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GLP-1 and its synthetic analogs have emerged as significant therapeutic agents for the management of metabolic disorders,
merging glycemic control with weight loss through innovative structural and delivery breakthroughs. This review provides a
meticulous exploration of GLP-1, elucidating its origin, secretion, and the challenges associated with its clinical application due to
its fragility in the presence of DPP-IV, resulting in a short half-life. To overcome this limitation, various modifications and delivery
strategies to enhance the pharmacokinetic properties and therapeutic efficacy of GLP-1 analogs have been studied. The review
delves into the intricacies of different modification approaches, including N and C-terminal modifications, Fatty acid Side chain
Modifications, and Large Molecule Conjugation Modifications, highlighting their rationale and resulting improvements in half-life,
stability, receptor binding, and bioactivity. Additionally, the importance of optimized delivery strategies to ensure sustained and
controlled release of GLP-1 analogs is discussed. The culmination of these scientific advancements provides valuable insights for
the development of more effective treatments for metabolic disorders, ultimately paving the way for improved patient outcomes in
the realm of metabolic health.
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INTRODUCTION
Diabetes is a chronic metabolic disorder involving hyperglycemia
and is characterized by defects in insulin secretion, insulin action, or
both. If undiagnosed, diabetes can cause cardiovascular diseases,
neuropathy (nerve damage), nephropathy (kidney damage),
retinopathy (eye disorders), and even lower-limb amputation [1].
Diabetes has reached epidemic proportions globally, with an
estimated 537 million adults affected in 2021. In the United States,
the Centers for Disease Control and Prevention (CDC) reports that
over 38.4 million individuals, approximately 11.6% of the popula-
tion, are currently living with diabetes [2].
There are two types of diabetes: type 1 and type 2. Type 1 is an

autoimmune disease in which insulin-producing β-cells are
attacked by the host’s immune system, and is thought to be
caused by a combination of viral infection, an environmental
trigger, or gene malfunction [3, 4]. Type 1 diabetes mellitus
(T1DM) patients typically need insulin injections for survival.
Moreover, individuals with diabetes require continuous monitor-
ing to prevent acute complications such as hypoglycemia and
diabetic ketoacidosis. Type 2 diabetes mellitus (T2DM) is the
predominant form, accounting for over 90% of all diabetes cases
globally. It is characterized by insulin resistance, wherein
peripheral tissues exhibit a diminished response to insulin,
eventually resulting in impaired insulin utilization and relative
insulin deficiency [3].
The current therapeutic paradigm for diabetes management

entails a comprehensive, multi-modal strategy encompassing
both lifestyle and pharmacological interventions. Foundational

components include structured dietary modifications, regular
physical activity, and weight management. Pharmacological
treatment typically begins with non-insulin antihyperglycemic
agents, either as monotherapy or in combination. These agents
include thiazolidinediones (PPAR-γ agonists), dipeptidyl
peptidase-4 (DPP-4) inhibitors, sulfonylureas, sodium-glucose co-
transporter 2 (SGLT2) inhibitors, α-glucosidase inhibitors, and
glucagon-like peptide-1 (GLP-1) receptor agonists. Insulin therapy,
delivered via subcutaneous (SC) injections or continuous sub-
cutaneous insulin infusion (CSII) systems, remains indispensable,
particularly in individuals with T1DM and those with progressive
or inadequately controlled T2DM.
GLP-1 and its analogs have emerged as significant therapeutic

agents for managing metabolic disorders. GLP-1 is an endogenous
incretin hormone produced by pancreatic L-cells through the
proteolytic breakdown of the preproglucagon molecule. This
breakdown generates two forms of GLP-1; a biologically active
form GLP-1-(7–36) amide and an inactive form GLP-1-(1-37). The
inactive form is considered a “precursor” as it gets converted into
an active peptide GLP-1 (7-37) by cleaving a single arginine
residue (Fig. 1) [5, 6]. Due to its insulinotropic action (stimulates
insulin secretion), GLP-1-based treatments effectively prevent
postprandial hyperglycemia (post-meal glucose spikes) in patients
with T2DM. Additionally, its ability to suppress appetite con-
tributes to weight loss and therefore offers synergistic benefits for
managing T2DM.
However, despite these advantages, the clinical use of native

GLP-1 is significantly limited by its short plasma half-life (1–2min),
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owing to rapid enzymatic degradation by DPP-4 and renal
clearance. These challenges necessitate frequent dosing or the
use of modified analogs and innovative delivery systems to
sustain therapeutic concentrations. The therapeutic potential of
GLP-1 and its analogs extends beyond glycemic control and
obesity management. Emerging evidence suggests their neuro-
protective effects in neurodegenerative disorders, particularly
Alzheimer’s disease, as well as potential anti-tumor properties in
various malignancies [7].

SCOPE
This review explores GLP-1 receptor agonists as an emerging
therapeutic trend in the management of diabetes. Despite their
significant clinical potential, they are associated with certain
limitations, including suboptimal pharmacokinetics and patient
adherence challenges, necessitating the development of
advanced drug delivery systems to optimize efficacy and improve
compliance. Various chemical modifications, formulation techni-
ques, and innovative approaches are being explored in an attempt
to alleviate these limitations. This review seeks to provide a
comprehensive analysis of these developments in GLP-1 formula-
tion and delivery systems, along with insights into how these
modifications enhance the efficacy and utility of GLP-1-based
therapies.

