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Peptides are bioactive intermediates between small organic molecules and large biological compounds like an-
tibodies or proteins. These compounds play a unique and valuable role as therapeutic agents, owing to their
unique biochemical properties and versatility in treating a wide range of diseases such as metabolic disorders,
cancer therapy, antimicrobial and anti-inflammatory agents. The global peptide therapeutics market is projected
to exceed USD 50 billion by 2024, reflecting the increasing demand and interest in this field. Therapeutic
peptides offer an optimal balance of specificity, safety, and molecular size, providing greater precision in tar-
geting specific receptors with fewer off-target effects and reduced toxicity compared to small-organic drugs.
Peptides also exhibit enhanced tissue penetration and present simpler, cheaper manufacturing processes with
lower immunogenicity. To date, around 100 peptides have attained clinical approval in major markets, with
nearly half of these approvals occurring in the past 20 years. This trend highlights the growing importance and
therapeutic potential of peptides in modern medicine, explaining the substantial market associated with these
treatments. The review presents a detailed comparison of the major parenteral administration modes for ther-
apeutic peptides, specifically subcutaneous and intravenous routes. We highlight how these methods impact the
pharmacokinetic profiles of peptides and influence patient outcomes, providing critical insights into the ad-
vantages and limitations of each route. Finally, a significant aspect of this review is its focus on innovative drug
delivery systems and formulations designed to address the challenges of peptide delivery, namely stability,
bioavailability, and therapeutic efficacy.

1. Introduction

Peptides, short chains of amino acids, serve as targeting molecules
often categorized between small organic molecule and large biological
compounds (e.g. antibodies, growth factors...). Their targeting proper-
ties make them valuable for both diagnostic and therapeutic with wide
range of biomedical applications (e.g. Leuprolide for cancer therapy,
Semaglutide for diabete, Dalbavancin as an antimicrobial agents,
Voclosporin as an anti-inflammatory agents...) (Lau and Dunn, 2018).
Their unique characteristics as therapeutics arise from an optimal bal-
ance between specificity, safety, and bioavailability. Compared to small-
organic drugs, therapeutic peptides offer greater precision in targeting
specific cell receptors, resulting in fewer off-target effects and reduced
toxicity. Unlike other biologics, therapeutic peptides are generally
smaller, facilitating enhanced tissue penetration. Peptides present
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simpler and cheaper manufacturing processes, along with lower
immunogenicity. Collectively, these attributes render therapeutic pep-
tides versatile and efficient in modulating biological processes (Lau and
Dunn, 2018).

To date, around 100 peptides have attained clinical approval in
major markets, including the United States, Europe, and Japan. Almost
half of these approvals have occurred within the past 20 years. Addi-
tionally, more than 450 peptides are currently in preclinical and clinical
evaluation (Muttenthaler et al., 2021) underscoring the growing interest
and potential of such therapeutics. The market value and patient reach
of peptide-based therapeutics have been on a consistent rise globally. In
2017, the global sales of these therapeutic peptide drugs amounted to
USD 20 billion. Projections indicate that by 2025, sales will exceed USD
50 billion, with an annual growth rate (CAGR) of 9.0 % over the period
from 2025 to 2033 (Lau and Dunn, 2018; Center for Drug Evaluation
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and Research, « Novel Drug Approvals for, 2023 ; Jergensen, 2015; In-
sights, 2025).

This review will begin by exploring the growing interest in thera-
peutic peptides, highlighting key milestones in their devel-
opment—from the approval of the first U.S. Food and Drug
Administration (FDA)-regulated peptide to the present. The review will

A.
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examine technological advancements as well as the expanding fields of
application for these peptides. This review will then offer a compre-
hensive overview of peptides currently in clinical use and those under
clinical investigation, emphasizing the diverse applications of this ver-
satile class of therapeutics. Administration routes of therapeutic pep-
tides will be presented, with a focus on intravenous and subcutaneous
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Fig. 1. Technological evolution of peptides through decades (A) Timeline in peptide acceptance by FDA. Top: key milestones in scientific developments. Bottom: Key
example of FDA-approved peptides and their routes of administration. IV: intravenous administration, SC: subcutaneous administration, IM: intramuscular
administration, PO: per os administration, IN: intranasal administration, IT: intrathecal administration, ITr: intratracheal administration (B) Number of peptide-based
drugs approved by the FDA in the timespan of 1950-2023. Each peptide is counted by its route of administration. Peptides administered through multiple routes are
counted multiple times if necessary, and according to the year of FDA approval. References (Lau and Dunn, 2018; Muttenthaler et al., 2021; Center for Drug
Evaluation and Research, « Novel Drug Approvals for, 2023 ); (Wang et al., 2022; Fosgerau and Hoffmann, 2015; Zhang et al., Sep. 2020; Al Shaer et al., 2020; Kumar
et al., 2024; Sharma et al., 2023) ; (Fetse et al., 2023) and FDA TIDES approvals were used for this Figure.
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delivery, which continue to be the most commonly used methods of
administration. Finally, the review will address the challenges faced by
therapeutic peptides and explore formulation strategies and innovative
delivery systems designed to overcome these limitations in order to
enhance the therapeutic potential of these biomolecules (Lau and Dunn,
2018; Muttenthaler et al., 2021; Wang et al., 2022; Fosgerau and Hoff-
mann, 2015; Zhang et al., Sep. 2020).

