, A.Motahari,
K.Hushmandi. Environ. Res., 238, 117087 (2023);
https://doi.org/10.1016/j.envres.2023.117087

E.B.Souto, S.B.Souto, J.R.Campos, P.Severino, T.N.Pashirova,
L.Y.Zakharova, A.M.Silva, A.Durazzo, M.Lucarini, A.A.Izzo,
A.Santini. Molecules, 24, 4209 (2019);
https://doi.org/10.3390/molecules24234209

A.F.Walker, S.Graham, L.Maple-Brown, L.E.Egede,
J.A.Campbell, R.J.Walker, A.N.Wade, J.C.Mbanya, J.A.Long,
C.Yajnik, N.Thomas, O.Ebekozien, O.Odugbesan,
L.A.DiMeglio, S.Agarwal. The Lancet, 402, 250 (2023);
https://doi.org/10.1016/S0140-6736(23)00914-5

K.K.Niloy, T.L.Lowe. Adv. Drug Deliv. Rev., 203, 115121
(2023); https://doi.org/10.1016/j.addr.2023.115121

Y.Zhang, J.Yu, A.R.Kahkoska, J.Wang, J.B.Buse, Z.Gu.
Adv. Drug Deliv. Rev., 139, 51 (2019);
https://doi.org/10.1016/j.addr.2018.12.006
S.Haddadzadegan, F.Dorkoosh, A.Bernkop-Schniirch.

Adv. Drug Deliv. Rev., 182, 114097 (2022);
https://doi.org/10.1016/j.addr.2021.114097

I.E.Smirnova, Z.1.Galimova, T.A.Sapozhnikova, R.Yu.
Khisamutdinova, T.H.N.Thi, O.B.Kazakova. ChemBioChem,
25, ¢202300716 (2023);
https://doi.org/10.1002/cbic.202300716

N.A.Borozdina, [.A.Dyachenko, D.V.Popkova. Russ. J.
Bioorg. Chem., 50, 1263 (2024);
https://doi.org/10.1134/S1068162024040137

D.B.Balogh, L.J.Wagner, A.Fekete. Int. J. Mol. Sci., 24, 7789
(2023); https://doi.org/10.3390/ijms24097789

J.Su, Y.Luo, S.Hu, L.Tang, S.Ouyang. Int. J. Mol. Sci., 24,
13381 (2023); https://doi.org/10.3390/ijms241713381
L.Ya.Zakharova, F.I.Maganova, K.O.Sinyashin,
G.A.Gaynanova, A.B.Mirgorodskaya, E.A.Vasilieva,
O.G.Sinyashin. Russ. J. Gen. Chem., 93, 1867 (2023);
https://doi.org/10.1134/S1070363223070253

L.Zakharova, G.Gaynanova, E.Vasilieva, L.Vasileva,
R.Pavlov, R.Kashapov, K.Petrov, O.Sinyashin. Curr: Med.
Chem., 30, 3743 (2023);
https://doi.org/10.2174/0929867330666221115103513
G.Gaynanova, L.Vasileva, R.Kashapov, D.Kuznetsova,
R.Kushnazarova, A.Tyryshkina, E.Vasilieva, K.Petrov,
L.Zakharova, O.Sinyashin. Molecules, 26, 6786 (2021);
https://doi.org/10.3390/molecules26226786

R.Kashapov, G.Gaynanova, D.Gabdrakhmanov, D.Kuznetsov,
R.Pavlov, K.Petrov, L.Zakharova, O.Sinyashin. /nt. J. Mol.
Sci., 21, 6961 (2020); https://doi.org/10.3390/ijms21186961



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

28 of 35 Russ. Chem. Rev., 2024, 93 (11) RCR5150

26. R.Kashapov, A.Ibragimova, R.Pavlov, D.Gabdrakhmanov, 51. D.Shah, Y.Guo, I.Ban, J.Shao. Int. J. Pharm., 616, 121565
N.Kashapova, E.Burilova, L.Zakharova, O.Sinyashin. /nt. J. (2022); https://doi.org/10.1016/j.ijpharm.2022.121565
Mol. Sci., 22, 7055 (2021); 52. A.Das, R.Vartak, M.A.Islam, S.Kumar, J.Shao, K.Patel.
https://doi.org/10.3390/ijms22137055 Pharmaceutics, 15, 353 (2023);

27. American Diabetes Association. Diabetes Care, 42, S13 https://doi.org/10.3390/pharmaceutics 15020353
(2019); https://doi.org/10.2337/dc19-S002 53. J.Wu, N.Jones, N.A.L.Fayez, P.-H.Chao, A.Wu,

28. J.M.Norris, R.K.Johnson, L.C.Stene. Lancet Diabetes D.R.De Araujo, E.Rouhollahi, A.Jia, S.-D.Li. J. Control.
Endocrinol., 8,226 (2020); Release, 356, 373 (2023);
https://doi.org/10.1016/S2213-8587(19)30412-7 https://doi.org/10.1016/j.jconrel.2023.03.002

29. M.A.Atkinson, G.S.Eisenbarth, A.W.Michels. The Lancet, 54. A.Ahad, M.Raish, Y.A.Bin Jardan, A.M.Al-Mohizea,

383, 69 (2014); F.I.Al-Jenoobi. Pharmaceutics, 13, 100 (2021);
https://doi.org/10.1016/S0140-6736(13)60591-7 https://doi.org/10.3390/pharmaceutics 13010100

30. S.A.Paschou, N.Papadopoulou-Marketou, G.P.Chrousos, 55. H.Li, Y.Shi, X.Ding, C.Zhen, G.Lin, F.Wang, B.Tang, X.Li.
C.Kanaka-Gantenbein. Endocr. Connect., 7, R38 (2018); Int. J. Biol. Macromol., 274, 133452 (2024);
https://doi.org/10.1530/EC-17-0347 https://doi.org/10.1016/j.ijbiomac.2024.133452

31. L.B.Hirsch, R.Juneja, J.M.Beals, C.J.Antalis, E.E.Wright. 56. J.Zhao, G.Xu, X.Yao, H.Zhou, B.Lyu, S.Pei, P.Wen.

Endocr. Rev., 41, 733 (2020); Drug Deliv. Transl. Res., 12, 2403 (2022);
https://doi.org/10.1210/endrev/bnaa015 https://doi.org/10.1007/s13346-021-01077-3

32. D.Simpson, P.L.McCormack, G.M.Keating, 57. H.Liu, X.Zhou, A.Nail, H.Yu, Z.Yu, Y.Sun, K.Wang, N.Bao,
K.A.Lyseng-Williamson. Drugs, 67, 407 (2007); D.Meng, L.Zhu, H.Li. J. Control. Release, 368, 115 (2024);
https://doi.org/10.2165/00003495-200767030-00006 https://doi.org/10.1016/j.jconrel.2024.02.023

33. B.M.Frier, D.Russell-Jones, T.Heise. Diabetes Obes. Metab., 58. I.Xenikakis, K.Tsongas, E.K.Tzimtzimis, O.L.Katsamenis,
15, 978 (2013); https://doi.org/10.1111/dom.12106 E.Demiri, C.K.Zacharis, D.Georgiou, E.P.Kalogianni,

34. E.-S.Khafagy, M.Morishita, Y.Onuki, K.Takayama. Adv. Drug D.Tzetzis, D.G.Fatouros. J. Drug Deliv. Sci. Technol., 67,
Deliv. Rev., 59, 1521 (2007); 102891 (2022); https://doi.org/10.1016/j.jddst.2021.102891
https://doi.org/10.1016/j.addr.2007.08.019 59. M.Sedky, A.Ali, M.Abdel-Mottaleb, M.Serry. Sens.

35. G.Adwani, S.Bharti, A.Kumar. Int. J. Biol. Macromol., 275, Actuators B: Chem., 408, 135549 (2024);

133437 (2024); https://doi.org/10.1016/j.ijbiomac.2024.133437 https://doi.org/10.1016/j.snb.2024.135549

36. F.Sabbagh, .I.Muhamad, R.Niazmand, P.K.Dikshit, B.S.Kim. 60. Q.Pagneux, R.Ye, L.Chengnan, A.Barras, N.Hennuyer,

Int. J. Biol. Macromol., 203, 222 (2022); B.Staels, D.Caina, J.I.A.Osses, A.Abderrahmani, V.Plaisance,
https://doi.org/10.1016/j.ijbiomac.2022.01.134 V.Pawlowski, R.Boukherroub, S.Melinte, S.Szunerits.

37. A.Elsayed, M.Al-Remawi, N.Jaber, K.M.Abu-Salah. /nt. J. Nanoscale Horiz., 5, 663 (2020);

Pharm., 633, 122623 (2023); https://doi.org/10.1039/CONH00576E
https://doi.org/10.1016/j.ijpharm.2023.122623 61. P.Zhang, Y.Zhang, C.-G.Liu. RSC Adv., 10, 24319 (2020);

38. P.K.Tan, U.R.Kuppusamy, K.H.Chua, B.Arumugam. https://doi.org/10.1039/DORA04460A
Curr. Drug Deliv., 20, 1141 (2023); 62. D.F.S.Fonseca, P.C.Costa, [.F.Almeida, P.Dias-Pereira,
https://doi.org/10.2174/1567201820666221102094433 I.Correia-Sa, V.Bastos, H.Oliveira, M.Duarte-Aratjo,

39. D.C.Klonoff. J. Diabetes Sci. Technol., 8, 1071 (2014); M.Morato, C.Vilela, A.J.D.Silvestre, C.S.R.Freire. Carbohydr.
https://doi.org/10.1177/1932296814555820 Polym., 241, 116314 (2020);

40. M.Sarangi, S.Padhi, G.Rath. Crit. Rev. Ther. Drug Carrier https://doi.org/10.1016/j.carbpol.2020.116314
Syst., 41, 1 (2024); https://doi.org/10.1615/ 63. X.P.Zhang, B.L.Zhang, B.Z.Chen, Z.Q.Zhao, W.M.Fei, Y.Cui,
CritRevTherDrugCarrierSyst.2023048197 X.D.Guo. Drug Deliv. Transl. Res., 12, 459 (2022);

41. D.Luo, X.Ni, H.Yang, L.Feng, Z.Chen, L.Bai. Eur. J. Pharm. https://doi.org/10.1007/s13346-021-01048-8
Sci., 192, 106630 (2024); 64. B.Demir, L.Rosselle, A.Voronova, Q.Pagneux, A.Quenon,
https://doi.org/10.1016/j.ejps.2023.106630 V.Gmyr, D.Jary, N.Hennuyer, B.Staels, T.Hubert,

42. J.Dholakia, B.Prabhakar, P.Shende. Int. J. Pharm., 608, A.Abderrahmani, V.Plaisance, V.Pawlowski, R.Boukherroub,
121068 (2021); https://doi.org/10.1016/j.ijpharm.2021.121068 S.Vignoud, S.Szunerits. Nanoscale Horiz., 7, 174 (2022);

43. M.Bose, G.Farias Quipildor, M.E.Ehrlich, S.R.Salton. Cells, https://doi.org/10.1039/DINH00596K
11, 3629 (2022); https://doi.org/10.3390/cells 11223629 65. J.Yang, Y.Li, R.Ye, Y.Zheng, X.Li, Y.Chen, X.Xie, L.Jiang.