GLP-1
Origin
Initially, it was hypothesized that GLP-1 was derived from
proglucagon, a 158-amino-acid precursor, specifically from the
N-terminal region of the major proglucagon fragment (MPGF).

However, subsequent studies identified endogenous GLP-1 as
corresponding to the proglucagon fragment spanning amino
acids 78 to 107. Proglucagon, a precursor polypeptide, undergoes
tissue-specific post-translational processing to yield various
biologically active peptides in the pancreas and the gut/brain. In
pancreatic cells, proglucagon is cleaved to produce glucagon,
glicentin-related pancreatic polypeptide (GRPP), intervening
peptide-1 (IP-1), and the major proglucagon fragment (MPGF),
constituting GLP-1, IP-2, and GLP-2. In contrast, in intestinal cells
and certain brain regions, prohormone convertase 1/3 (PC1/3)
processes proglucagon to generate GLP-1, intervening peptide-2
(IP-2), and GLP-2. The hormones produced by the enzymatic
processing of proglucagon then play essential roles in glucose
metabolism and homeostasis [8, 9]. Figure 1 shows a schematic
representation of the origin of GLP-1 via proglucagon.

Receptor binding and mechanism of action
The main signaling mechanism of GLP-1 is the activation of
adenylate cyclase via the Gαs subunit, leading to increased
production of cyclic AMP [6, 10]. This elevated cyclic AMP activates
protein kinase A (PKA) and Epac2 pathways to potentiate glucose-
dependent insulin secretion and insulin exocytosis, respectively
[6]. Moreover, GLP-1 triggers a change in conformation of its
receptor, leading to the activation of a Gs protein and the
production of secondary messengers. Alanine scanning studies
have identified specific amino acids, including His7, Gly10, Phe12,
Thr13, Asp15, Phe28, and Ile29, that play crucial roles in receptor
binding and activation. Substituting these amino acids with
alanine resulted in a significant decrease in binding affinity and
cAMP production. The N-terminal region of GLP-1 is considered
critical for receptor activation, whereas the C-terminal region
predominantly facilitates receptor binding. Figure 2 presents a

Fig. 1 Origin of GLP-1, obtained from Li et al. 2021 [126], under the Creative Commons Attribution License (CC BY) License. A figure
illustrating the intricate relationship between the synthesis, processing, and tissue-specific physiological handling of glucagon precursors. The
preproglucagon gene encodes proglucagon, which undergoes tissue-dependent post-translational processing. In the intestinal and neural
tissues, prohormone convertase PCSK1/3 mediates the cleavage of proglucagon, producing glicentin-related pancreatic polypeptide (GRPP),
oxyntomodulin (OXM), glucagon-like peptide-1 (GLP-1), intervening peptide-2 (IP-2), and glucagon-like peptide-2 (GLP-2). Conversely, in
pancreatic islet α-cells, PCSK2 serves as the primary processing enzyme, generating glucagon, GRPP, intervening peptide-1 (IP-1), and a
distinct proglucagon fragment.
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schematic flowchart illustrating the sequential steps involved in
the mechanism of GLP-1 action.

Metabolism
GLP-1 gets rapidly metabolized in the circulation by dipeptidyl
peptidase-4 (DPP-IV), resulting in a short plasma half-life of
approximately 2 min [11]. DPP-IV cleaves GLP-1 at the peptide

bond between Ala8-Glu9 (Fig. 3), generating the resultant
metabolite, GLP-1(9-36)-NH2. This metabolite exhibits markedly
reduced binding affinity and agonistic activity, with over a 100-
fold lower than that of the intact peptide (Fig. 3). Consequently,
only about 10–20% of total plasma GLP-1 remains in its
biologically active form, with the majority rapidly inactivated by
DPP-IV [12].

Fig. 2 Mechanism of action of GLP-1. This figure delineates the molecular signaling mechanism activated by glucagon-like peptide-1 (GLP-1)
in pancreatic β cells. Binding of GLP-1 to its receptor initiates G-protein activation, leading to stimulation of adenylyl cyclase and subsequent
elevation of intracellular cyclic AMP (cAMP) levels. Increased cAMP activates protein kinase A (PKA), which, alongside CaMKIV, phosphorylates
CREB to promote insulin gene transcription. Simultaneously, PKA triggers membrane depolarization and opens voltage-gated Ca²⁺ channels,
elevating cytosolic Ca²⁺ concentrations. The rise in Ca²⁺ is a critical signal that facilitates exocytosis of insulin granules, coupling GLP-1 receptor
activation to enhanced insulin secretion and synthesis.

Fig. 3 Native GLP-1 (7-37) cleaved by DPP-IV. This image shows how DPP-4 cleaves active GLP-1 (left), rapidly converting it into an inactive
form (right), thereby reducing its ability to stimulate insulin secretion.
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GLP-1 RECEPTOR AGONISTS (GLP-1 RAS)
GLP-1 receptor agonists, known as GLP-1 analogs, are structurally
modified incretin mimetics that are specifically engineered to
address and overcome the pharmacokinetic limitations of native
GLP-1. Current formulations of GLP-1 analogs rely primarily on
subcutaneous injections, which may pose challenges to patient
convenience and long-term adherence. Figure 4 presents a flow
chart outlining the currently available GLP-1 receptor agonists.