For the purpose of this review, peptides will be defined as oligo-
peptides consisting of 2 to 50 amino acids, following the classification
proposed by Lau and Dunn (Lau and Dunn, 2018) and Zhang et al (Zhang
et al., Sep. 2020). This definition distinguishes peptides from larger
protein molecules, such as Insulin. The focus here will be on therapeutic
peptides that have received approval from the FDA. All data and infor-
mation have been updated as of December 2024 (Center for Drug
Evaluation and Research, « Novel Drug Approvals for, 2023 ; Zhang
et al., Sep. 2020; Al Shaer et al., 2020; Kumar et al., 2024); (Sharma
et al., 2023) . For Figs. 1, 2, 3, and 5, references (Lau and Dunn, 2018;
Muttenthaler et al., 2021; Center for Drug Evaluation and Research,
« Novel Drug Approvals for, 2023 ); (Wang et al., 2022; Fosgerau and
Hoffmann, 2015; Zhang et al., Sep. 2020; Al Shaer et al., 2020; Kumar
et al., 2024; Sharma et al., 2023) ; (Fetse et al., 2023) were used, along
with the annual FDA TIDES approvals, providing a comprehensive
overview of all therapeutic peptides currently on the market. When the
same formulations are manufactured by different companies or provided
in different doses, such formulations are counted only once in this re-
view. We exclude epitope-specific vaccine peptides, diagnostic-only
peptides, peptide linkers, and have made the choice to limit our focus
on therapeutic peptides. Indeed, epitope-specific vaccines are designed
to trigger an immune response rather than provide direct therapeutic
effects. Diagnostic peptides are used for disease detection and moni-
toring, not treatment. Peptide linkers serve as connectors in biotech-
nological applications and lack therapeutic properties.

2. Growing interest and development of therapeutic peptides

2.1. Advantages of therapeutic peptides over traditional small molecules
and other biologics

Therapeutic peptides offer distinct advantages over small molecules,
antibodies and proteins (Sharma et al., 2023; Vlieghe et al., 2010; Fetse
et al., 2023) making them highly competitive for a wide range of ther-
apeutic and diagnostic applications (Wang et al., 2022; Craik and Kan,
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Fig. 3. Distribution of peptide drug routes over time. A peptide administered
through multiple routes is taken into account for each routes of administration.
However, different doses of the same peptide within the same route is counted
only once. References (Lau and Dunn, 2018; Muttenthaler et al., 2021; Center
for Drug Evaluation and Research, 2023 ); (Wang et al., 2022; Fosgerau and
Hoffmann, 2015; Zhang et al., Sep. 2020; Al Shaer et al., 2020; Kumar et al.,
2024; Sharma et al., 2023) ; (Fetse et al., 2023) and FDA TIDES approvals were
used for this Figure.

2021).

Compared to small molecules, peptides offer superior selectivity and
specific binding affinity toward therapeutic targets (Rossino et al.,
2023). This leeds to higher therapeutic efficacy as well as reduced sys-
temic toxicity and fewer off-target side effects (Rossino et al., 2023; Zou
et al., 2024). However, the plasma half-life of peptides is typically very
short (e.g., of the order of minutes for some unmodified peptides, see
Table S1) to some extent, due to the action of several peptidases that
degrade them. This vulnerability comes from their relatively simple
structure, which includes easily accessible peptide bonds that these
enzymes specifically target for cleavage (Shi and Di, 2022). Further-
more, peptides also exhibit rapid renal and hepatic clearance in the
human body (Fosgerau and Hoffmann, 2015). This is a disadvantage
compared to small molecules, which generally exhibit greater in vivo
stability. Additionally, peptide manufacturing is often more complex
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Fig. 2. Distribution of FDA-Accepted Therapeutic Peptides and Peptide-Based Drugs by Pathology (2024) (A) Distribution of the FDA-accepted therapeutic peptides
according to the different pathologies. The total number of FDA-approved peptides in 2024 is 101. (B) Distribution of Pathologies Treated with Peptide-Based Drugs
Approved in Clinical Trials According to Table S2. A peptide used for different indications in different clinical trials is counted multiple times. Criteria of drug
selection for this includes active clinical trials which are not recruiting currently. The total number in 2024 is 66. References (Lau and Dunn, 2018; Muttenthaler
et al., 2021; Center for Drug Evaluation and Research, « Novel Drug Approvals for, 2023 ); (Wang et al., 2022; Fosgerau and Hoffmann, 2015; Zhang et al., Sep. 2020;
Al Shaer et al., 2020; Kumar et al., 2024; Sharma et al., 2023) ; (Fetse et al., 2023) and FDA TIDES approvals were used for this Figure.
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and labor-intensive compared to small molecules. This complexity arises
from the need for precise synthesis steps, which often involve multiple
coupling and deprotection stages. Moreover, the purification process for
peptides can be challenging, requiring extensive optimization of tech-
niques such as high-performance liquid chromatography (HPLC) to
achieve the desired purity. In contrast, small molecules usually involve
fewer synthesis steps and are easier to purify and stabilize, making their
manufacturing process more straightforward (Al Musaimi and Jaradat,
2024).