44. JMaeng, K.Lee. Front. Pharmacol., 13, 1068495 (2022);, Microsyst. Nanoeng., 6, 112 (2020);
https://doi.org/10.3389/fphar.2022.1068495 https://doi.org/10.1038/s41378-020-00224-z

45. J.M.Fine, B.M.Stroebel, K.A Faltesek, K.Terai, L.Haase, 66. M.Zhu, Y.Liu, F.Jiang, J.Cao, S.C.Kundu, S.Lu.
K.E.Knutzen, J.Kosyakovsky, T.J.Bowe, A.K.Fuller, ACS Biomater. Sci. Eng., 6, 3422 (2020);

W.H.Frey, L.R.Hanson. Neurosci. Lett., 714, 134567 (2020); https://doi.org/10.1021/acsbiomaterials.0c00273
https://doi.org/10.1016/j.neulet.2019.134567 67. P.Sakunpongpitiporn, W.Nacowong, A.Sirivat. Drug Deliv.,

46. A.Bahmanpour, M.Ghaffari, P.B.Milan, F.Moztarzadeh, 29, 2234 (2022);

M.Mozafari. Biotechnol. Appl. Biochem., 68, 247 (2021); https://doi.org/10.1080/10717544.2022.2096717
https://doi.org/10.1002/bab.1917 68. P.Sakunpongpitiporn, R.Morarad, W.Nacowong, S.Niamlang,

47. T.Jamshidnejad-Tosaramandani, S.Kashanian, I.Karimi, A.Sirivat. RSC Adv., 14, 1549 (2024);

H.B.Schi6th. Front. Pharmacol., 14, 1227423 (2023); https://doi.org/10.1039/D3RA06857A
https://doi.org/10.3389/fphar.2023.1227423 69. R.Morarad, W.Naecowong, S.Niamlang, A.Sirivat. J. Drug

48. H.Akel, I.Csoka, R.Ambrus, A.Bocsik, 1.Grof, M.Mészaros, Deliv. Sci. Technol., 76, 103756 (2022);

A.Szecsko, G.Kozma, S.Veszelka, M.A.Deli, Z.Konya, https://doi.org/10.1016/j.jddst.2022.103756
G.Katona. Int. J. Mol. Sci., 22, 13258 (2021); 70. X.-X.Yang, P.Feng, J.Cao, W.Liu, Y.Tang. ACS Appl. Mater.
https://doi.org/10.3390/ijms222413258 Interfaces, 12, 13613 (2020);

49. F.Nojoki, B.Ebrahimi-Hosseinzadeh, A.Hatamian-Zarmi, https://doi.org/10.1021/acsami.9b20774
F.Khodagholi, K.Khezri. Biomed. Pharmacother., 153, 113450 71. Y.Fu, P.Liu, M.Chen, T.Jin, H- Wu, M.Hei, C.Wang, Y.Xu,
(2022); https://doi.org/10.1016/j.biopha.2022.113450 X.Qian, W.Zhu. J. Colloid Interface Sci., 605, 582 (2022);

50. S.A.Mohamad, A.M.Badawi, H.F.Mansour. Int. J. Pharm., https://doi.org/10.1016/j.jcis.2021.07.126

601, 120600 (2021);
https://doi.org/10.1016/j.ijpharm.2021.120600



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin
Russ. Chem. Rev., 2024, 93 (11) RCR5150

29 of 35

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Q.Zong, R.Zhou, Z.Zhao, Y.Wang, C.Liu, P. Zhang.

Eur. Polym. J., 173, 111217 (2022);
https://doi.org/10.1016/j.eurpolymj.2022.111217

Y.Lin, W.Hu, X.Bai, Y.Ju, C.Cao, S.Zou, Z.Tong, C.Cen,
G.Jiang, X.Kong. ACS Appl. Bio Mater., 3, 6376 (2020);
https://doi.org/10.1021/acsabm.0c00813

Md.R.Islam, S.Uddin, Md.R.Chowdhury, R.Wakabayashi,
M.Moniruzzaman, M.Goto. ACS Appl. Mater. Interfaces, 13,
42461 (2021); https://doi.org/10.1021/acsami.1c11533
T.M.Shehata, A.B.Nair, B.E.Al-Dhubiab, J.Shah, S.Jacob,
I.A.Alhaider, M.Attimarad, H.S.Elsewedy, M.M.Ibrahim.
Appl. Sci., 10, 5341 (2020);
https://doi.org/10.3390/app10155341

F.H.Nabila, R.Islam, [.M.Shimul, M.Moniruzzaman,
R.Wakabayashi, N.Kamiya, M.Goto. Chem. Commun., 60,
4036 (2024); https://doi.org/10.1039/D3CC06130B
S.Khamoushian, T.Madrakian, A.Afkhami, A.Ghoorchian,
S.Ghavami, K.Tari, M.R.Samarghandi. J. Pharm. Sci., 112,
2249 (2023); https://doi.org/10.1016/j.xphs.2023.03.005
F.R.Ali, M.H.Shoaib, S.A.Ali, R.I.Yousuf, F.Siddiqui, R.Raja,
H.S.Jamal, M.T.Saleem, K.Ahmed, M.S.Imtiaz, M.Ahmad,
S.Sarfaraz, F.R.Ahmed. J. Drug Deliv. Sci. Technol., 71,
103338 (2022); https://doi.org/10.1016/j.jddst.2022.103338
U.Galicia-Garcia, A.Benito-Vicente, S.Jebari, A.Larrea-Sebal,
H.Siddiqi, K.B.Uribe, H.Ostolaza, C.Martin. Int. J. Mol. Sci.,
21, 6275 (2020); https://doi.org/10.3390/ijms21176275
Y.Han, H.Xie, Y.Liu, P.Gao, X.Yang, Z.Shen. Cardiovasc.
Diabetol., 18, 96 (2019);
https://doi.org/10.1186/512933-019-0900-7

Q.Yang, G.Wang, D.Fang, X.Gao, Y.Liang, L.Wang, J.Wu,
M.Zeng, M.Luo. Biomed. Pharmacother., 151, 113130 (2022);
https://doi.org/10.1016/j.biopha.2022.113130

G.Froldi. Pharmaceuticals, 17, 478 (2024);,
https://doi.org/10.3390/ph17040478

D.Sola, L.Rossi, G.P.C.Schianca, P.Maffioli, M.Bigliocca,
R.Mella, F. Corliano, G.P.Fra, E.Bartoli, G.Derosa. Arch. Med.
Sci., 4, 840 (2015); https://doi.org/10.5114/a0ms.2015.53304
P.M.Thul¢, G.Umpierrez. Curr. Diabetes Rep., 14, 473 (2014);
https://doi.org/10.1007/s11892-014-0473-5

M.J.Reginato, M.A.Lazar. Trends Endrocrinol. Metab., 10, 9
(1999); https://doi.org/10.1016/S1043-2760(98)00110-6
M.A.Davidson, D.R.Mattison, L.Azoulay, D.Krewski.

Crit. Rev. Toxicol., 48, 52 (2018);
https://doi.org/10.1080/10408444.2017.1351420
E.E.Mulvihill, D.J.Drucker. Endocr. Rev., 35, 992 (2014);
https://doi.org/10.1080/10408444.2017.1351420
N.A.Thornberry, B.Gallwitz. Best Pract. Res. Clin.
Endocrinol. Metab., 23, 479 (2009);
https://doi.org/10.1016/j.beem.2009.03.004

S.Poudwal, A.Misra, P.Shende. J. Drug Target., 29, 834
(2021); https://doi.org/10.1080/1061186X.2021.1894434
H.J.L.Heerspink, P.Perco, S.Mulder, J.Leierer, M.K.Hansen,
A.Heinzel, G.Mayer. Diabetologia, 62, 1154 (2019);
https://doi.org/10.1007/s00125-019-4859-4

A.Elrakaybi, K.Laubner, Q.Zhou, M.J.Hug, J.Seufert.

Mol. Metab., 64, 101549 (2022);
https://doi.org/10.1016/j.molmet.2022.101549

S.Cornell. J. Clin. Pharm. Ther., 45, 17 (2020);
https://doi.org/10.1111/jcpt.13230

X.Jin, L.Zhu, B.Xue, X.Zhu, D.Yan. Natl. Sci. Rev., 6, 1128
(2019); https://doi.org/10.1093/nsr/nwz018

R.Bellavita, S.Braccia, A.Falanga, S.Galdiero. Bioinorg.
Chem. Appl., 2023, 1 (2023);
https://doi.org/10.1155/2023/8608428

E.Pardhi, Y.Bhor, P.K.Singh, N.K.Mehra. J. Drug Deliv. Sci.
Technol., 94, 105473 (2024);
https://doi.org/10.1016/j.jddst.2024.105473

M.L.Agazzi, S.E.Herrera, M.L.Cortez, W.A.Marmisoll¢,
M.Tagliazucchi, O.Azzaroni. Chem. — Eur. J., 26, 2456 (2020);
https://doi.org/10.1002/chem.201905075

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

L.Gao, T.Wang, K.Jia, X.Wu, C.Yao, W.Shao, D.Zhang,
X.Hu, L.Wang. Chem. — Eur. J., 23, 6605 (2017);
https://doi.org/10.1002/chem.201700345

J.Cai, Y.Zhu, X.Li, G.Deng, Y.Han, F.Yuan, G.Yi, X.Xia.
Tohoku J. Exp. Med., 261, 257 (2023);
https://doi.org/10.1620/tjem.2023.J050

M.Giannetti, A.Palleschi, B.Ricciardi, M.Venanzi. Molecules,
28, 7536 (2023); https://doi.org/10.3390/molecules28227536
N.M.Badawi, R.I.Amer, D.A.Attia, A.M.Fayez,
M.H.S.Dawoud. J. Drug Deliv. Sci. Technol., 94, 105479
(2024); https://doi.org/10.1016/j.jddst.2024.105479

Y.Ma, W.Wang, C.Li, F.Han, M.He, Y.Zhong, D.Huang,
W.Chen, H.Qian. Adv. Healthcare Mater., 13, 2302677 (2024);
https://doi.org/10.1002/adhm.202302677

A.Abbas, N.G.Eissa, H.M.El-Bassossy, M.M.Ghorab,
H.M.EI-Nahas. J. Drug Deliv. Sci. Technol., 93, 105438
(2024); https://doi.org/10.1016/j.jddst.2024.105438
F.A.Razzaq, M.Asif, S.Asghar, M.S.Igbal, I.U.Khan,
S.-U.-D.Khan, M.Irfan, H.K.Syed, A.Khames, H.Mahmood,
A.Y .Ibrahim, A.M.El Sisi. Cells, 10, 2404 (2021);
https://doi.org/10.3390/cells10092404

S.M.Elkarray, R.M.Farid, M.M.Abd-Alhaseeb, G.A.Omran,
D.A.Habib. J. Drug Deliv. Sci. Technol., 68, 103086 (2022);
https://doi.org/10.1016/j.jddst.2021.103086

M.Mansour, E.Elmowafy, H.A.Gad. Colloids Surf. B:
Biointerfaces, 199, 111534 (2021);
https://doi.org/10.1016/j.colsurfb.2020.111534

N.J.Hunt, G.P.Lockwood, S.J.Heffernan, J.Daymond, M.Ngu,
R.K.Narayanan, L.J.Westwood, B.Mohanty, L.Esser,
C.C.Williams, Z.Kuncic, P.A.G.McCourt, D.G.Le Couteur,
V.C.Cogger. Nat. Nanotechnol., 19, 534 (2024);
https://doi.org/10.1038/s41565-023-01565-2

V.Kumar, N.Poonia, P.Kumar, P.Kumar Verma,
A.Alshammari, N.A.Albekairi, A.Kabra, N.Yadav.