N and C terminal Modifications
Exenatide. Exendin-4 is a 39-amino acid peptide sourced from
the venom of the Heloderma lizard, boasting a 53% homology
with native human GLP-1 (Fig. 5A). It effectively evades DPP-IV
inactivation by substituting alanine with glycine in the 8th
position. Exenatide, a synthetic variant of exendin-4, incorporates
strategic modifications that substitute asparagine (Asn) at the
C-terminal with aspartic acid (Asp) and swap alanine (Ala) at the
8th position with glycine (Gly). These enhancements significantly
bolster resistance to enzymatic degradation, leading to a half-life
of 2–3 h (Fig. 5B). The difference between Exendin-4 and
Exenatide lies primarily in the replacement of Ala with Valine
(Val) at the 19th position and Asn with aspartic acid at the 28th
position in Exendin-4. These critical modifications confer a slightly
higher affinity to the GLP-1 receptor for both peptides, enabling
lower concentrations to achieve equivalent receptor occupancy
compared to native GLP-1 [13].

Lixisenatide. Lixisenatide (Fig. 5C) is a GLP-1 receptor agonist that
is based on the structure of exendin-4. It was developed by Sanofi
Aventis under a license from Zealand Pharma. This peptide
consists of 44 amino acids, featuring a modified C-terminus that
includes the addition of six Lysine (Lys) residues and the removal
of one Proline (Pro) residue. This structural modification enhances

lixisenatide’s resistance to physiological degradation by DPP-IV,
resulting in a half-life of approximately 2–4 h. Additionally, its
binding affinity is four times greater than that of native human
GLP-1, which supports the formulation of a convenient once-a-day
dosage regimen [14, 15].

Taspoglutide. GLP-1 analogs can be effectively modified by
incorporating alpha-aminoisobutyric acid (Aib) in place of Ala at
the 8th position and Gly at the 35th position (Fig. 5D). Aib mimics
the structure of d-amino acids, which considerably increases
resistance against protease enzymes such as DPP-IV, leading to an
extended half-life of up to 5 days. Moreover, Aib significantly
promotes the formation of alpha helices within the peptide
structure, which enhances the molecule’s enzymatic stability and
potency without significantly altering the structural integrity of
the native peptide [16].

Fatty acid side chain modifications
Liraglutide. The conjugation of a fatty acid chain to GLP-1
analogs significantly enhances their binding affinity to human
serum albumin, thereby generating long-acting peptide formula-
tions with improved pharmacokinetic profiles. This structural
modification strategy has been pivotal in the development of GLP-
1 receptor agonists with extended plasma half-lives [17].
The prolonged half-life of GLP-1 analogs is achieved through

several mechanisms, such as delayed absorption from the
subcutaneous injection site, albumin binding, which shields the
molecule from enzymatic degradation by DPP-4, and reduced
renal clearance. Liraglutide exemplifies this approach through
specific molecular modifications. It features a C16 palmitic acid
moiety conjugated to the Lys residue at the 26th position through
a Glu residue. Additionally, the Ala at the 8th position is
substituted with Gly, and the Arg at the 34th position is replaced

Fig. 4 GLP-1 RAs with the modifications in their structure and their advantages. This table shows how modifying GLP-1 receptor agonists,
by modulating terminal amino acids, adding fatty acid chains, or attaching large molecules, often extend their activity. These alterations aid
the drug to last longer in the body and resist breakdown, making treatment more convenient and effective. Examples include drugs such as
exenatide, liraglutide, and dulaglutide, each using a different modification strategy.
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by Lys (Fig. 5E). These alterations preserve approximately 97%
sequence homology with native human GLP-1 [18].
In systemic circulation, only about 1–2% of liraglutide exists in

the unbound (free) form, while the remainder is reversibly bound
to albumin, effectively serving as a depot that enables sustained
pharmacological action. The resulting elimination half-life of
approximately 13 h supports a once-daily dosing regimen [19].

Semaglutide. Building upon the pharmacological success of
liraglutide, Novo Nordisk developed semaglutide with strategic
structural modifications to enhance its pharmacokinetic profile.
Like liraglutide, semaglutide incorporates an Aib substitution at
the 8th position in place of Ala, which confers resistance to
enzymatic degradation by DPP-4. Additionally, Arg at the 34th
position is replaced with Lys to accommodate site-specific
acylation. A key differentiating feature is the attachment of a
C18 fatty acid via a spacer to Lys at the 26th position, facilitating
strong binding to albumin and thereby significantly prolonging
plasma half-life. These structural refinements result in a half-life of
approximately 160 h, enabling once-weekly subcutaneous admin-
istration while maintaining effective glycemic control (Fig. 5F) [19].