Compared to larger molecules, such as proteins and antibodies,
peptides are smaller and more flexible. Unlike proteins and antibodies
which possess complex and stable secondary and tertiary structures,
peptides typically exhibit linear structures or simple loops, contributing
to their flexibility. This flexibility allows peptides to target both extra-
cellular and intracellular receptors with high specificity. However, un-
like proteins, which have folded structures that shield part of the chains
from potential degradation, peptides are fully solvent-exposed. This
makes them more vulnerable to oxidation, hydrolysis, and deamidation.
While antibodies are highly specific and effective in targeting extracel-
lular proteins or circulating antigens, their large size restricts tissue
penetration and renders them ineffective against intracellular targets.
Peptides, on the other hand, are small enough to penetrate tissues and
cross cell membranes, enabling them to access intracellular proteins,
enzymes, and signaling pathways that are typically beyond the reach of
antibodies (Vlieghe et al., 2010; Craik et al., 2013; Hummel et al., 2006;
Ghosh et al., 2018). In contrast to proteins and antibodies, which often
elicit stronger immune responses and have longer half-lives, therapeutic
peptides can be designed to minimize immunogenicity, offering a safer
profile for patients (Holz et al., 2023). However, the short in vivo half-life
of peptides compared to the longer half-life of proteins, can pose chal-
lenges, as it may impact their efficacy within biological systems. From a
production perspective, peptides are easier and less expensive to
manufacture than proteins and antibodies (Craik et al., 2013).

Nonetheless, peptides represent a middle ground between the ease of
production and relatively low cost of small molecules and the highly
specific but costly and complex nature of antibodies (Trier and Houen,
2023). In summary, while small molecules offer stability and ease of
administration, and larger molecules provide unmatched specificity for
extracellular targets, therapeutic peptides hold a unique role in drug
development.

2.2. Short story of peptides development

The therapeutic peptides market has experienced remarkable growth
over the past decades, driven by significant scientific advancements in
their design and production (Fig. 1) (Craik et al., 2013). The Fig. 1A
presents a timeline illustrating scientific developments, with key mile-
stones highlighted at the top and the major FDA-approved peptides
listed in the lower part.

2.2.1. First discoveries

Therapeutic peptide story began in the mid-twentieth century with
the first peptide accepted by the FDA, Bacitracin, in the 1940 s. This
peptide is an antibiotic peptide produced by bacterial strains to treat
bacterial skin infections after intramuscular administration (Aronson,
2016; Awais et al., 2007). The 1950 s marked a pivotal era, with the
introduction of peptides derived from human hormones, notably Corti-
cotropin, which stimulates the adrenal glands to produce cortisol, aiding
in the management of stress and inflammation. During this period, re-
searchers also gained deeper insights into the relationship between
peptide structure and activity, leading to the synthesis of the first arti-
ficial peptide, Oxytocin, in the 1950 s. This peptide is used to induce
labor, manage postpartum hemorrhage, and support breastfeeding
(Vigneaud et al., 1953). Oxytocin was both the first synthetic peptide
and the first peptide to be administered intravenously. This break-
through marked the beginning of modern peptide-based therapies.
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2.2.2. Peptide synthesis innovations

The 1960 s, marked a turning point in peptide synthesis with the
invention of solid-phase peptide synthesis, commonly known as Merri-
field synthesis. Developed by Robert Merrifield (Merrifield, 1963), this
technique revolutionized peptide chemistry by enabling the sequential
and automated production of peptides with high precision. This break-
through greatly facilitated the creation of custom-designed peptides,
transforming both peptide research and manufacturing. Currently, 85 %
of therapeutics peptides are chemically synthesized by the Merrifield
process (Zhang et al., Sep. 2020).

The 1980 s brought further advancements, including optimized
solid-phase synthesis, improved coupling reagents, advanced purifica-
tion methods, and automated production. These technological leaps
enabled the synthesis of complex peptides with enhanced pharmaco-
logical activity, stability, and therapeutic potential, consolidating pep-
tides’ growing roles in biotechnology and medicine.

Another major advancement in peptide synthesis came in the 1990 s
with the introduction of linear phage display, a technique using bacte-
riophages to display peptides or proteins on their surface. This innova-
tion enabled rapid identification of peptides with high affinity for
specific targets, accelerating drug discovery for cancer, autoimmune,
and neurodegenerative diseases. Linear phage display remains an
important tool in drug development and continues to be an invaluable
asset in drug discovery today (Lau and Dunn, 2018; Muttenthaler et al.,
2021; Smith and Petrenko, 1997; Sidhu, 2000; Bratkovi¢, 2010).