Saudi Pharm. J., 32, 102046 (2024);
https://doi.org/10.1016/j.jsps.2024.102046

Q.Wang, X.Dong, E.D.Castaiieda-Reyes, Y.Wu, S.Zhang,
Z.Wu, Z.Wang, L.Dai, B.Xu, F.Xu. Int. J. Biol. Macromol.,
265, 130713 (2024);
https://doi.org/10.1016/j.ijbiomac.2024.130713

K.Liu, Y.Chen, Z.Yang, J.Jin. Colloid Polym. Sci., 301, 481
(2023); https://doi.org/10.1007/s00396-023-05078-1
J.Alyoussef Alkrad, R.H.H.Neubert. nt. J. Pharm., 616,
121511 (2022); https://doi.org/10.1016/j.ijpharm.2022.121511
D.Mazhar, N.U.Haq, M.Zeeshan, Q.U.Ain, H.Ali, S.Khan,
S.A.Khan. J. Drug Deliv. Sci. Technol., 84, 104448 (2023);
https://doi.org/10.1016/j.jddst.2023.104448

M.M.Badran, N.N.Alouny, B.N.Aldosari, A.M.Alhusaini,
A.E.S.Abou El Ela. Pharmaceutics, 14, 826 (2022);
https://doi.org/10.3390/pharmaceutics 14040826

H.F.Salem, M.M.Nafady, A.A.Ali, N.M.Khalil, A.A.Elsisi.
Int. J. Nanomed., 17, 1185 (2022);,
https://doi.org/10.2147/1IN.S345505

E.D.S.Von Zuben, J.O.Eloy, M.D.Inécio, V.H.S.Araujo,

A M.Baviera, M.P.D.Gremiao, M.Chorilli. Pharmaceutics, 14,
2492 (2022); https://doi.org/10.3390/pharmaceutics 14112492
X.Xu, Y.Ran, C.Huang, Z.Yin. Biomacromolecules, 23, 1765
(2022); https://doi.org/10.1021/acs.biomac.2c00016

X.Chen, Y.Ren, Y.Feng, X.Xu, H.Tan, J.Li. Int. J. Pharm.,
562, 23 (2019); https://doi.org/10.1016/j.ijpharm.2019.03.020
M.Xu, H.Qin, Y.Zheng, J.Chen, X.Liang, J.Huang, W.Luo,
R.Yang, Y.-Q.Guan. Colloids Surf. B: Biointerfaces, 220,
112858 (2022); https://doi.org/10.1016/j.colsurfb.2022.112858
S.Wang, S.Meng, X.Zhou, Z.Gao, M.G.Piao. Pharmaceutics,
15, 820 (2023);

https://doi.org/10.3390/pharmaceutics 15030820

S.Maity, P.Mukhopadhyay, P.P.Kundu, A.S.Chakraborti.
Carbohydr. Polym., 170, 124 (2017);
https://doi.org/10.1016/j.carbpol.2017.04.066

Y .Zhou, Z.Chen, D.Zhao, D.Li, C.He, X.Chen. Adv. Mater.,
33, 2102044 (2021); https://doi.org/10.1002/adma.202102044



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

30 of 35

Russ. Chem. Rev., 2024, 93 (11) RCR5150

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

J.Zhou, J.Zhang, Y.Sun, F.Luo, M.Guan, H.Ma, X.Dong,
J.Feng. Int. J. Biol. Macromol., 244, 125263 (2023);
https://doi.org/10.1016/j.ijbiomac.2023.125263

J.Zhou, H.Ma, M.Guan, J.Feng, X.Dong, Y.Wei, T.Zhang.
Int. J. Pharm., 659, 124250 (2024);
https://doi.org/10.1016/j.ijpharm.2024.124250

F.-Y.Lin, B.-R.Huang, C.-Y.Huang, J.-K.Chen. J. Taiwan Inst.
Chem. Eng., 141, 104592 (2022);
https://doi.org/10.1016/j.jtice.2022.104592

X.Zhao, A.Shi, Q.Ma, X.Yan, L.Bian, P.Zhang, J.Wu.

J. Nanobiotechnol., 19, 191 (2021);
https://doi.org/10.1186/s12951-021-00928-y

Y.Zhang, M.Wu, D.Tan, Q.Liu, R.Xia, M.Chen, Y.Liu, L.Xue,
Y.Lei. J. Mater. Chem. B, 9, 648 (2021);
https://doi.org/10.1039/DOTB02133D

D.Xia, H.He, Y.Wang, K.Wang, H.Zuo, H.Gu, P.Xu, Y.Hu.
Acta Biomater., 69, 301 (2018);
https://doi.org/10.1016/j.actbio.2018.01.029

S.Govardhane, P.Shende. J. Liposome Res., 1 (2023);
https://doi.org/10.1080/08982104.2023.2209642

Q.Ma, X.Zhao, A.Shi, J.Wu. Int. J. Nanomed., 16, 297 (2021);
https://doi.org/10.2147/1JN.S284357

J.A.Bauer, M.Zamocka, J.Majtan, V.Bauerova-Hlinkova.
Biomolecules, 12, 472 (2022);
https://doi.org/10.3390/biom12030472

M.Xu, J.Huang, S.Jiang, J.He, Z.Wang, H.Qin, Y.-Q.Guan.
Int. J. Biol. Macromol., 202, 296 (2022);
https://doi.org/10.1016/j.ijbiomac.2022.01.048

M.Bercea, A.Lupu. Gels, 10, 260 (2024);
https://doi.org/10.3390/gels 10040260

S.Morariu. Polymers, 15, 582 (2023);
https://doi.org/10.3390/polym15030582

L.Luo, R.Song, J.Chen, B.Zhou, X.Mao, S.Tang. React. Funct.
Polym., 146, 104435 (2020);
https://doi.org/10.1016/j.reactfunctpolym.2019.104435
D.H.-C.Chou, M.J.Webber, B.C.Tang, A.B.Lin, L.S.Thapa,
D.Deng, J.V.Truong, A.B.Cortinas, R.Langer, D.G.Anderson.
Proc. Natl. Acad. Sci. USA, 112, 2401 (2015);
https://doi.org/10.1073/pnas.1424684112

N.-P.Lin, N.Zheng, L.Purushottam, Y.W.Zhang, D.H.-C.Chou.
Front. Chem., 10, 859133 (2022);
https://doi.org/10.3389/fchem.2022.859133

Y.Ohno, M.Kawakami, T.Seki, R.Miki, T.Seki, Y.Egawa.
Pharmaceuticals, 12, 121 (2019);
https://doi.org/10.3390/ph12030121

L.Dong, Y.Ren, W.Zhang, Y.Liu, M.Liu, C.Hong, M.Wang,
B.Zhan, X.Ding, X.Wang. Biomater. Sci., 10, 5318 (2022);
https://doi.org/10.1039/D2BM00920J

E.D.Namiot, A.V.Sokolov, V.N.Chubarev, V.V.Tarasov,
H.B.Schiéth. Int. J. Mol. Sci., 24, 787 (2023);
https://doi.org/10.3390/ijms24010787

R.John, J.Monpara, S.Swaminathan, R.Kalhapure.
Pharmaceutics, 16, 131 (2024);
https://doi.org/10.3390/pharmaceutics16010131
L.W.Limenh. SAGE Open Med., 12,20503121231225319
(2024); https://doi.org/10.1177/20503121231225319
S.I.Khater, M.M.A.El-Emam, H.Abdellatif, M.Mostafa,
T.Khamis, R.H.M.Soliman, H.S.Ahmed, S.K.Alj,
H.M.R.M.Selim, L.S.Alqahtani, D.Habib, M.M.M.Metwally,
A.M.Alnakhli, A.Saleh, A.M.Abdelfattah, H.M.Abdelnour,
M.F.Dowidar. Life Sci., 344, 122546 (2024);
https://doi.org/10.1016/j.1f5.2024.122546

S.Rocha, M.Luisa Corvo, M.Freitas, E.Fernandes. Int. J.
Pharm., 661, 124441 (2024);
https://doi.org/10.1016/j.ijpharm.2024.124441

S.Dini¢, J.Arambasi¢ Jovanovi¢, A.Uskokovi¢, A.Jovanovic,
N.Grdovi¢, J.Raji¢, M.Dordevi¢, A.Sari¢, B.Bugarski,
M.Vidakovi¢, M.Mihailovi¢. Pharmaceutics, 16, 801 (2024);
https://doi.org/10.3390/pharmaceutics 16060801

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

S.Khan, A.Madni, M.A.Rahim, H.Shah, A.Jabar, M.M.Khan,
A.Khan, N.Jan, M.A.Mahmood. J. Drug Deliv. Sci. Technol.,
63, 102450 (2021); https://doi.org/10.1016/j.jddst.2021.102450
E.-M.Kim, H.-J.Jeong. Chonnam Med. J., 57,27 (2021);
https://doi.org/10.4068/cmj.2021.57.1.27

H.Tian, M.Chang, Y.Lyu, N.Dong, N.Yu, T.Yin, Y.Zhang,
H.He, J.Gou, X.Tang. Expert Opin. Drug Deliv., 21, 169
(2024); https://doi.org/10.1080/17425247.2024.2305110
M.Hu, T.Gou, Y.Chen, M.Xu, R.Chen, T.Zhou, J.Liu, C.Peng,
Q.Ye. Molecules, 28, 2471 (2023);
https://doi.org/10.3390/molecules28062471

T.Zhang, J.Z.Tang, X.Fei, Y.Li, Y.Song, Z.Qian, Q.Peng.
Acta Pharm. Sin. B, 11, 651 (2021);
https://doi.org/10.1016/j.apsb.2020.08.016

D.Sahoo, R.Bandaru, S.K.Samal, R.Naik, P.Kumar,
P.Kesharwani, R.Dandela. In Theory and Applications of
Nonparenteral Nanomedicines. (Eds P.Kesharwani, S.Taurin,
K.Greish). (Amsterdam: Elsevier, 2021). P. 181;
https://doi.org/10.1016/B978-0-12-820466-5.00009-0
N.Giinday Tireli, A.E.Tireli. In Nanotechnology for Oral
Drug Delivery. (Eds J.P.Martins, H.A.Santos). (Amsterdam:
Elsevier, 2020). P. 483;
https://doi.org/10.1016/B978-0-12-818038-9.00016-8
J.Vieira, J.Castelo, M.Martins, N.Saraiva, C.Rosado,
C.Pereira-Leite. Pharmaceutics, 15, 1209 (2023);
https://doi.org/10.3390/pharmaceutics 15041209

H.Mohd, K.Dopierata, A.Zidar, A.Virani, B.Michniak-Kohn.
Sci. Pharm., 92, 29 (2024);
https://doi.org/10.3390/scipharm92020029

L.Vasileva, G.Gaynanova, I.Zueva, A.Lyubina,
S.Amerhanova, D.Buzyurova, V.Babaev, A.Voloshina,
K.Petrov, L.Zakharova. Int. J. Mol. Sci., 23, 14992 (2022);
https://doi.org/10.3390/ijms232314992