Tirzepatide. Tirzepatide is a novel, synthetic peptide engineered
to achieve dual agonism of both the glucose-dependent
insulinotropic polypeptide (GIP) receptor and GLP-1. This 39-
amino-acid molecule incorporates structural elements derived
from both native GIP and GLP-1, with targeted amino acid
substitutions that optimize receptor binding and functional
activity. Tirzepatide exhibits C-terminal homology to exenatide
and is conjugated to a C20 fatty diacid moiety via a Lys-linked
hydrophilic spacer, a modification strategy similar to that
employed in semaglutide [20]. These modifications confer an
extended elimination half-life of approximately 116.7 h, facilitating
once-weekly dosing. Furthermore, tirzepatide demonstrates
enhanced affinity for GLP-1R relative to native GLP-1, while
simultaneously engaging the GIP receptor, thereby amplifying its
therapeutic efficacy in glycemic control and weight reduction (Fig.
5G).
Tirzepatide’s mechanism of action combines the effects of two

incretin hormones: GIP and GLP-1. Chronic hyperglycemia in
diabetes downregulates GIP receptor (GIPR) expression and
impairs GIP-mediated insulin secretion [21], rendering high-
doses of GIP infusions ineffective [22]. Tirzepatide addresses the

Fig. 5 A GLP-1, B Exenatide, C Lixisenatide, D Taspoglutide | E Liraglutide, F Semaglutide, G Tirzepatide | H Dulaglutide, I Albiglutide,
J Efpeglenatide.
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limitations of standalone GIP therapy in diabetes by combining
GIPR and GLP-1 receptor (GLP-1R) agonism, leveraging their
complementary mechanisms [23]. Its GLP-1 activity reduces blood
glucose levels, creating an environment that restores GIPR
sensitivity [24].
Tirzepatide exerts its therapeutic effects through dual agonism

of two key incretin receptors: the GIPR and the GLP-1R. In
individuals with T2DM, chronic hyperglycemia is known to
downregulate GIPR expression and impair GIP-stimulated insuli-
notropic activity, thereby limiting the efficacy of GIP monotherapy
[21]. Consequently, even high-dose GIP infusions have demon-
strated minimal glucose-lowering effects in this population [22].
Tirzepatide overcomes these limitations by simultaneously acti-
vating both GIPR and GLP-1R, thereby harnessing their comple-
mentary mechanisms of action [25]. In parallel, the reduction in
glycemic burden induced by GLP-1 activity creates a metabolic
milieu that may restore GIPR sensitivity and functionality. This
synergistic interaction enhances overall insulinotropic and glucor-
egulatory efficacy, positioning tirzepatide as a first-in-class dual
incretin receptor agonist with superior metabolic outcomes.

Large molecule conjugation modification
Dulaglutide. Dulaglutide is a long-acting GLP-1 receptor agonist
that employs Fc-fusion protein technology to achieve prolonged
systemic exposure. The molecule consists of a modified GLP-1
analog, containing three key amino acid substitutions: Ala8→Gly,
Gly22→Glu, and Arg36→Gly, covalently fused to the Fc (constant)
region of human immunoglobulin G subclass 4 (IgG4) (Fig. 5H)

[26]. This Fc domain serves a dual function: it sterically hinders
access to DPP-4, thereby protecting the GLP-1 moiety from
enzymatic degradation, and it engages the neonatal Fc receptor
(FcRn), facilitating receptor-mediated recycling and preventing
lysosomal degradation following cellular uptake.
Eli Lilly’s application of Fc-fusion technology in dulaglutide has

significantly enhanced both the pharmacokinetic and pharmaco-
dynamic properties of the peptide. This innovation results in an
elimination half-life of approximately 90 h (~4 days), supporting a
once-weekly SC dosing regimen. Clinical trials have demonstrated
that weekly dulaglutide administration provides glycemic control
comparable to once-daily liraglutide, while offering improved
adherence and patient convenience.

Albiglutide. Albiglutide achieves extended systemic activity
through genetic fusion with human serum albumin (HSA), a
strategy distinct from the fatty acid-based albumin binding used
in agents like liraglutide and semaglutide. Unlike these analogs,
which bind reversibly to albumin via lipid side chains, albiglutide
consists of two tandem GLP-1 (7–36) analog sequences covalently
fused to a single HSA molecule in a defined molecular
configuration (Fig. 5I). This design ensures spatial separation of
the GLP-1 N-terminus from the albumin moiety, preserving
receptor-binding capacity and maintaining full biological activity.
In addition to its HSA-mediated pharmacokinetic extension,

albiglutide exhibits enhanced stability against enzymatic degrada-
tion by DPP-4. This is conferred by a targeted amino acid
substitution at the 8th position, replacing alanine with glutamic

Fig. 6 Different formulation strategies used for delivering GLP-1 analogs. This figure highlights various drug delivery technologies, from
microneedles to oral tablets, each engineered to tailor the drug delivery and release profiles.
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acid, a modification also found in exenatide-based GLP-1
therapies. The combination of structural resistance to DPP-4 and
prolonged half-life via HSA fusion allows for once-weekly
administration, positioning albiglutide as a viable and efficacious
GLP-1 receptor agonist for long-term glycemic control [14].

Efpeglenatide. Efpeglenatide is a novel, long-acting GLP-1
receptor agonist developed by Hanmi Pharmaceuticals (South
Korea) utilizing the proprietary LAPSCOVERY™ (Long-Acting
Protein/Peptide Discovery) technology platform. This technology
enables extended pharmacological activity through the site-
specific conjugation of a cysteine-albumin–conjugated Exendin-4
analog (CA-Exendin-4) to the Fc fragment of human immunoglo-
bulin G subclass 4 (IgG4), linked via a flexible peptide spacer (Fig.
5J) [27]. The flexible linker ensures spatial separation between the
Fc region and the GLP-1 receptor–binding domain, preserving
receptor accessibility and bioactivity.
The Fc domain not only provides steric protection against

proteolytic enzymes but may also reduce immunogenicity by
minimizing the generation of anti-drug antibodies. Furthermore,
the increased molecular weight of the Fc-conjugated construct
decreases renal filtration and clearance. These combined mechan-
isms contribute to an extended elimination half-life of approxi-
mately 5.6 to 7.5 days [28]. This prolonged half-life permits
reduced injection frequency compared to conventional GLP-1
analogs, offering improved patient adherence and sustained
glycemic control [29].