In the 2000 s, the synthesis of therapeutic peptides advanced
significantly with the introduction of recombinant DNA (rDNA) tech-
nology, cyclic phage display, and other display technologies. rDNA
technology involves combining DNA from different sources to produce
peptides and proteins with high precision and efficiency. Cyclic phage
display is a technique used to create and screen large libraries of cyclic
peptides, which are displayed on the surface of bacteriophages, to
identify those with high affinity for a target protein or molecule. Cyclic
peptides, which their circular structure, are often identified using these
display technologies, which enhance their stability, binding properties
and resistance to degradation (De Clercq, 2009; Vora et al., 2022). These
advancements have greatly expanded the potential for developing new
peptide-based therapeutics (Wu et al., 2016).

2.2.3. Emergence of new indications for peptides

The development of therapeutic peptides has been shaped not only
by advancements in synthesis techniques but also by the discovery of
new indications. in the 1960 s, critical discoveries in peptide biology,
such as identifying endorphins and brain-produced opioid peptides
(Hughes et al., 1975; Li and Chung, 1975) reshaped the understanding of
peptides’ role in physiological processes. In 1962, the discovery of
Calcitonin, the first animal-derived peptide, further highlighted the
therapeutic potential of peptides, particularly in the treatment of
endocrine and hormonal disorders (Copp et al., 1962). The following
decade saw the discovery of the first anti-cancer peptide, Leuprolide, for
prostate cancer treatment, marking a significant milestone in medical
research. This breakthrough laid the foundation for the development of
peptide-based oncology treatments, offering new hope for targeted
cancer therapies.

In the 1960 s, the first studies on metabolic disorders were initiated
with the introduction of Glucagon in 1960. However, it was not until the
2010 s that the peptide therapeutics market truly flourished with new
approvals for conditions such as obesity and type 2 diabetes. One
notable example is Liraglutide, a GLP-1 receptor agonist for diabetes and
weight management. Another key development was the approval of
Leuprolide, the first commercial anti-cancer peptide, a peptide analog of
luteinizing hormone-releasing hormone (LHRH) for advanced prostate
cancer (Wex et al., 2013; O’Brien and Hibberd, 1990). This break-
through in peptide therapy enabled more convenient treatment sched-
ules and improved patient compliance. Meanwhile, interferons, such as
interleukin and gamma interferon, cytokine peptides with antiviral,
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antiproliferative, and immunomodulatory properties, were introduced
for conditions like certain cancers, viral hepatitis, and autoimmune
diseases (Sharma et al., 2023; Billiau and Matthys, 2009). The emer-
gence of new indications for therapeutic peptides was also marked by
the 2003 approval of the first therapeutic peptide for HIV, Enfuvirtide, a
significant advance in HIV treatment. This milestone highlighted the
potential of peptides in treating complex diseases and opened new av-
enues for their application across various therapeutic areas (Vlieghe
et al., 2010; Smith and Petrenko, 1997; Bratkovi¢, 2010; De Clercq,
2009).

2.2.4. Emergence of long-acting peptides and delivery systems

Advancements in therapeutic formulations began as early as the
1950 s, with the approval of Acthar Gel in 1952. Acthar Gel, used to treat
conditions such as infantile spasms, multiple sclerosis, lupus, sarcoid-
osis, and various forms of arthritis, including psoriatic and rheumatoid
arthritis. This formulation of Corticotropin, prepared with gelatin and
administered intramuscularly or subcutaneously either twice daily or
once daily depending on the indication and medical condition, allowed
for the prolonged release of Corticotropin (Wan et al., 2023; Madan
et al., 2016). Advancements in sustained-release formulations continued
in the 1980 s, with the 1985 approval of the first formulation for the
slow release of Leuprolide (Lupron Depot). These developments
improved delivery efficiency, led to more patient-friendly therapies, and
further solidified peptides’ role in modern medicine (Lau and Dunn,
2018; Muttenthaler et al., 2021; Zhang et al., Sep. 2020; Vlieghe et al.,
2010). The 1990 s, also saw significant advancements in peptide de-
livery systems, including liposomes, nanoparticles and controlled-
release delivery systems, which enhanced the efficacy and safety of
treatments (Vora et al., 2022; Liu et al., 2022; Zhang et al., 2022). This
topic will be explored in more detail in part 4.

Additionally, in the 90 s’ the therapeutic peptide market expanded
with the introduction of Somatostatin analogs, offering greater stability
and a longer duration of action compared to natural Somatostatin. An-
alogs such as Octreotide and Lanreotide were designed to have extended
half-lives, providing sustained therapeutic effects for conditions like
acromegaly and neuroendocrine tumors.

The new millennium opened novel route of administration for
therapeutic peptides, highlighted by the approval of the first intrathecal
peptide, Ziconotide, in 2004 (Bolognesi and Cavalli, 2016; Miljanich,
2004; Olivera and Teichert, 2007). This breakthrough laid the ground-
work for the development of therapeutic peptide opening up new pos-
sibilities for the administration.