L.Vasileva, G.Gaynanova, D.Kuznetsova, F.Valeeva,
A.Lyubina, S.Amerhanova, A.Voloshina, G.Sibgatullina,
D.Samigullin, K.Petrov, L.Zakharova. Molecules, 28, 7229
(2023); https://doi.org/10.3390/molecules28207229
V.Dominguez-Arca, J.Sabin, L.Garcia-Rio, M.Bastos,
P.Taboada, S.Barbosa, G.Prieto. J. Mol. Lig., 366, 120230
(2022); https://doi.org/10.1016/j.molliq.2022.120230
L.Pagano, F.Gkartziou, S.Aiello, B.Simonis, F.Ceccacci,
S.Sennato, A.Ciogli, S.Mourtas, I.Spiliopoulou,
S.G.Antimisiaris, C.Bombelli, G.Mancini. Chem. Phys. Lipids,
243, 105174 (2022);
https://doi.org/10.1016/j.chemphyslip.2022.105174
A.B.Mirgorodskaya, R.A.Kushnazarova, O.A.Lenina,
K.A.Petrov, L.Ya.Zakharova. Russ. J. Gen. Chem., 93, 593
(2023); https://doi.org/10.1134/S1070363223030167
A.Mirgorodskaya, R.Kushnazarova, R.Pavlov, F.Valeeva,
O.Lenina, K.Bushmeleva, D.Kuryashov, A.Vyshtakalyuk,
G.Gaynanova, K.Petrov, L.Zakharova. Molecules, 27, 6447
(2022); https://doi.org/10.3390/molecules27196447
D.Cabaleiro, C.Hermida—Merino, S.Losada—Barreiro,
F.Agresti, L Lugo, D.Hermida-Merino, M.M.Pifieiro. J. Mol.
Lig., 395, 123933 (2024);
https://doi.org/10.1016/j.molliq.2023.123933

R.A Kushnazarova, A.B.Mirgorodskaya, L.Ya.Zakharova.
Russ. Chem. Bull., 70, 585 (2021);
https://doi.org/10.1007/s11172-021-3129-z

X.Ge, M.Wei, S.He, W.-E.Yuan. Pharmaceutics, 11, 55
(2019); https://doi.org/10.3390/pharmaceutics 11020055
J.Hemmati, M.Chiani, B.Asghari, G.Roshanaei, S.Soleimani
Asl, M.Shafiei, M.R.Arabestani. BMC Biotechnol., 24, 47
(2024); https://doi.org/10.1186/512896-024-00874-1
A.Gebril, M.A.Obeid, E.M.Bennett, A.Pujol, M.L.Chovel,
T.Mahy, R.Acevedo, V.A.Ferro. Eur. J. Pharm. Biopharm.,
171, 11 (2022); https://doi.org/10.1016/j.ejpb.2021.12.014
M.A.Abdelbari, A.A.El-Gazar, A.A.Abdelbary,
A.H.Elshafeey, S.Mosallam. Int. J. Pharm., 640, 123024
(2023); https://doi.org/10.1016/j.ijpharm.2023.123024



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

Russ. Chem. Rev., 2024, 93 (11) RCR5150

31 of 35

165. D.K.Gupta, A.Ahad, A.Waheed, M.Aqil, F.I.Al-Jenoobi,

A.M.Al-Mohizea. In Systems of Nanovesicular Drug Delivery.

(Eds A.K.Nayak, Md.S.Hasnain, T.M.Aminabhavi).
(Amsterdam: Elsevier, 2022). P. 293;
https://doi.org/10.1016/B978-0-323-91864-0.00004-8

166. M.Conacher, J.Alexander, J.M.Brewer. Vaccine, 19, 2965
(2001); https://doi.org/10.1016/S0264-410X(00)00537-5

167. H.Kaurav, M.Tripathi, S.D.Kaur, A.Bansal, D.N.Kapoor,
S.Sheth. Pharmaceutics, 16, 697 (2024);
https://doi.org/10.3390/pharmaceutics 16060697

168. M.O.Soliman, A.H.El-Kamel, M.G.Shehat, B.A.Bakr,
R.M.El-Moslemany. Int. J. Pharm., 647, 123551 (2023);
https://doi.org/10.1016/j.ijpharm.2023.123551

169. A.Zafar, N.K.Alruwaili, S.S.Imam, N.Hadal Alotaibi,
K.S.Alharbi, M. Afzal, R.Ali, S. Alshehri, S.I.Alzarea,

M.Elmowaty, N.A.Alhakamy, M.F.Ibrahim. Saudi Pharm. J.,

29, 269 (2021); https://doi.org/10.1016/j.jsps.2021.02.003

170. M.H.Elkomy, H.M.Eid, M.Elmowafy, K.Shalaby, A.Zafar,

M.A.Abdelgawad, M.E.Rateb, M.R.A.Alj, I.Alsalahat,
H.A.Abou-Taleb. Drug Deliv., 29, 2694 (2022);
https://doi.org/10.1080/10717544.2022.2110997

171. B.Nallamothu, K.Kuche, R.Ghadi, D.Chaudhari, S.Jain. Int. J.

Biol. Macromol., 252, 126565 (2023);
https://doi.org/10.1016/j.ijbiomac.2023.126565

172. A.Ahad, M.Raish, A.Ahmad, F.I.Al-Jenoobi,
A.M.Al-Mohizea. Eur. J. Pharm. Sci., 111, 409 (2018);
https://doi.org/10.1016/j.ejps.2017.10.012

173. M.Qushawy, G.M.Soliman, Y .Mortagi, M.El-Sherbiny,

N.Elsherbiny. J. Drug Deliv. Sci. Technol., 92, 105295 (2024);

https://doi.org/10.1016/j.jddst.2023.105295

174. P.Bhardwaj, P.Tripathi, R.Gupta, S.Pandey. J. Drug Deliv. Sci.

Technol., 56, 101581 (2020);
https://doi.org/10.1016/j.jddst.2020.101581

175. R.Muzzalupo, L.Tavano. Res. Rep. Transdermal Drug. Deliv.,

4,23 (2015); https://doi.org/10.2147/RRTD.S64773
176. M.S.El-Ridy, S.A.Yehia, I.Elsayed, M.M.Y ounis,

R.F.Abdel-Rahman, M.A.El-Gamil. J. Liposome Res., 29, 343

(2019); https://doi.org/10.1080/08982104.2018.1556291

177. N.Samed, V.Sharma, A.Sundaramurthy. Appl. Surf. Sci., 449,

567 (2018); https://doi.org/10.1016/j.apsusc.2017.11.055
178. S.A.Fouad, M.H.Teaima, M.1.Gebril, F.I.Abd Allah,

M.A.El-Nabarawi, S.F.Elhabal. Drug Deliv., 30, 2181747

(2023); https://doi.org/10.1080/10717544.2023.2181747

179. R.G.Eissa, N.G.Eissa, R.A.Eissa, N.H.Diab, N.A.Abdelshafi,
M.A.Shaheen, M.Elsabahy, S.K.Hammad. /nt. J. Pharm., 647,
123549 (2023); https://doi.org/10.1016/j.ijpharm.2023.123549

180. A.Abdelwahab, A.Abdelmohymen, N.Mostafa, G.Magdy,
E.Mazyed. Int. J. Nanomed., 18, 7417 (2023);
https://doi.org/10.2147/1JN.S434840

181. F.Imtiaz, M.Islam, H.Saced, A.Ahmed, M.Asghar, B.Saleem,

M.A Farooq, D.H.Khan, L.Peltonen. J. Drug Deliv. Sci.
Technol., 83, 104399 (2023);
https://doi.org/10.1016/j.jddst.2023.104399

182. R.Tyagi, A.Waheed, N.Kumar, A.Ahad, Y.A.Bin Jardan,

M.Mujeeb, A.Kumar, T.Naved, S.Madan. Pharmaceuticals,

16, 1169 (2023); https://doi.org/10.3390/ph16081169

183. R.Tyagi, A.Waheed, N.Kumar, A.Ahad, M.Mujeeb, T.Naved,

S.Madan. J. Dispers. Sci. Technol., 1 (2023);
https://doi.org/10.1080/01932691.2023.2256387

184. G.Cevc, G.Blume. Biochim. Biophys. Acta — Biomembr., 1104,
226 (1992); https://doi.org/10.1016/0005-2736(92)90154-E

185. G.Cevc. Clin. Pharmacokinet., 42, 461 (2003);
https://doi.org/10.2165/00003088-200342050-00004

186. A.Kumar, K.Pathak, V.Bali. Drug Discov. Today, 17, 1233
(2012); https://doi.org/10.1016/j.drudis.2012.06.013

187. ClinicalTrials. Gov Available online: https://clinicaltrials.gov/

find-studies/how-to-search (accessed on 27 October 2024)

188. H.Marwah, T.Garg, G.Rath, A.K.Goyal. Drug Deliv., 23, 1636

(2016); https://doi.org/10.3109/10717544.2016.1155243

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

S.Ramkanth, P.Anitha, R.Gayathri, S.Mohan, D.Babu. Eur: J.
Pharm. Sci., 162, 105811 (2021);
https://doi.org/10.1016/j.ejps.2021.105811

K.Nousheen, F.U.Din, H.Jamshaid, R.Afza, S.U.Khan,
M.Malik, Z.Ali, S.Batool, A.Zeb, A.M.Yousaf, A.H.Almari,
S.Algahtani, S.Khan, G.M.Khan. Drug Deliv., 30, 2251720
(2023); https://doi.org/10.1080/10717544.2023.2251720
N.A.Yusuf, M.Abdassah, I.Sopyan, R.Mauludin, I.M.Joni,
A.Y.Chaerunisaa. Int. J. App. Pharm., 172 (2024);
https://doi.org/10.22159/ijap.2024v16i1.49245

F.Ferrara, M.Benedusi, F Cervellati, M.Sguizzato, L.Montesi,
A.Bondi, M.Drechsler, W.Pula, G.Valacchi, E.Esposito. Int. J.
Mol. Sci., 23, 8756 (2022);
https://doi.org/10.3390/ijms23158756

S.A.El-Gizawy, A.Nouh, S.Saber, A.Y .Kira. J. Drug Deliv.
Sci. Technol., 58, 101732 (2020);
https://doi.org/10.1016/j.jddst.2020.101732

Y.Jiang, W.Li, Z.Wang, J.Lu. Pharmaceutics, 16, 34 (2023);
https://doi.org/10.3390/pharmaceutics 16010034

C.Viegas, A.B.Patricio, J.M.Prata, A.Nadhman,
P.K.Chintamaneni, P.Fonte. Pharmaceutics, 15, 1593 (2023);
https://doi.org/10.3390/pharmaceutics 15061593

M.Safaya, Y.C.Rotliwala. Mater. Today: Proc., 27, 454 (2020);
https://doi.org/10.1016/j.matpr.2019.11.267

V.Manimaran, P.M.Sivakumar, J.Narayanan, S.Parthasarathi,
P.K.Prabhakar. Curr. Diabetes Rev., 17, 486 (2021);
https://doi.org/10.2174/1573399817666201209095205

Preeti, S.Sambhakar, R.Malik, S.Bhatia, A.Al Harrasi, C.Rani,
R.Saharan, S.Kumar, Geeta, R.Sehrawat. Scientifica, 2023, 1
(2023); https://doi.org/10.1155/2023/6640103