DRUG DELIVERY SYSTEMS: TRANSFORMING GLP-1
ANALOGUES (AS ILLUSTRATED IN FIG. 6)
Nano-formulations
Nano-formulations are advanced drug delivery systems in which
active pharmaceutical ingredients (APIs) are formulated at the
nanoscale, typically with particle sizes less than 1 µm [30, 31].
These nanosystems offer a transformative platform for enhancing
the pharmacological and biopharmaceutical performance of
various drugs, including GLP-1 receptor agonists, which are
otherwise limited by poor oral bioavailability, enzymatic degrada-
tion, and rapid renal clearance.
Common types of nanoformulations include liposomes, poly-

meric nanoparticles, solid lipid nanoparticles (SLNs), nanostruc-
tured lipid carriers (NLCs), nano-emulsions, micelles, dendrimers,
nanocrystals, and nano-complexes [32]. Each system can be
tailored to achieve specific objectives such as prolonged
circulation, enhanced tissue targeting, protection from proteolytic
enzymes, and controlled or sustained drug release. These
technologies are summarized in Table 1A.
In the context of GLP-1 analogs, nanoformulations have shown

significant promise in addressing their inherent pharmacokinetic
limitations. For instance, liposomal carriers have been developed
to encapsulate exenatide and liraglutide, demonstrating improved
stability and sustained release upon subcutaneous or intranasal
administration. Polymeric nanoparticles, especially those derived
from PLGA (poly(lactic-co-glycolic acid)), have been used to
prepare long-acting formulations of GLP-1 that can extend the
release period to weeks with a single dose, reducing injection
frequency and improving patient adherence [33].
Recent advances have explored PEGylated lipid nanoparticles,

which combine the benefits of stealth properties (to evade immune
clearance) and controlled delivery. For example, PEG-lipid modified
exenatide-loaded nanoparticles have been studied for their ability
to cross mucosal barriers and improve oral bioavailability [34].
Another promising direction involves mucoadhesive nanocarriers
that anchor to intestinal epithelium and release GLP-1 analogs in a
site-specific manner, minimizing systemic degradation [35].
Nanocrystal suspensions of poorly water-soluble GLP-1 analogs

are also under investigation to increase dissolution rates and

promote lymphatic absorption. Additionally, thermosensitive
nanogels and stimuli-responsive nanocarriers that respond to pH
or glucose levels have been proposed for precision-controlled
GLP-1 delivery, enabling intelligent drug release based on
glycemic fluctuations.
These nano-based strategies not only optimize pharmacoki-

netics and therapeutic efficacy, but also hold potential for non-
invasive delivery routes, including oral, buccal, transdermal, and
pulmonary administration. As such, nanoformulations represent a
crucial frontier in advancing the next generation of GLP-1-based
therapeutics for the effective management of type 2 diabetes and
related metabolic disorders [36, 37].

Microparticles
Microparticles are discrete, spherical entities typically ranging in
diameter from 10 μm to 1mm and are widely employed as drug
delivery systems. Structurally, they can be categorized into
microcapsules, which consist of an API enclosed within a
polymeric or lipid shell, and microspheres, in which the API is
homogeneously distributed throughout the polymeric matrix
[33, 34]. These systems are fabricated using a variety of materials,
including biodegradable polymers, lipids, and inorganic com-
pounds, depending on the desired release profile and route of
administration. The principal advantages of microparticulate
delivery systems include controlled and sustained drug release,
enhanced bioavailability, improved physicochemical stability, and
site-specific targeting, all of which contribute to optimized
therapeutic outcomes and increased patient adherence [35].
Microparticles can be formulated into diverse dosage forms such
as dry powders, injectable suspensions (e.g., microspheres and
liposomes), and are suitable for multiple routes of administration,
including oral, pulmonary, and parenteral delivery, as summarized
in Table 1B.

Microneedles
Microneedles (MNs) are minimally invasive devices engineered as
micron-scale projections, typically ranging from 25 μm to 2mm in
length. They are designed to facilitate the precise and painless
delivery of therapeutic agents through the skin and other
biological barriers. [36, 37] Unlike conventional hypodermic
needles, microneedle systems create transient microchannels that
bypass the stratum corneum, enabling efficient transdermal
transport of a wide range of molecules, including peptides,
proteins, and small drugs, without reaching nerve-rich deeper
layers and thus minimizing pain and risk of infection [38, 39].
Recent advances have expanded the use of MNs for GLP-1

receptor agonists, which are traditionally limited by poor oral
bioavailability and require frequent subcutaneous injections.
Innovative studies have demonstrated the feasibility of biode-
gradable microneedle patches incorporating GLP-1 analogs such
as exenatide and liraglutide, achieving sustained glucose-lowering
effects in preclinical models. These systems often use biocompa-
tible polymers like polyvinylpyrrolidone (PVP), polyvinyl alcohol
(PVA), sodium alginate, or gelatin, and may include functional
components such as egg-derived proteins or silk fibroin to mimic
biological properties and enhance mechanical strength and drug
stability [40].
Furthermore, smart microneedle systems have emerged,