2.2.5. Peptides: Rising Numbers and market impact

These advancements have positioned therapeutic peptides as key
players in the modern pharmaceutical landscape. As shown in Fig. 1B,
the number of FDA-approved peptides for various routes of adminis-
tration has grown steadily over the years. In the 1970 s, only around ten
peptide-based drugs were available. By the 2000 s, this number had
risen to nearly 50 FDA-approved therapeutic peptides, and today, it is
close to 100. From an economic point of view, peptides represent a
market value of approximately USD 43.45 billion in 2023 and a pro-
jected compound annual growth rate (CAGR) of 6.1 % from 2024 to
2030, highlighting their rising significance in modern medicine
(‘Peptide Therapeutics Market Size Share Analysis - Growth Trends
Forecasts, 2024; ‘Peptide Therapeutics Market Size Share Report, 2024).
This growth is mainly also due to the increasing prevalence of cancer,
osteoporosis, obesity and diabetes, which has stimulated demand for
peptide-based therapies.

3. Current use of therapeutic peptides
3.1. The current landscape of therapeutic peptides

Today, the market for therapeutic peptides spans a wide range of
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applications (Lau and Dunn, 2018; Zhang et al., Sep. 2020; Sharma et al.,
2023; Fetse et al., 2023), as illustrated on Fig. 2.A and detailed in
Supporting Information (Table S1). This dual function of targeting and
therapeutic action positions peptides as versatile and promising agents
in the development of new therapeutic strategies.

The treatment of metabolic disorders, including diabetes, dominates
the global peptide therapeutics industry with an estimated share of over
37 % in 2024, representing approximately 14.9 billion dollars (‘Peptide
Therapeutics Market Size And Share Report, 2024). These conditions are
becoming increasingly prevalent due to the rise in sedentary lifestyles,
unhealthy eating habits, and excessive alcohol consumption. As a result,
therapeutic peptides for these pathologies represent a substantial
segment of the peptide industries. One example is Liraglutide, a peptide
used to treat type 2 diabetes. It is a glucagon-like peptide-1 (GLP-1,
receptor agonists), which specifically targets hormone receptors to in-
crease glucose levels. Liraglutide also plays several roles in modulating
insulin secretion, reducing hepatic glucose production, enhancing in-
sulin sensitivity, and controlling appetite (DeVries et al., 2012; Pabreja
et al., 2014).

The rising prevalence of cancer worldwide, coupled with the
growing awareness among healthcare providers and patients about the
adverse effects of chemotherapy and radiation therapy, is also driving
the development of alternative medicines such as peptide-based drugs.
Cancer treatment currently accounts for a significant proportion of
peptide therapeutics, representing around 19 % of peptide-based treat-
ments (Muttenthaler et al., 2021). In cancer therapy, peptides are
designed to target receptors that are overexpressed on cancer cells
(Thundimadathil, 2012). A notable example is Goserelin, a
gonadotropin-releasing hormone (GnRH) analogue primarily used for
treating prostate and breast cancer by lowering testosterone and estro-
gen levels (Karami Fath et al., 2022). The key advantage of using pep-
tides in these therapies is their ability to minimize the impact on healthy
cells, allowing for targeted action directly on tumor cells. Indeed, pep-
tide can be designed to bind specifically to receptors or molecules that
are overexpressed on tumor cells. This selective binding ensures that the
therapeutic action is concentrated on the cancer cells, sparing healthy
cells.

Cardiovascular diseases, the leading cause of death and morbidity
worldwide (Wang et al., 2022), can be treated with therapeutic peptides
that specifically target receptors in the cardiovascular system. Cardio-
vascular diseases account for a significant proportion of peptide thera-
peutics, ranking third with around 11 % of peptide-based treatments
(Muttenthaler et al., 2021). Natriuretic peptides, such as Nesiritide, are
used in heart failure treatment by inducing diuresis and vasodilation,
effectively reducing the heart’s workload. By decreasing blood volume,
these peptides minimize the fluid the heart has to pump, while also
lowering vascular resistance and pulmonary pressure, leading to
improved cardiac function (O’Connor, 2011; Colucci et al., 2000).

Therapeutic peptides modulate immune responses and reduce
inflammation in various other pathologies. For example, in gastroin-
testinal diseases, Teduglutide can inhibit proteases that contribute to
chronic Inflammatory Bowel Diseases (IBD) like Crohn’s disease and
ulcerative colitis (Cochrane, ‘Peptide Therapy in Gastrointestinal Dis-
orders’, Cochrane Handbook, Jun., 2024; Liddle, 2024). Another
example is Glatiramer Acetate which is specifically employed in the
treatment of multiple sclerosis, demonstrating the potential of thera-
peutic peptides to offer targeted and effective management of autoim-
mune disorders (Larché and Wraith, 2005; Filippi et al., 2001; Khan
et al., 2005). Autoimmune diseases are on the rise due to various factors,
including environmental and lifestyle changes such as pollution, in-
fections, stress, and dietary modifications, which predominantly affect
high-income countries. As a result, the use of peptides in this field of
application is expected to continue evolving and expanding in the
coming years.