K.Priyanka, P.L.Sahu, S.Singh. J. Drug Deliv. Sci. Technol.,
43, 94 (2018); https://doi.org/10.1016/j.jddst.2017.08.006
J.B.Sharma, S.Bhatt, V.Saini, M.Kumar. Assay Drug Dev.
Technol., 19, 262 (2021); https://doi.org/10.1089/adt.2021.017
J.B.Sharma, S.Bhatt, A.Tiwari, V.Tiwari, M.Kumar, R.Verma,
D.Kaushik, T.Virmani, G.Kumar, O.Al Kamaly, A.Saleh,

M .Khalid Parvez, A.Alhalmi. Saudi Pharm. J., 31, 101727
(2023); https://doi.org/10.1016/].jsps.2023.101727

S.Pandey, P.Patel, A.Gupta. Curr. Pharm. Des., 24, 1811
(2018); https://doi.org/10.2174/1381612824666180522092743
K.A Kelly, C.L.Heaps, G.Wu, V.Labhasetwar, C.J.Meininger.
Nitric Oxide, 148, 13 (2024);
https://doi.org/10.1016/j.ni0x.2024.04.009

R.Kesharwani, D.K.Patel, P.K.Yadav. Int. J. App. Pharm., 181
(2022); https://doi.org/10.22159/ijap.2022v1415.45032
A.Ahangarpour, A.A.Oroojan, L.Khorsandi, M.Kouchak,
M.Badavi. Oxidative Medicine and Cellular Longevity, 2018, 1
(2018); https://doi.org/10.1155/2018/7496936

Y .Alhamhoom, G.Ravi, R.A.M.Osmani, U.Hani, G.M.Prakash.
Molecules, 27, 7510 (2022);
https://doi.org/10.3390/molecules27217510

M.Ashwini, P.Sudheer, B.S.Sogali. Curr: Drug Deliv., 21,
1386 (2024);
https://doi.org/10.2174/0115672018274038231212105440
Ch.N.Patra, R.Priya, S.Swain, G.Kumar Jena, K.C.Panigrahi,
D.Ghose. Future J. Pharm. Sci., 3, 33 (2017);
https://doi.org/10.1016/j.£jps.2017.02.001

Y .Xu, Y.Zheng, L.Wu, X.Zhu, Z.Zhang, Y.Huang. ACS Appl.
Mater. Interfaces, 10, 9315 (2018);
https://doi.org/10.1021/acsami.8b00507

J.Yin, Y.Hou, Y.Yin, X.Song. Int. J. Nanomed., 12, 8671
(2017); https://doi.org/10.2147/1JN.S144615

S.S.Pandey, M.A Patel, D.T.Desai, H.P.Patel, A.R.Gupta,
S.V.Joshi, D.O.Shah, F.A.Maulvi. J. Drug Deliv. Sci. Technol.,
57, 101731 (2020); https://doi.org/10.1016/j.jddst.2020.101731
R.Vieira, P.Severino, L.A Nalone, S.B.Souto, A.M.Silva,
M.Lucarini, A.Durazzo, A.Santini, E.B.Souto. Molecules, 25,
685 (2020); https://doi.org/10.3390/molecules25030685
V.Piazzini, L.Micheli, C.Luceri, M.D’ Ambrosio, L.Cinci,
C.Ghelardini, A.R.Bilia, L.Di Cesare Mannelli, M.C.Bergonzi.



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

32 0f 35

Russ. Chem. Rev., 2024, 93 (11) RCR5150

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Int. J. Pharm., 572, 118838 (2019);
https://doi.org/10.1016/j.ijpharm.2019.118838

U.llyas, M.Asif, M.Wang, R.Altaf, H.Zafar, M.M.Faran
Ashraf Baig, A.C.Paiva-Santos, M.Abbas. Front. Pharmacol.,
13, 934156 (2022); https://doi.org/10.3389/fphar.2022.934156
A Zafar, N.K.Alruwaili, S.S.Imam, O.A.Alsaidan,
K.S.Alharbi, M.Yasir, M.Elmowatfy, E.F.Mohammed,
Z.H.Al-Oanzi. AAPS PharmSciTech, 22, 231 (2021);
https://doi.org/10.1208/s12249-021-02098-4

E.Muntoni, L.Anfossi, P.Milla, E.Marini, C.Ferraris,
M.T.Capucchio, E.Colombino, L.Segale, M.Porta, L.Battaglia.
Nutr. Metab. Cardiovasc. Dis., 31, 691 (2021);
https://doi.org/10.1016/j.numecd.2020.09.020

J.Natarajan, B.K.R.Sanapalli, M.Bano, S.K.Singh, M.Gulati,
V.V.S.R.Karri. Adv. Wound Care, 8, 499 (2019);
https://doi.org/10.1089/wound.2018.0831

D.Sun, S.Guo, L.Yang, Y.Wang, X.Wei, S.Song, Y.Yang,
Y.Gan, Z.Wang. Acta Pharmacol. Sin., 41, 119 (2020);
https://doi.org/10.1038/s41401-019-0288-7

M.Mahadev, H.S.Nandini, R.Ramu, D.V.Gowda,

Z M.Almarhoon, M.Al-Ghorbani, Y.N.Mabkhot.
Pharmaceuticals, 15, 70 (2022);
https://doi.org/10.3390/ph15010070

M.Mahadev, A.Dubey, A.Shetty. Pharmaceutics, 15, 574
(2023); https://doi.org/10.3390/pharmaceutics 15020574
R.Khursheed, S.K.Singh, B.Kumar, S.Wadhwa, M.Gulati,
A.Anupriya, A.Awasthi, S.Vishwas, J.Kaur, L.Corrie,
K.R.Arya, R.Kumar, N.K.Jha, P.K.Gupta, F.Zacconi, K.Dua,
N.Chitranshi, G.Mustafa, A.Kumar. /nt. J. Pharm., 612,
121306 (2022); https://doi.org/10.1016/j.ijpharm.2021.121306
J.Hussein, M.E.El-Naggar. Biocatal. Agric. Biotechnol., 33,
101983 (2021); https://doi.org/10.1016/j.bcab.2021.101983
M.Celik-Tekeli, N.Celebi, M.Y.Tekeli, Y.Aktas. Eur. J.
Pharm. Sci., 158, 105644 (2021);
https://doi.org/10.1016/j.ejps.2020.105644

M.Taiyeb, H.Hartati, A.Arwansyah, Dahlia, A.Muis,
A.Mu’nisa, A.R.Arif, L.M.Salleh. Inform. Med. Unlocked, 47,
101517 (2024); https://doi.org/10.1016/j.imu.2024.101517
M.Kazi, A.Algahtani, A.Ahmad, O.M.Noman,
M.S.Aldughaim, A.S.Alqahtani, F.K.Alanazi. Drug Deliv., 28,
100 (2021); https://doi.org/10.1080/10717544.2020.1859001
T.M.Shehata, M.M.Almostafa, H.S.Elsewedy. Polymers, 14,
3021 (2022); https://doi.org/10.3390/polym14153021
A.B.U.Kaplan, M.Cetin, C.Bayram, S.Yildirim,
A.Taghizadehghalehjoughi, A.Hacimuftuoglu. J. Pharm. Sci.,
112, 1411 (2023); https://doi.org/10.1016/j.xphs.2023.01.008
L.Duysak, A.B.U.Kaplan, M.Gulaboglu, M.Cetin, Z.Kutlu,
T.Demirci. Food Biosci., 56, 103210 (2023);
https://doi.org/10.1016/j.tbi0.2023.103210

N.Ranganathan, G.Mahalingam. J. Cell. Physiol., 234, 22505
(2019); https://doi.org/10.1002/jcp.28814

H.-Y .Xu, C.-S.Liu, C.-L.Huang, L.Chen, Y.-R.Zheng,
S.-H.Huang, X.-Y.Long. Colloids Surf. B: Biointerfaces, 181,
927 (2019); https://doi.org/10.1016/j.colsurfb.2019.06.006
J.Xu, ZJiang, J.Peng, R.Sun, L.Zhang, Y.Chen, D.Pan,
J.Huang, Z.Gong, Y.Chen, X.Shen. /nt. J. Biol. Macromol.,
249, 125918 (2023);
https://doi.org/10.1016/j.ijbiomac.2023.125918

Y.Gao, Z.Jiang, B.Xu, R.Mo, S.Li, Y.Jiang, D.Zhao, W.Cao,
B.Chen, M.Tian, Q.Tan. Pharm. Biol., 61, 1462 (2023);
https://doi.org/10.1080/13880209.2023.2254341

F.Haider, B.A .Khan, M.K.Khan. A4PS PharmSciTech, 23, 129
(2022); https://doi.org/10.1208/s12249-022-02288-8
A.Valizadeh, M.Shirzad, M.R.Pourmand, M.Farahmandfar,
H.Sereshti, A.Amani. Drug Deliv. Transl. Res., 11,292 (2021);
https://doi.org/10.1007/s13346-020-00794-5

T.Chakraborty, S.Gupta, A.Nair, S.Chauhan, V.Saini. J. Drug
Deliv. Sci. Technol., 64, 102601 (2021);
https://doi.org/10.1016/j.jddst.2021.102601

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

S.A.Razack, Y.Lee, H.Shin, S.Duraiarasan, B.-S.Chun,
H.W.Kang. Int. J. Biol. Macromol., 226, 220 (2023);
https://doi.org/10.1016/j.ijbiomac.2022.12.003

X.Ding, S.Li, M.Tian, P.Yang, Y.Ding, Y.Wang, G.Duan,
D.Zhang, B.Chen, Q.Tan. Int. J. Biol. Macromol., 226, 1490
(2023); https://doi.org/10.1016/j.ijbiomac.2022.11.261
K.Kaur, A.Singh, N.Rajput, V.Bhullar, A.Monga, A.Mahajan,
G.K.Gahlay, N.Bedi. J. Drug Deliv. Sci. Technol., 92, 105311
(2024); https://doi.org/10.1016/j.jddst.2023.105311

H.Lu, S.Zhang, J.Wang, Q.Chen. Front. Nutr., 8, 783831
(2021); https://doi.org/10.3389/fhut.2021.783831
H.Bhardwaj, R.K.Jangde. Next Nanotechnol., 2, 100013
(2023); https://doi.org/10.1016/j.nxnano.2023.100013
M.A.Beach, U.Nayanathara, Y.Gao, C.Zhang, Y.Xiong,
Y.Wang, G.K.Such. Chem. Rev., 124, 5505 (2024);
https://doi.org/10.1021/acs.chemrev.3c00705

A.Zielinska, F.Carreiro, A.M.Oliveira, A .Neves, B.Pires,
D.N.Venkatesh, A.Durazzo, M.Lucarini, P.Eder, A.M.Silva,
A.Santini, E.B.Souto. Molecules, 25, 3731 (2020);
https://doi.org/10.3390/molecules25163731

D.Fuentes-Rios, F.Moya-Utrera, J.Moreno, C.Mesas,
M.Doiia-Flores, F.Sarabia, J.Manuel Lopez-Romero,
C.Melguizo, J.Prados. Eur. Polym. J., 219, 113328 (2024);
https://doi.org/10.1016/j.eurpolym;j.2024.113328

Y.Li, C.Li, J.Yan, Y.Liao, C.Qin, L.Wang, Y.Huang, C.Yang,
J.Wang, X.Ding, Y.Y.Yang, P.Yuan. Biomaterials, 309,
122573 (2024);
https://doi.org/10.1016/j.biomaterials.2024.122573

V.Nozal, P.Fernandez-Gomez, A.Garcia-Rubia, L.Martinez-
Gonzalez, E.P.Cuevas, E.Carro, V.Palomo, A .Martinez.
Biomed. Pharmacother., 175, 116626 (2024);
https://doi.org/10.1016/j.biopha.2024.116626