incorporating glucose-responsive materials such as phenylboronic
acid or glucose oxidase-modified hydrogels. These platforms
enable on-demand insulin or GLP-1 release triggered by elevated
blood glucose levels, providing a closed-loop feedback mechan-
ism that enhances therapeutic precision and reduces the risk of
hypoglycemia [41].
Another promising direction involves dissolving microneedles,

which completely degrade upon administration, eliminating the
need for disposal and improving patient compliance. In vivo
studies have shown that microneedle-mediated delivery of
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semaglutide analogs leads to comparable or improved pharma-
cokinetics versus subcutaneous injections, with potential for once-
weekly or biweekly dosing schedules [42].
In addition, 3D printing and microfabrication technologies now

allow for precise customization of microneedle geometry, drug
loading capacity, and release kinetics, tailored to individual patient
needs and molecular characteristics of the peptide drug. These
advancements position microneedle technology as a transforma-
tive approach for delivering GLP-1 receptor agonists, offering the
potential to improve therapeutic adherence, minimize systemic
side effects, and support decentralized care models for diabetes
management [43]. Recent developments and formulations are
summarized in Table 1C.

Injectable hydrogels
Injectable hydrogels are stimuli-responsive polymeric networks
designed to undergo sol-to-gel transitions under physiological
conditions, thereby enabling localized and sustained drug delivery
via minimally invasive SC administration [44]. These systems
typically employ temperature- or pH-sensitive biodegradable
polymers that form viscoelastic depots in situ, facilitating
controlled release of therapeutic agents such as GLP-1 receptor
agonists while circumventing systemic toxicity [45].
By modulating electrostatic interactions between charged

peptide drugs and the polymer matrix, these hydrogels enable
sustained and steady drug elution over extended periods, ranging
from days to weeks, significantly reducing dosing frequency from
daily to weekly or even monthly intervals [46]. Their shear-
thinning properties permit administration through standard
syringe needles, and their biodegradability ensures gradual
clearance from the body without local inflammation [46]. Various
hydrogel formulations, differentiated by their physicochemical
properties and release kinetics, are summarized in Table 1D.

Implants
Implantable SC implants and osmotic pumps represent advanced
technologies for sustained drug delivery, leveraging distinct
mechanisms to achieve long-term therapeutic efficacy. For
instance, Vivani’s NanoPortal™ technology utilizes nanostructured
titanium oxide membranes with vertically aligned nanotubes to
enable sustained, tunable drug delivery through pore-size-
dependent diffusion kinetics [47]. This subdermal implant plat-
form eliminates pumps and electronics, instead relying on
customizable nanotube dimensions to achieve steady release
profiles for peptides and proteins over a long time. By maintaining
pore sizes slightly larger than the drug molecule, the system
ensures near-constant elution rates [47]. Osmotic pumps have
proven to be another implantable solution to achieve sustained
therapeutic efficacy. They utilize osmotic pressure gradients
generated by salt-based cores to drive drug release through
semipermeable membranes, enabling precise kinetics indepen-
dent of physiological conditions [48]. Both technologies eliminate
daily dosing facilitated by their subcutaneous placement, which
avoids first-pass metabolism and gastrointestinal degradation.
Table 1E summarizes the implantable technologies involved in the
development of a formulation for sustained delivery.

Current marketed formulations
Semaglutide (Rybelsus®, Ozempic®, and Wegovy®). Oral drug
delivery offers significant advantages in terms of patient adherence,
particularly in the chronic management of T2DM. A major
advancement in this area is Emisphere’s Eligen® technology, which
employs sodium N-(8-[2-hydroxybenzoyl] amino) caprylate (SNAC)
as a permeation enhancer to facilitate the oral bioavailability of
peptide-based drugs. This technology underpins the formulation of
oral semaglutide (Rybelsus®) and enables its effective absorption in
the stomach, as illustrated in Fig. 7 [49, 50]. SNAC functions through
a multifaceted mechanism: it buffers the local gastric pH, therebyTa
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protecting semaglutide from acidic degradation and proteolytic
enzymes, and enhances drug solubility and monomerization.
Importantly, SNAC transiently fluidizes the gastric epithelial
membrane, promoting transcellular absorption of semaglutide
while preserving tight junction integrity.
Preclinical pharmacoscintigraphic imaging and studies in canine

models have demonstrated that semaglutide is primarily absorbed
in the stomach, with higher drug concentrations detected in the
splenic vein relative to the portal vein, indicating site-specific uptake
[51]. This innovative approach effectively bypasses the traditional
barriers associated with oral peptide delivery, offering a clinically
viable and patient-preferred alternative to injectable formulations.
Semaglutide is also available as injectable formulations, including

Ozempic® and Wegovy®, which are widely recognized for their
efficacy in the management of T2DM and obesity. Both formula-
tions are administered as once-weekly SC injections due to the long
half-life of Semaglutide (approximately one week). Furthermore,
Ozempic® is primarily used for glycemic control in diabetes patients,
while Wegovy® targets weight management by reducing hunger
and enhancing satiety through activation of GLP-1 receptors [52].
The pharmacokinetic profiles of these formulations indicate that
maximum plasma concentrations are typically attained within 1 to 3
days following SC administration, while steady-state plasma levels
are generally achieved after 4 to 5 weeks of once-weekly dosing.
Dosing regimens for both products involve gradual titration to
optimize therapeutic outcomes; Ozempic® progresses from 0.25mg
to a maintenance dose of up to 1mg, whereas Wegovy® reaches a
higher maintenance dose of 2.4 mg to support weight loss goals
[52, 53].