Finally, peptides are effective in managing pain by targeting pain
receptors in the nervous system (Janecka et al., 2010). Ziconotide,
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derived from cone snail venom, is specifically used to alleviate severe
pain in patients who do not respond to opioids (Safavi-Hemami et al.,
2019).

Peptides find application in the treatment of diverse conditions,
including endometriosis, respiratory disorders, renal and dermatolog-
ical conditions, as well as in antimicrobial therapies. In summary, as
displayed in Fig. 2, the wide-ranging applications of therapeutic pep-
tides highlight their significant potential in addressing various medical
conditions.

3.2. Clinical research and future directions

The future for therapeutic peptides is remarkably promising, with
around 100 peptides currently in clinical trials (active and recruiting
clinical trials), including 19 % in phase 3 clinical trials (Fig. S1 and
Table S2). Among those peptides, some have already been approved and
are now under study for new routes of administrations as is the case of
Semaglutide, approved in 2017 for subcutaneous administration for the
treatment of type 2 diabetes which is currently in phase 1 clinical trials
for oral administration (NCT04109508). Another example is the
research of new indication as for Dalbavancin. Initially approved by the
FDA in 2014 for treating acute bacterial skin and skin structure in-
fections, this peptide is now being tested for a new indication: treating
osteoarticular infections associated with hip and knee prostheses
(NCT05046860). While these peptides are designed for already-explored
diseases such as metabolic disorders and bacterial infections, exciting
technological advancements are also accelerating peptide drug discov-
ery. For example, early-stage clinical trials and preclinical models have
shown promise for peptide-addressable targets lacking approved drugs.
Examples include kisspeptin analogs for assisted reproduction
(NCT01667406) (Abbara et al., 2015) and MC4R agonists for genetic
obesity syndromes (NCT02507492) (Kiihnen et al., 2016). Innovative
therapies, such as amyloid inhibitors, are also being designed to combat
beta-amyloid aggregation in Alzheimer’s disease (NCT04491006),
alongside neuroprotective peptides in pre-clinical research to safeguard
neurons in Parkinson’s disease (Baig et al., 2018; Fox, 2013). Neuro-
degenerative diseases are of critical importance in high-income coun-
tries due to their significant contribution to disability and healthcare
costs, as well as their impact on the aging population, which is more
prevalent in these regions.

Fig. 2.B shows that the use of therapeutic peptides is evolving,
particularly in terms of the pathologies treated with significant differ-
ence between currently accepted peptides and one under clinical trials.
Currently, peptides are predominantly in clinical trials for cancer
treatment, representing 35 % of all clinical trials. Metabolic disorders
remain an important part of clinical trials (23 %), although their pro-
portion has decreased compared to peptides already on the market (37
%). What is particularly remarkable is the rise in treatments for central
nervous system pathologies, which now represent 22 % of clinical trials,
compared to only 3 % of peptides currently accepted by the FDA.

Advancement in screening methodologies and computational
biology, including artificial intelligence, accelerates peptide discovery.
Techniques such as metabolomic, proteomic, and genomic screening can
identify bioactive peptides with unique structural features (Goles,
2024). A better understanding of human genetic disorders could also
lead to new therapeutic peptide candidates; identifying natural ligands
for peptide receptors could reveal new receptor-ligand interactions.

New approaches in peptide drug delivery, formulation, and half-life
extension are enhancing this class of molecules (Lau and Dunn, 2018).
With these advancements, we stand on the verge of delivering more
effective, targeted, and safer treatments for some of the most chal-
lenging medical conditions.
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4. Various route of administration
4.1. Presentation and temporal evolution

As highlighted in Figs. 1 and 3, different routes have been used for
the administration of therapeutic peptides since the 1950 s (Lau and
Dunn, 2018; Zhang et al., Sep. 2020; Ganesh et al., 2021). Today, 9
administration routes have been approved. Fig. 3 represent the evolu-
tion of approved administration for intravenous (IV), intramuscular
(IM), subcutaneous (SC) (Zhang et al., Sep. 2020) and oral (PO) routes
(Haddadzadegan et al., 2022; Philippart et al., 2015), as well as other
routes including intrathecal (IT) (De Martini et al., 2023), intratracheal
(ITr) (Patton, 1999), intranasal (IN) (Patton, 1999), intracavernous (IC),
sublingual (SL) and topical (TOP) pathways (Zhang et al., Sep. 2020).

PO administration remains popular with 20 % of peptides approved
for oral administration in 2023. This route is highly studied and holds
significant interest due to its potential to improve patient compliance
(For a comprehensive understanding, readers are directed to recent re-
views that thoroughly examine this topic) (Drucker, 2020; Gupta et al.,
2013; Gleeson et al., 2021). However, it presents challenges due to
peptides’ sensitivity to digestive enzymes, degradation caused by drastic
changes in pH in the gastrointestinal tract, and limited mucosal
permeability, all of which reduce bioavailability (Haddadzadegan et al.,
2022; Philippart et al., 2015; Drucker, 2020; Tran and ElSayed, 2021).
As a result, parenteral routes continue to be the most frequently used
routes for about 80 % of peptide administration. For this reason, the rest
of this review will focus on parenteral routes.