W.Shi, A.R.M.Fuad, Y.Li, Y.Wang, J.Huang, R.Du, G.Wang,
Y.Wang, T.Yin. J. Nanobiotechnol., 21, 65 (2023);
https://doi.org/10.1186/s12951-023-01808-3

J.Zhang, T.Wu, C.Li, J.Du. J. Control. Release, 372, 347
(2024); https://doi.org/10.1016/j.jconrel.2024.06.049
F.G.Lupascu, A.Sava, S.-M.Tatarusanu, A.-T.lacob,
A.Dascalu, B.-S.Profire, I.-M.Vasincu, M.Apotrosoaei,
T.-C.Gisc4, [.-A.Turin-Moleavin, L.Profire. Polymers, 16,
1825 (2024); https://doi.org/10.3390/polym16131825
W.Zhang, Y .Huang, J.Li, M.Zhou, W.Huang, L.Sun, S.Gui,
Z.Li. Mater. Des., 241, 112951 (2024);
https://doi.org/10.1016/j.matdes.2024.112951

T.U.Wani, S.N.Raza, N.A.Khan. Polym. Bull., 77, 3865
(2020); https://doi.org/10.1007/s00289-019-02924-7

L.Kou, H.Huang, Y.Tang, M.Sun, Y.Li, J.Wu, S.Zheng,
X.Zhao, D.Chen, Z.Luo, X.Zhang, Q.Yao, R.Chen. J. Control.
Release, 347, 237 (2022);
https://doi.org/10.1016/j.jconrel.2022.04.037

S.Y.Fam, C.F.Chee, C.Y.Yong, K.L.Ho, A.R.Mariatulqabtiah,
W.S.Tan. Nanomaterials, 10, 787 (2020);
https://doi.org/10.3390/nano 10040787

N.Hadjesfandiari, A.Parambath. In Engineering of
Biomaterials for Drug Delivery Systems. (Ed. A.Parambath).
(Amsterdam: Elsevier, 2018). P. 345;
https://doi.org/10.1016/B978-0-08-101750-0.00013-1
T.M.Allen, A.Chonn. FEBS Lett., 223, 42 (1987);
https://doi.org/10.1016/0014-5793(87)80506-9

T.M.Allen. Drugs, 56, 747 (1998);
https://doi.org/10.2165/00003495-199856050-00001
H.Carrstensen, R.H.Miiller, B.W.Miiller. Clin. Nutr., 11, 289
(1992); https://doi.org/10.1016/0261-5614(92)90006-C
M.Roser, D.Fischer, T.Kissel. Eur. J. Pharm. Biopharm., 46,
255 (1998); https://doi.org/10.1016/S0939-6411(98)00038-1
H.Bludau, A.E.Czapar, A.S.Pitek, S.Shukla, R.Jordan,
N.F.Steinmetz. Eur. Polym. J., 88, 679 (2017);
https://doi.org/10.1016/j.eurpolym;j.2016.10.041

S.Chen, Q.Li, H.Li, L.Yang, J.-Z.Yi, M.Xie, L.-M.Zhang.
Mater. Sci. Eng. C, 109, 110636 (2020);
https://doi.org/10.1016/j.msec.2020.110636



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin
Russ. Chem. Rev., 2024, 93 (11) RCR5150

33 of 35

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

H.Peng, W.Ji, R.Zhao, Z.Lu, J.Yang, Y.Li, X.Zhang. RSC
Adv., 10, 45059 (2020); https://doi.org/10.1039/DORA09359A
S.Racovita, M.-A.Trofin, D.F.Loghin, M.-M.Zaharia,
F.Bucatariu, M.Mihai, S.Vasiliu. Int. J. Mech. Sci., 22, 9321
(2021); https://doi.org/10.3390/ijms22179321

S.Shehata, C.J.Serpell, S.C.G.Biagini. Mater. Today Commun.,
25, 101562 (2020);
https://doi.org/10.1016/j.mtcomm.2020.101562

P.Smyth, T.J.Gibson, G.Irvine, G.Black, D.Lavery,
M.Semsarilar, C.J.Scott, E.Themistou. Eur: Polym. J., 124,
109471 (2020);
https://doi.org/10.1016/j.eurpolymj.2019.109471
F.C.Kenechukwu, D.O.Nnamani, J.C.Duhu, B.U.Nmesirionye,
M.A.Momoh, P.A.Akpa, A.A.Attama. Heliyon, 8, ¢09099
(2022); https://doi.org/10.1016/j.heliyon.2022.¢09099
B.R.Jermy, M.Salahuddin, G.Tanimu, H.Dafalla, S.Almofty,
V.Ravinayagam. Pharmaceutics, 15, 593 (2023);
https://doi.org/10.3390/pharmaceutics 15020593

C.Reboredo, C.J.Gonzalez-Navarro, A.L.Martinez-Lopez,
JM.Irache. Int. J. Pharm., 628, 122255 (2022);
https://doi.org/10.1016/j.ijpharm.2022.122255

Y .Fang, J. Xue, S.Gao, A.Lu, D.Yang, H.Jiang, Y.He, K.Shi.
Drug Deliv., 24,22 (2017);
https://doi.org/10.1080/10717544.2017.1388451

F.Mastrotto, C.Brazzale, F.Bellato, S.De Martin, G.Grange,
M.Mahmoudzadeh, A.Magarkar, A.Bunker, S.Salmaso,
P.Caliceti. Mol. Pharmaceutics, 17, 472 (2020);
https://doi.org/10.1021/acs.molpharmaceut.9b00887
R.Tavano, L.Gabrielli, E.Lubian, C.Fedeli, S.Visentin,
P.Polverino De Laureto, G.Arrigoni, A.Geffner-Smith, F.Chen,
D.Simberg, G.Morgese, E.M.Benetti, L.Wu, S.M.Moghimi,
F.Mancin, E.Papini. ACS Nano, 12, 5834 (2018);
https://doi.org/10.1021/acsnano.8b01806

T.Ryujin, T.Shimizu, R.Miyahara, D.Asai, R.Shimazui,
T.Yoshikawa, A.Kishimura, T.Mori, T.Ishida, Y.Katayama.
Int. J. Pharm., 586, 119521 (2020);
https://doi.org/10.1016/j.ijpharm.2020.119521

L.Ji, Y.Du, M.Xu, X.Zhou, Z.Mo, J.Ma, J.Li, Y.Li, J.Lin,
Y.Wang, J.Yang, W.Song, H.Jin, S.Pang, H.Liu, P.Li, J.Liu,
M.Yao, W.Li, X.Jiang, F.Shen, H.Geng, H.Zhou, J.Ran,
M.Lei, Y.Du, S.Ye, Q.Guan, W.Lv, H.Tan, T.Chen, J.Yang,
G.Qin, S.Li, L.Chen. Diabetologia, 64, 1066 (2021);
https://doi.org/10.1007/s00125-021-05392-9

Y.Gao, M.Joshi, Z.Zhao, S.Mitragotri. Bioeng. Transla Med.,
9, 10600 (2024); https://doi.org/10.1002/btm2.10600

T.Ma, S.Huo, B.Xu, F.Li, P.Wang, Y.Liu, H.Lei. Eur. J. Med.
Chem., 203, 112496 (2020);
https://doi.org/10.1016/j.ejmech.2020.112496

S.Pinto, M.Hosseini, S.T.Buckley, W.Yin, J.Garousi,
T.Griéslund, S.Van Ijzendoorn, H.A.Santos, B.Sarmento.

J. Control. Release, 366, 621 (2024);
https://doi.org/10.1016/j.jconrel.2024.01.015

N.-T.Thi Nguyen, S.Jung, S.H.Lee, O.N.Bae, E.K.Lee.

J. Biotechnol., 306, 89 (2019);
https://doi.org/10.1016/j.jbiotec.2019.09.016

L.Wu, Y.Bai, L.Wang, X.Liu, R.Zhou, L.Li, R.-Wu, Z.Zhang,
X.Zhu, Y.Huang. J. Control. Release, 323, 151 (2020);
https://doi.org/10.1016/j.jconrel.2020.04.013

J.He, R.Ding, Y.Tao, Z.Zhao, R.Yuan, H.Zhang, A.Wang,
K.Sun, Y.Li, Y.Shi. Drug Deliv., 30, 2181744 (2023);
https://doi.org/10.1080/10717544.2023.2181744

D.Y.Joh, Z.Zimmers, M.Avlani, J].T.Heggestad, H.B.Aydin,
N.Ganson, S.Kumar, C.M.Fontes, R.K.Achar, M.S.Hershfield,
A .M.Hucknall, A.Chilkoti. Adv. Healthcare Mater., 8, 1801177
(2019); https://doi.org/10.1002/adhm.201801177

1.Ozer, A.Slezak, P.Sirohi, X.Li, N.Zakharov, Y.Yao,
J.L.Everitt, I.Spasojevic, S.L.Craig, J.H.Collier, J.E.Campbell,
D.A.D’Alessio, A.Chilkoti. Biomaterials, 294, (2023);
https://doi.org/10.1016/j.biomaterials.2022.121985
A.Deljavan Ghodrati, T.Comoglu. J. Fac. Pharm. Ankara, 48,
5 (2024); https://doi.org/10.33483/jfpau.1400920

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

C.S.A.De Lima, J.P.R.O.Varca, V.M.Alves, K.M.Nogueira,
C.P.C.Cruz, M.I.Rial-Hermida, S.S.Kadlubowski,
G.H.C.Varca, A.B.Lugdo. Gels, 8, 587 (2022);
https://doi.org/10.3390/gels8090587

S.Sajeesh, C.Sharma, C.Vauthier. In Nanotechnology and
Nanomedicine in Diabetes. (Eds L.-A.Le, R.Hunter,
V.Preedy). (Boca Raton, FL: CRC Press, 2012). P. 165;
https://doi.org/10.1201/b11775-13

V.L.N.Murty, J.Sarosiek, A.Slomiany, B.L.Slomiany.
Biochem. Biophys. Res. Commun., 121, 521 (1984);
https://doi.org/10.1016/0006-291X(84)90213-4
M.R.Jiménez-castellanos, H.Zia, C.T.Rhodes. Drug Dev.