Dulaglutide (Trulicity®). Dulaglutide, marketed as Trulicity® for-
mulated as a fusion protein. Its extended half-life of approximately
4.7 days is attributed to its structural design, discussed in the large

molecule conjugation section of this paper. This pharmacokinetic
profile supports once-weekly subcutaneous administration, deliv-
ered via prefilled autoinjector pens available in 0.75 mg, 1.5 mg,
3.0 mg, and 4.5 mg per 0.5 mL dose strengths [54]. The formula-
tion is stabilized using excipients such as citric acid, mannitol, and
polysorbate 80, while an automated needle mechanism facilitates
self-injection by extending and retracting the needle, thereby
improving patient adherence and ease of use.
Clinically, dulaglutide exhibits dose-dependent efficacy. In the

FREEDOM-1 trial, daily doses of 40–60 µg resulted in HbA1c
reductions of 1.1–1.2% over 39 weeks (p < 0.001 vs. placebo),
while higher weekly doses (3.0–4.5 mg) achieved reductions of up
to 1.51% at 36 weeks. Concurrently, patients also experienced
sustained weight loss of 2.3–3.0 kg (p ≤ 0.015 vs. placebo),
highlighting its dual glycemic and weight-lowering benefits [55].
Furthermore, the REWIND trial demonstrated a 12% reduction in
major adverse cardiovascular events (MACE) (p= 0.026), including
among patients without established cardiovascular disease,
alongside renoprotective effects evidenced by reductions in
albuminuria [56]. Dulaglutide’s safety profile is consistent with
other GLP-1 receptor agonists, with transient nausea being the
most frequently reported adverse event (14.6% incidence).⁵⁵ Dose
escalation from 0.75 to 1.5 mg is recommended after at least four
weeks, based on individual glycemic control needs [57].

Exenatide (Byetta® and Bydureon®). Exenatide is currently mar-
keted in two primary formulations: Byetta® and Bydureon®,
representing the immediate-release and extended-release forms,
respectively. Byetta® is administered twice daily via SC injection
and delivers rapid, short-term GLP-1 receptor activation. In
contrast, Bydureon® is a long-acting, once-weekly formulation,
developed using a microsphere-based delivery system. The
extended-release (ER) formulation encapsulates exenatide within

Fig. 7 SNAC technology for Semaglutide permeation. This illustration demonstrates how SNAC in the tablet helps oral semaglutide survive
stomach acid. SNAC raises local pH, protects the drug from gastric enzymes, and increases its absorption through the stomach lining.
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biodegradable poly(D, L-lactide-co-glycolide) (PLGA) micro-
spheres, which form a polymeric matrix that allows sustained
drug release following SC administration [13, 14, 58]. Upon
injection, the PLGA matrix undergoes gradual hydrolysis, releasing
the peptide over time. Pharmacokinetic data indicate that fasting
plasma glucose (FPG) levels begin to decrease within two weeks,
and steady-state plasma concentrations are typically achieved
after six weeks of weekly dosing [59]. Interestingly, the plasma
concentration achieved with once-weekly exenatide ER is
comparable to that of a single injection of immediate-release
exenatide (Byetta®) [60, 61]. This extended-release delivery not
only improves glycemic control but also enhances patient
adherence by reducing the injection frequency from twice daily
to once weekly.

Discontinued formulations
Efpeglenatide and taspoglutide. Efpeglenatide and taspoglutide
were once-promising, long-acting GLP-1 receptor agonists devel-
oped for the treatment of T2DM, both designed for once-weekly
administration. Despite demonstrating robust glycemic efficacy,
both agents were eventually discontinued due to distinct
tolerability and safety concerns, diverging in severity and clinical
implications.
Efpeglenatide, formulated using advanced Fc-PEG conjugation

technology, exhibited dose-dependent gastrointestinal adverse
events consistent with the GLP-1 class profile. Reported incidences
included nausea (5.9–22.2%), diarrhea (8.8–25.3%), vomiting
(2.9–9.1%), and constipation (8.8–16.2%), with discontinuation
rates reaching 19% in high-dose monthly regimens (8–16mg)
[62–64]. Importantly, efpeglenatide’s immunogenicity remained
relatively low, with few patients developing clinically significant
anti-drug antibodies, allowing its safety profile to be viewed as
manageable within class expectations. However, these tolerability
issues ultimately impeded its regulatory and clinical progression.
In contrast, taspoglutide’s development was halted due to

severe immunogenic and hypersensitivity complications. Up to
55% of patients developed anti-drug antibodies [65], which were
associated with systemic allergic reactions in approximately 5% of
cases and injection-site hypersensitivity, including anaphylaxis,
which necessitated early trial termination [66, 67]. These immune-
mediated events were compounded by intolerable gastrointest-
inal side effects, including nausea in 59% and vomiting in 37% of
participants, along with reports of acute pancreatitis, culminating
in a dropout rate of 26–34% in Phase 3 trials [65].
While both agents struggled with the inherent GI burden typical

of GLP-1RAs, efpeglenatide’s limitations were largely dose-related
and within manageable expectations, whereas taspoglutide’s
combination of severe immunogenicity and hypersensitivity
reactions rendered it clinically unviable.