Within the parenteral route, administration methods have evolved
significantly. For example, in the early 2000 s, IM injections accounted
for approximately 20 % of peptide administration but this had since
declined to just 10 %. In contrast, SC delivery has gained prominence
increasing from 21 to 32 % over the same period. This shift likely reflects
the growing focus on enhancing patient comfort, as IM injections often
cause discomfort, especially with frequent dosing (Meibohm, 2019).
Moreover, SC administration offers the advantage of gradual release for
sustained effects (Meibohm, 2019). Notably, intravenous (IV) adminis-
tration has remained stable over time, consistently accounting for
32-36 % of peptide administrations.

This trend is also evident in research, spanning from preclinical to
clinical stages, where the administration trends align closely with those
observed in FDA-approved peptides. As shown in Fig. S1 (A), IV and SC
routes dominate, together comprising 63 % of all peptide administra-
tions. A notable trend in clinical trials is the sharp decrease in IV
(intravenous) administration research, indicating a shift away from this
approach. The subcutaneous route, on the other hand, continues to gain
interest. Moreover, innovations in less invasive delivery, such as pul-
monary administration, are emerging as promising alternatives in clin-
ical trials (Vora et al., 2022).

In summary, both in research and among approved therapies, IV and
SC administration are currently the primary mode of delivering thera-
peutic peptides and will be detailed in the following sections.

4.2. Intravenous and subcutaneous: The current predominant route of
administration

4.2.1. Formulation

Parenteral formulation as SC and IV must meet specific criteria
during development to ensure safety and efficacy and prevent local
irritation, discomfort, and hemolysis. This includes being sterile and free
of pyrogens, as well as having appropriate pH, injection volume, and
tonicity for the chosen route.

The IV route can accommodate significantly larger volumes in
comparison with SC, which is essential for treatments like infusions. As a
result, SC administration often requires higher peptide concentrations,
given the limited injection volumes (~5 mL) (Usach et al., 2019). This
poses challenges related to peptide self-association, especially for



E. Rosson et al.

amphiphilic peptides. At higher concentrations, these peptides can
aggregate through hydrophobic interactions, forming micelles. While
these aggregates can enhance chemical stability by reducing solvent
exposure, the aggregation can also negatively affect pharmacokinetics,
bioavailability, and physical stability. Excessive aggregation may lead to
gelation or precipitation, compromising the quality and effectiveness of
the formulation. Indeed, when peptides aggregate, they can lose their
functional structure, which reduces their biological activity. Aggregates
can also form gel networks, making the solution more viscous or even
solid.

4.2.2. Pharmacokinetics of peptide after administration

IV administration offers several advantages over the SC route. It led
to 100 % bioavailability as it is administered directly into the blood-
stream. This is especially important for drugs that require precise and
rapid dosing. Therapeutic effects are almost instantaneous due to direct
delivery into the circulatory system. Additionally, it provides precise
control overdosing. However, there are still significant advantages to SC
administration compared to IV administration.

Table 1 and Fig. 4 present pharmacokinetic parameters following SC
or IV administration for various peptides used in clinical practice.
Several key observations can be highlighted. Generally, IV administra-
tion results in a higher maximum concentration (Cp,ax) compared to SC.
For instance, in the case of Sandostatin, the Cyax is 9.6 pg/L for IV versus
2.4 pg/L for SC.

The time to reach maximum concentration (Tp,ay) is also shorter with
IV administration, reflecting the direct delivery into the bloodstream,
whereas SC administration shows a delayed Tpax due to the slower, more
gradual absorption. For example, Bleomycin has a half-life of 0.25 h
after IV (Fig. 4A) and 4.3 h after SC (Fig. 4B).

The area under the curve (AUC), which represents total drug expo-
sure, can be similar between the two routes, as seen with Sandostatin.

Table 1
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The volume of distribution (Vy) is often comparable. Lastly, clearance
rates can differ slightly, with SC administration sometimes showing
slightly higher values, as with Leuprolin Acetate. These variations are
crucial for determining the optimal route of administration based on
therapeutic requirements of each drug.

4.2.3. Benefits and drawbacks for patients

Both IV and SC administration routes present advantages and
drawbacks for patients, as outlined in Table 2. IV administration offers
rapid onset, precise dose control, and, easier formulation. However, it
comes with several disadvantages, including the need for hospital-based
administration by trained personnel, potentially long administration
times, pain and discomfort associated with the procedure, risk of
infection, persistent ecchymosis, short half-life, and the need for
frequent administration.