Ind. Pharm., 19, 143 (1993);
https://doi.org/10.3109/03639049309038765

J.Smart. Adv. Drug Deliv. Rev., 57, 1556 (2005);
https://doi.org/10.1016/j.addr.2005.07.001

M.K.Amin, J.S.Boateng. J. Pharm. Sci., 109, 2271 (2020);
https://doi.org/10.1016/j.xphs.2020.03.021

K.Kaneko, E.N.Miyaji, V.M.Gongalves, D.M.Ferreira,
C.Solérzano, R.MacLoughlin, I.Saleem. /nt. J. Pharm., 599,
120407 (2021); https://doi.org/10.1016/j.ijpharm.2021.120407
S.Shawky, S.Makled, A.Awaad, N.Boraie. Pharmaceutics, 14,
2527 (2022); https://doi.org/10.3390/pharmaceutics 14112527
B.Shagdarova, M.Konovalova, V.Varlamov,
E.Svirshchevskaya. Polymers, 15, 3967 (2023);
https://doi.org/10.3390/polym15193967

J.Dong, X.Chen, Ya.Li, M.Luan, X.Yang, H.Chen, M.Koosha,
Yu.Zhai, R.F.Fakhrullin. Russ. Chem. Rev., 93 (5), RCR5120
(2024); https://doi.org/10.59761/RCR5120

Z.Chen, S.Han, X.Yang, L.Xu, H.Qi, G.Hao, J.Cao, Y.Liang,
Q.Ma, G.Zhang, Y.Sun. Int. J. Nanomed., 15, 4877 (2020);
https://doi.org/10.2147/1IN.S251627

A.Alalaiwe, P.Carpinone, S.Alshahrani, B.Alsulays, M.Ansari,
M.Anwer, S.Alshehri, A.Alshetaili. Saudi Pharm. J., 27, 171
(2019); https://doi.org/10.1016/].jsps.2018.09.011
K.Sampathkumar, S.C.J.Loo. Macromol. Biosci., 18, 1700363
(2018); https://doi.org/10.1002/mabi.201700363

N.J.Hunt, G.P.Lockwood, S.J.Heffernan, J.Daymond, M.Ngu,
R.K.Narayanan, L.J.Westwood, B.Mohanty, L.Esser,
C.C.Williams, Z Kuncic, P.A.G.McCourt, D.G.Le Couteur,
V.C.Cogger. Nat. Nanotechnol., 19, 534 (2024);
https://doi.org/10.1038/s41565-023-01565-2

M.Amaral, A.S.Martins, J.Catarino, P.Faisca, P.Kumar,
J.F.Pinto, R.Pinto, I.Correia, L.Ascensao, R.A.Afonso,
M.M.Gaspar, A.J.Charmier, 1.V.Figueiredo, C.P.Reis.
Biomolecules, 10, 675 (2020);
https://doi.org/10.3390/biom10050675

C.Roy, A.Gandhi, S.Manna, S.Jana. Med. Nov. Technol.
Devices, 22, 100300 (2024);
https://doi.org/10.1016/j.medntd.2024.100300
M.E.Elmoghayer, N.M.Saleh, I.I. Abu Hashim. Drug Deliv.
Transl. Res., 14, 895 (2024);
https://doi.org/10.1007/s13346-023-01440-6

E.P.Rebitski, M.Darder, R.Carraro, P.Aranda, E.Ruiz-Hitzky.
New J. Chem., 44, 10102 (2020);
https://doi.org/10.1039/CINJ06433H

M.K.Amin, J.S.Boateng. Mar. Drugs, 20, 156 (2022);,
https://doi.org/10.3390/md20030156

V.A.Bhosale, V.Srivastava, B.Valamla, R.Yadav, S.B.Singh,
N.K.Mehra. Pharmaceutics, 14, 2802 (2022);
https://doi.org/10.3390/pharmaceutics 14122802

K.Dong, S.-J.Deng, B.-Y.He, Z.-Y.Guo, Z.-L.Guan, X.Leng,
R.-R.Ma, D.-Y.Wang, J.-F Xing, C.-Y.You. Drug Des. Dev.
Ther., 17, 191 (2023); https://doi.org/10.2147/DDDT.S390274
M.M.F.A.Baig, M.Abbas, M.Naveed, S.A.Kassim, G.J.Khan,
M.Sohail, S.Ullah, M.Hasnat, K.Shah, M.T.Ansari. J. Food
Drug Anal., 27, 805 (2019);
https://doi.org/10.1016/j.jfda.2019.03.004

C.Reboredo, C.J.Gonzalez-Navarro, A.L.Martinez-Lopez,
C.Martinez-Oharriz, B.Sarmento, J.M.Irache. Pharmaceutics,
14, 39 (2021); https://doi.org/10.3390/pharmaceutics 14010039



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin

34 of 35

Russ. Chem. Rev., 2024, 93 (11) RCR5150

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327.

L.Inchaurraga, A.L.Martinez-Lopez, M.Abdulkarim,
M.Gumbleton, G.Quincoces, I.Pefiuelas, N.Martin-Arbella,
JM.Irache. Int. J. Pharm.: X, 1, 100006 (2019);
https://doi.org/10.1016/j.ijpx.2019.100006

S.Wang, S.Meng, X.Zhou, Z.Gao, M.G.Piao. Pharmaceutics,
15, 820 (2023);

https://doi.org/10.3390/pharmaceutics 15030820

S.Bhujbal, A.K.Dash. A4APS PharmSciTech, 19, 2543 (2018);
https://doi.org/10.1208/s12249-018-1085-1

Y.Liu, S.Zeng, W.Ji, H.Yao, L.Lin, H.Cui, H.A.Santos, G.Pan.

Adv. Sci., 9, 2102466 (2022);
https://doi.org/10.1002/advs.202102466

X.Guo, J.Wang, J.Bu, H.Zhang, M.Arshad, A.Kanwal,
M.K.Majeed, W.-X.Chen, K.K.Saxena, X.Liu. ACS Omega, 9,
30071 (2024); https://doi.org/10.1021/acsomega.4c02540
A.A.Rempel, O.V.Ovchinnikov, I.A.Weinstein, S.V.Rempel,
Yu.V.Kuznetsova, A.V.Naumov, M.S.Smirnov, [.Yu.
Eremchev, A.S.Vokhmintsev, S.S.Savchenko. Russ. Chem.
Rev., 93, RCR5114 (2024); https://doi.org/10.59761/RCRS5114
M.Gazizadeh, G.Dehghan, J.Soleymani. RSC Adv., 12, 22255
(2022); https://doi.org/10.1039/D2RA02611B

Z.Li, T.Li, X.Wang, J.Ping, H.Peng. Talanta, 281, 126883
(2025); https://doi.org/10.1016/j.talanta.2024.126883

M.A .Komkova, A.S.Alexandrovich, A.A.Karyakin. Talanta,
267, 125219 (2024);
https://doi.org/10.1016/j.talanta.2023.125219

I.V.Antonova, A.l.Ivanov. Phys. Usp., 67, 487 (2024);
https://doi.org/10.3367/UFNe.2023.08.039541
A.Shanmugasundaram, K.Munirathinam, D.-W.Lee. Micro.
Nano Sys. Let., 12, 3 (2024);
https://doi.org/10.1186/s40486-023-00196-5

B.S.Kuleshov, E.G.Zavyalova, E.Yu.Poymanova,
A.A.Abramov, S.A.Ponomarenko, E.V.Agina. Russ. Chem.
Rev., 93, RCR5116 (2024); https://doi.org/10.59761/RCR5116
J.Zheng, R.Wang, Y.Wang. Biomed. Pharmacother., 171,
116206 (2024); https://doi.org/10.1016/j.biopha.2024.116206
D.Gognieva, M.Durzhinskaya, I.Vorobyeva, P.Chomakhidze,
A.Suvorov, N.Kuznetsova, A.Bektimirova, B.Al-Dwa,
M.Abdullaev, Y.Yusef, V.Pavlov, M.Budzinskaya, D.Sychev,
L.Moshetova, P.Kopylov. Curr. Diabetes Rev., 20,
€281123223916 (2024);
https://doi.org/10.2174/0115733998268034231101091236
J.Sun, J.Han, J.Dong, X.Zhai, R.Zhang. Int. J. Biol.
Macromol., 264, 130663 (2024);
https://doi.org/10.1016/j.ijbiomac.2024.130663
K.V.Savateev, A.A.Spasov, V.L.Rusinov. Russ. Chem. Rev.,
91 (6), RCR5041 (2022); https://doi.org/10.1070/RCR5041
H.Song, H.Ma, J.Shi, Y.Liu, C.Kan, N.Hou, J.Han, X.Sun,
H.Qiu. Int. J. Biol. Macromol., 243, 125148 (2023);
https://doi.org/10.1016/j.ijbiomac.2023.125148
A.O.Gavrilova, A.S.Severina, M.S.Shamhalova,
M.V.Shestakova. Diabetes Mellitus, 24, 461 (2022);
https://doi.org/10.14341/DM 12784

J.Kamml, C.Acevedo, D.S.Kammer. J. Mech. Behav. Biomed.
Mater., 148, 106198 (2023);
https://doi.org/10.1016/j.jmbbm.2023.106198

M.M Kalandiya, A.Yu.Tokmakova, G.R.Galstyan.

Probl. Endokrinol. (In Russ.), 67,4 (2021);
https://doi.org/10.14341/probl12778

M.Ghanbari, Y.Salkovskiy, M.A.Carlson. Life Sci., 351,
122783 (2024); https://doi.org/10.1016/j.1£s.2024.122783
D.Aljamal, P.S.Iyengar, T.T.Nguyen. Pharmaceutics, 16, 750
(2024); https://doi.org/10.3390/pharmaceutics 16060750
Z.Arabpour, F.Abedi, M.Salehi, S.M.Baharnoori,
M.Soleimani, A.R.Djalilian. Int. J. Mol. Sci., 25, 1982 (2024);
https://doi.org/10.3390/ijms25041982

M.Vargas Guerrero, F.M.A.Aendekerk, C.De Boer, J.Geurts,
J.Lucchesi, J.J.C.Arts. Int. J. Mol. Sci., 25, 1152 (2024);
https://doi.org/10.3390/ijms25021152

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344

345.

346.

347.

348.

349.

350.

351.

352.

L.Bonnici, S.Suleiman, P.Schembri-Wismayer, A.Cassar.

Int. J. Mol. Sci., 25, 50 (2023);
https://doi.org/10.3390/ijms25010050

J.Da Silva, E.C.Leal, E.Carvalho, E.A.Silva. Int. J. Mol. Sci.,
24, 9900 (2023); https://doi.org/10.3390/ijms24129900

K.Las Heras, I.Garcia-Orue, F.Rancan, M.Igartua, E.Santos-
Vizcaino, R M.Hernandez. Adv. Drug Deliv. Rev., 210, 115342
(2024); https://doi.org/10.1016/j.addr.2024.115342

R.Kamal, A.Awasthi, M.Pundir, S.Thakur. Eur. J. Pharmacol.,
975, 176645 (2024);
https://doi.org/10.1016/j.ejphar.2024.176645

G.Pandey, T.Kolipaka, D.A.Srinivasarao, N.Abraham,
V.Tickoo, D.K.Khatri, R.S.Raghuvanshi, S.Srivastava. J. Drug
Deliv. Sci. Technol., 96, 105665 (2024);
https://doi.org/10.1016/j.jddst.2024.105665

S.Hossain, L.-M.Nisbett, E.M.Boon. Acc. Chem. Res., 50,
1633 (2017); https://doi.org/10.1021/acs.accounts.7b00095
L.I.Faingold, Y.V.Soldatova, D.A.Poletaeva, E.N.Klimanova,
N.A.Sanina. Membranes, 13, 615 (2023);
https://doi.org/10.3390/membranes13070615

P.Bertsch, M.Diba, D.J.Mooney, S.C.G.Leeuwenburgh.
Chem. Rev., 123, 834 (2023);
https://doi.org/10.1021/acs.chemrev.2¢00179

A.Sharma, D.Dheer, V.Puri, A.Alsayari, S.Wahab,
P.Kesharwani. Int. J. Pharm., 656, 124099 (2024);
https://doi.org/10.1016/j.ijpharm.2024.124099

M.E.Astaneh, N.Fereydouni. /nt. J. Biol. Macromol., 253,
127607 (2023); https://doi.org/10.1016/j.ijbiomac.2023.127607
Z.Riaz, S.Baddi, C.-L.Feng. Supramol. Mater., 3, 100064
(2024); https://doi.org/10.1016/j.supmat.2024.100064

Z.Riaz, S.Baddi, F.Gao, C.-L.Feng. Eur. Polym. J., 206,
112778 (2024);
https://doi.org/10.1016/j.eurpolym]j.2024.112778

L.Gao, C.Xing, X.Dou, Y.Zou, C.Zhao, C.Feng.