5.7.2. Albiglutide (Tanzeum). Albiglutide, marketed as Tanzeum, is
a fusion protein similar to Dulaglutide. The drug is delivered via a
dual-chamber prefilled injection pen containing lyophilized
albiglutide powder and a diluent. The powder is reconstituted
with the diluent before administration, yielding a yellow solution
stabilized by excipients such as mannitol, polysorbate 80, sodium
phosphate, and trehalose dihydrate. [68] Clinical trials have
demonstrated the efficacy of albiglutide in lowering HbA1c levels
and improving glycemic control. In Phase III studies under the
Harmony program, patients treated with albiglutide showed
statistically significant reductions in HbA1c compared to placebo.
At Week 52, HbA1c reductions were: −0.7% for the 30mg dose
and −0.9% for the 50mg dose versus +0.2% with placebo
(p < 0.001). Additionally, 49% of patients on the 30mg dose
achieved HbA1c levels below 7%, compared to only 21% in the
placebo group. Fasting plasma glucose levels also improved
significantly, with reductions of −16mg/dL (30 mg dose) and
−25mg/dL (50 mg dose) compared to an increase of +18mg/dLTa
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with placebo (p < 0.001) [69]. The Harmony Outcomes trial further
revealed that albiglutide reduced MACE by 22% over a median
follow-up period of 1.6 years in patients with type 2 diabetes and
cardiovascular disease (p= 0.0006) [70]. While albiglutide demon-
strated good glycemic efficacy and tolerability, adverse effects
included upper respiratory tract infections, diarrhea, nausea, and
injection site reactions. Weight changes were minimal and not
significantly different from placebo [71]. These findings under-
score albiglutide’s potential as an effective adjunct therapy for
glycemic control and cardiovascular risk reduction in T2DM
management.

FUTURE DIRECTION
The evolution of GLP-1RAs is increasingly shifting toward oral
formulations, aiming to enhance patient adherence by eliminating
the need for injections and addressing the logistical complexities
associated with traditional peptide therapies [72, 73]. The
preclinical studies on GLP-1 receptor agonists have been
comprehensively summarized in Table 2. Despite significant
progress observed in clinical trial development, there remains a
scarcity of published clinical data, particularly regarding long-term
safety, efficacy across diverse populations, and real-world effec-
tiveness. Notably, only one registered clinical study exists to date,
which evaluates an implant-based delivery system of Exenatide
and is currently in Phase 1 with an ‘Active, not recruiting’ status
(NCT05670379), initiated on December 20, 2024, and expected to
conclude by August 2025. Unlike injectable formulations that
typically require cold-chain storage, oral GLP-1RAs bypass
refrigeration constraints, thereby reducing manufacturing and
distribution costs and improving accessibility in resource-limited
settings [73]. Moreover, small-molecule GLP-1RAs offer a solution
to the bioavailability limitations faced by oral peptide-based
agents, which often depend on absorption enhancers (e.g., SNAC)
and strict fasting protocols [74]. Their compact and chemically
stable structures facilitate efficient gastrointestinal absorption,
independent of dietary restrictions, which simplifies both patient
administration and large-scale manufacturing.
Eli Lilly’s orforglipron represents a breakthrough in this

transition as the first oral small-molecule GLP-1RA to complete
Phase 3 trials. In the ACHIEVE-1 study, a 36mg dose resulted in a
reduction in HbA1c of 1.3–1.6% from a baseline of 8.0%, and an
average weight loss of 7.9% (approximately 16.0 lbs) over 40
weeks. Regulatory submissions are anticipated in late 2025 for
obesity and in 2026 for type 2 diabetes [75]. Orforglipron’s oral
delivery route and scalable production capacity position it as a
frontrunner in democratizing access to incretin-based therapies,
particularly for patients who are hesitant or unable to adhere to
injectable regimens. Its development marks a strategic pivot
toward oral-first therapeutic models, potentially redefining the
landscape of metabolic disease management while alleviating
global supply chain limitations.

CONCLUSION
This comprehensive review highlights the therapeutic potential of
GLP-1 and its analogs in the management of metabolic disorders,
particularly T2DM. The inherent pharmacokinetic limitations of
native GLP-1, such as its short biological half-life, have catalyzed
significant advancements through in-depth research into its
physiology, secretion dynamics, and molecular characteristics. To
overcome these limitations, this review discusses a range of
structural modifications, including N-terminal and C-terminal
substitutions, fatty acid conjugation, and large molecule fusion
technologies, which have collectively contributed to enhanced
half-life, increased stability, improved receptor affinity, and
retained or augmented bioactivity of GLP-1 analogs. Furthermore,
the review explores novel drug delivery strategies, such as

microsphere encapsulation, injectable hydrogels, Fc-fusion, and
oral small-molecule formulations, aimed at achieving sustained
and controlled release to reduce dosing frequency and improve
patient compliance.
Beyond glycemic control, the pleiotropic actions of GLP-1 on

various organs and metabolic pathways are emphasized,
underscoring its potential utility in addressing cardiovascular,
renal, and obesity-related complications. Collectively, these
insights position GLP-1 and its analogs as versatile and
promising agents in the broader context of metabolic disease
management.
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