Angew. Chem., Int. Ed., 61, €202211812 (2022);
https://doi.org/10.1002/anie.202211812

F.Bahavarnia, M.Hasanzadeh, P.Bahavarnia, N.Shadjou. RSC
Adv., 14, 13384 (2024); https://doi.org/10.1039/D4RA01370K
B.Zhao, Y.Ren, K.Zhang, Y.Dong, K.Wang, N.Zhang, J.Li,
M.Yuan, J.Wang, Q.Tu. Carbohydr. Polym., 342, 122396
(2024); https://doi.org/10.1016/j.carbpol.2024.122396
C.Cheng, H.Zhong, Y.Zhang, X.Gao, J.Wang, J.Liu, X.Han.
Int. J. Biol. Macromol., 210, 377 (2022);
https://doi.org/10.1016/j.ijbiomac.2022.05.008

D.Gou, P.Qiu, F.Hong, Y.Wang, P.Ren, X.Cheng, L.Wang,
T.Liu, J.Liu, J.Zhao. Int. J. Biol. Macromol., 274, 132917
(2024); https://doi.org/10.1016/j.ijbiomac.2024.132917
B.Nikolaev, L.Yakovleva, V.Fedorov, H.Li, H.Gao,
M.Shevtsov. Pharmaceutics, 15, 1989 (2023);
https://doi.org/10.3390/pharmaceutics 15071989

Y .Xue, Y.Zhang, Y.Zhong, S.Du, X.Hou, W.Li, H.Li, S.Wang,
C.Wang, J.Yan, D.D.Kang, B.Deng, D.W.McComb,
D.J.Irvine, R.Weiss, Y.Dong. Nat. Commun., 15, 739 (2024);
https://doi.org/10.1038/s41467-024-45094-5

Q.Huang, Z.Chu, Z.Wang, Q.Li, S.Meng, Y.Lu, K.Ma, S.Cui,
W.Hu, W.Zhang, Q.Wei, Y.Qu, H.Li, X.Fu, C.Zhang.

Nat. Commun., 15, 3904 (2024);
https://doi.org/10.1038/s41467-024-48284-3

S.S.Raghav, B.Kumar, N.K.Sethiya, M.Singhal, A.Alhowyan,
M.A Kalam, A.Malik. J. Drug Deliv. Sci. Technol., 98, 105927
(2024); https://doi.org/10.1016/j.jddst.2024.105927

H.Kinali, G.D.Kalaycioglu, O.Boyacioglu, P.Korkusuz,
N.Aydogan, I.Vargel. Int. J. Biol. Macromol., 276, 133661
(2024); https://doi.org/10.1016/j.ijbiomac.2024.133661
R.Miallot, V.Millet, F.Galland, P.Naquet. Eur. J. Immunol., 53,
2350435 (2023); https://doi.org/10.1002/€ji.202350435
P.Khaloo Kermani, A.Zargar Kharazi. J. Polym. Environ., 31,
2504 (2023); https://doi.org/10.1007/s10924-022-02715-8
I.Herrmann, E.Supriyanto, S.K.Jaganathan, A.Manikandan.
Bull. Mater. Sci., 41, 18 (2018);
https://doi.org/10.1007/s12034-017-1543-5



L.A.Vasileva, G.A.Gaynanova, E.A.Romanova, K.A.Petrov, C.Feng, L.Ya.Zakharova, O.G.Sinyashin
Russ. Chem. Rev., 2024, 93 (11) RCR5150

35 0f 35

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

S.Huth, L.Huth, Y.Marquardt, M.Cheremkhina, R.Heise,
J.M.Baron. Lasers Med. Sci., 37, 887 (2022);
https://doi.org/10.1007/s10103-021-03328-8

Y.H.El-Hayek, R.E.Wiley, C.P.Khoury, R.P.Daya, C.Ballard,
A .R.Evans, M.Karran, J.L.Molinuevo, M.Norton, A.Atri.

J. Alzheimer's Dis., 70, 323 (2019);
https://doi.org/10.3233/JAD-190426

M.Nasb, W.Tao, N.Chen. Aging Dis., 15, 43 (2024);
https://doi.org/10.14336/AD.2023.0608

J.A.Santiago, J.A.Potashkin. Front. Aging Neurosci., 13,
631770 (2021); https://doi.org/10.3389/fnagi.2021.631770
S.Magaki, W.H.Yong, N.Khanlou, S.Tung, H.V.Vinters.

J. Am. Geriatr. Soc., 62, 1722 (2014);
https://doi.org/10.1111/jgs.12977

L.S.S.Ferreira, C.S.Fernandes, M.N.N.Vieira, F.G.De Felice.
Front. Neurosci., 12, 830 (2018);
https://doi.org/10.3389/fnins.2018.00830

L.D.Baker, D.J.Cross, S.Minoshima, D.Belongia, G.S.Watson,
S.Craft. Arch. Neurol., 68, (2011);
https://doi.org/10.1001/archneurol.2010.225

T.Matsuzaki, K.Sasaki, Y.Tanizaki, J.Hata, K.Fujimi,

Y .Matsui, A.Sekita, S.0.Suzuki, S.Kanba, Y.Kiyohara,
T.Iwaki. Neurology, 75, 764 (2010);
https://doi.org/10.1212/WNL.0b013e3181eee25f

S.De Santi, M.J.De Leon, H.Rusinek, A.Convit, C.Y.Tarshish,
A.Roche, W.H.Tsui, E.Kandil, M.Boppana, K.Daisley,
G.J.Wang, D.Schlyer, J.Fowler. Neurobiol. Aging, 22, 529
(2001); https://doi.org/10.1016/S0197-4580(01)00230-5
R.P.Friedland, W.J.Jagust, R.H.Huesman, E.Koss, B.Knittel,
C.A.Mathis, B.A.Ober, B.M.Mazoyer, T.F.Budinger.
Neurology, 39, 1427 (1989);
https://doi.org/10.1212/WNL.39.11.1427

W.J.Jagust, J.P.Seab, R.H.Huesman, P.E.Valk, C.A.Mathis,
B.R.Reed, P.G.Coxson, T.F.Budinger. J. Cereb. Blood Flow
Metab., 11, 323 (1991); https://doi.org/10.1038/jcbfm.1991.65
H.Koepsell. Pflugers Arch. Eur. J. Physiol., 472, 1299 (2020);
https://doi.org/10.1007/s00424-020-02441-x

W.J.Jagust, M.N.Haan, J.L.Eberling, N.Wolfe, B.R.Reed.

J. Neuroimaging, 6, 156 (1996);
https://doi.org/10.1111/jon199663156

I.A.Simpson, K.R.Chundu, T.Davies-Hill, W.G.Honer,
P.Davies. Ann. Neurol., 35, 546 (1994);,
https://doi.org/10.1002/ana.410350507

D.Kellar, S.Craft. Lancet Neurol., 19, 758 (2020);
https://doi.org/10.1016/S1474-4422(20)30231-3
J.Berlanga-Acosta, G.Guillén-Nieto, N.Rodriguez-Rodriguez,
M.L.Bringas-Vega, D.Garcia-del-Barco-Herrera,
J.0.Berlanga-Saez, A.Garcia-Ojalvo, M.J.Valdés-Sosa,
P.A.Valdés-Sosa. Front. Endocrinol., 11, 560375 (2020);
https://doi.org/10.3389/fendo.2020.560375

M. Albaik, D.Sheikh Saleh, D.Kauther, H. Mohammed,
S.Alfarra, A.Alghamdi, N.Ghaboura, [.A.Sindi. Front. Cell
Dev. Biol., 12, 1344039 (2024);
https://doi.org/10.3389/fcell.2024.1344039

F.L.Heppner, R.M.Ransohoff, B.Becher. Nat. Rev. Neurosci.,
16, 358 (2015); https://doi.org/10.1038/nrn3880

J.W Kinney, S.M.Bemiller, A.S.Murtishaw, A.M.Leisgang,
A.M.Salazar, B.T.Lamb. Alzheimers Dement.: Transl. Res.
Clin. Interv., 4, 575 (2018);
https://doi.org/10.1016/j.trci.2018.06.014

E.A Newcombe, J.Camats-Perna, M.L.Silva, N.Valmas,
T.J.Huat, R.Medeiros. J. Neuroinflammation, 15, 276 (2018);
https://doi.org/10.1186/s12974-018-1313-3

S.E.Hickman, E.K.Allison, J.El Khoury. J. Neurosci., 28, 8354
(2008); https://doi.org/10.1523/INEUROSCI.0616-08.2008
W.A Banks, A.J.Kastin, R.D.Broadwell.
Neuroimmunomodulation, 2, 241 (1995);
https://doi.org/10.1159/000097202

T.L.Davidson, A.Monnot, A.U.Neal, A.A .Martin, J.J.Horton,
W.Zheng. Physiol. Behav., 107, 26 (2012);
https://doi.org/10.1016/j.physbeh.2012.05.015

376.

3717.

378.

Z.Tucsek, P.Toth, D.Sosnowska, T.Gautam, M.Mitschelen,
A.Koller, G.Szalai, W.E.Sonntag, Z.Ungvari, A.Csiszar.

J. Gerontol. — Biol. Sci. Med. Sci., 69, 1212 (2014);
https://doi.org/10.1093/gerona/glt177

A.O.Shpakov, I.I1.Zorina, K.V.Derkach. Int. J. Mol. Sci., 24,
3278 (2023); https://doi.org/10.3390/ijms24043278
Z.Shao, T.Yin, J.Jiang, Y.He, T.Xiang, S.Zhou.

Bioactive Materials, 20, 561 (2023);
https://doi.org/10.1016/j.bioactmat.2022.06.018



	1. Introduction
	2. Medicines for the treatment of type 1and type 2 diabetes mellitus
	2.1. Type 1 diabetes mellitus: insulin delivery methods
	2.1.1. Intranasal insulin delivery
	2.1.2. Transdermal insulin delivery

	2.2. Type 2 diabetes mellitus:drugs and administration routes

	3. Supramolecular strategiesfor the construction and modificationof nanocontainers for diabetes therapy
	3.1. Lipid formulations: from classical liposomesto noncovalently modified vesicular nanosystems
	3.1.1. Application of surfactants for creationand modification of nanocontainers
	3.1.1.1. Bilosomes
	3.1.1.2. Niosomes
	3.1.1.3. Transfersomes and transethosomes

	3.1.2. SLN, NLC, NE
	3.1.2.1. Solid lipid nanoparticles
	3.1.2.2. Nanostructured lipid carriers
	3.1.2.3. Nanoemulsions


	3.2. Application of polymers for creationand modification of nanocontainers
	3.2.1. New generation stealth nanoparticles
	3.2.2. Mucoadhesive polymer nanocontainer creating strategy

	3.3. Materials and devices for diagnostics, visualization and monitoring of diabetes mellitus

	4. Nanomaterials to treat complicationsof diabetes mellitus
	4.1. Current strategies and nanomaterials usedfor diabetic wound healing
	4.2. Diabetes mellitus as a risk factorfor Alzheimer’s disease

	5. Conclusion
	6. List of abbreviations
	7. References