On the other hand, SC administration is generally more patient-
friendly with the potential for self-administration and fewer severe
local or systemic reactions, making it an attractive option for chronic
conditions like diabetes and hormonal therapies (Overton et al., 2021).
However, SC administration has some limitations. It is more immuno-
genic, allows for only low administration volumes, and carries a risk of
hypersensitivity. Additionally, the peptide must cross several biological
membranes before reaching systemic circulation, which slows absorp-
tion. This prolonged exposure to enzymes and other factors increases the
risk of degradation. SC administration is also particularly challenging
for peptides with short half-lives, as their rapid degradation can
compromise therapeutic efficacy (Mueller and Adler, 2018).

Despite their high potency, proteins and peptides are limited by their
short in vivo half-life and low bioavailability as discussed in the first part
of this review in section 1.1. These limitations often necessitate frequent
dosing since short half-lives lead to the rapid elimination of therapeutic
peptides. This can negatively impact patient quality of life, reduce

Main pharmacokinetic parameters of different peptide drugs administered intravenously and subcutaneously. RoA. Route of administration, AUC. Area under the
curve. IV administration achieves a higher Cmax and faster Tmax due to direct bloodstream delivery, while SC administration has a delayed Tmax due to slower

absorption. Both routes have comparable AUC.

Peptide RoA Formulation Cmax Half AUC Volume of Body Tmax Administration
(ug.Lh) life distribution clearance (h)
(h)
Sandostatin IV (Pharma, Solution 9.6 0.17 5.6 0.27 2.7 sec 50 ug
1989) tol5  pghl!  L/kg mL.h~! (push of 3 min)
SC (Chanson Solution 2.4 >1.6 5.3 0.27 2.7 0.5 50 ug
et al., 1993) pghL?  L/kg mL.h~!
Peginesatide, 2024; ( v Solution 2.10° 25 3 34.9 0.5 sec 100 pgkg™!
Czerniak et al., 2014) ng.h. mLkg™! mLh~%
(Committee for mL~! kg™!
Medicinal Products SC Solution 4.10* 53 2 35.6 1.5 48 100 pgkg™!
for Human Use, 2013) ng.h. mL.kg ! mLh™!
mL~! kg!
Leuprolin acetate ( v Solution 200 2.9 125.8 27L 8.3 sec 1 mg
AbbVie, 1986) pg.hL? Lh7!
SC SC, 2018; Solution (Okada et al., 1991) 32.3 3.6 118.6 37L 9.1 0.6 1 mg
ELIGARD, pg.h.L! Lh!
2024) Solution depot (Mostafa 47.4 N.A 990.5 33.5L 8.34 24 7.5mgla
et al., 2014); (Periti et al., pg.h.L? Lh! month
2012) ; (Sethi and Sanfilippo,
2009)
Liraglutide (Elbrgnd v Solution 70 8 810 5L 1.7 sec 5pg.kg!
et al., 2002); ( pg.h.L? uL.h~lkg
Jacobsen et al., 2016) SC Solution 17 15 503 11L 0.6 9.3 5 ug.kg ™!
pg.h.L? Lh7!
Bleomycin ANSM, A% Solution 1-10.10° 0.25 7.3 13L.m 2 1.13 sec 30 mg
2013; (Hall et al., ng‘h.L'] mLh™!
1982) m 2
SC Solution 0.9.10° 4.3 5 17 L.m™ 2 0.78 1 30 mg
ng.h.L! mLh™!
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Fig. 4. (A) Mean plasma bleomycin disappearance in six patients who received 15 units of bleomycin IV. (B) Mean plasma bleomycin concentration in four patients
who received 30 units SC (@). Bleomycin plasma concentrations on day 1 (ll) and day 2 (a) in one patient who received four units of bleomycin SC every 6 h. Issued
from S.W. Hall et al (Hall et al., 1982).

Table 2

Comparisons of Advantages and disadvantages of intravenous administration,
subcutaneous administration and subcutaneous administration with an inject-

able delivery system.

IV (McLennan et al.,
2005); (Renard,
2008) ; (Lundin et al.,
2002) ; (Viola et al.,
2018)

SC (McLennan et al.,
2005; Pivot et al.,
2014; Frost, 2007,
Ballard, 1968)

SC + injectable
delivery system (
McLennan et al., 2005;
Pivot et al., 2014; Frost,
2007; Ballard, 1968)

PROS  No delivery delay Self-administration Reduced dosing
Easier to formulate possible frequency
No problem of Short administration Reduces the
vascular access time degradation of active
Patient preference ingredients
Fewer side effects Controlled and
Longer half life prolonged release
Suitable for local and ~ Easy administration of
systemic exposure hydrophobic compound
Improved delivery of
poorly soluble
compounds
CONS  Hospital More immunogenic Biocompatibility of

administration (need

Low administration

delivery system

of trained personal) volume Biodegradability of
Can be long Potential delivery system
administration degradation of active  Risk of immunogenic
Pain and discomfort ingredients reaction

associated with
administration

Risk of infection and
persistent ecchymosis
Short half life
Frequent
administration

Hypersensitivity

Limited drug payload

compliance, and lead to poor adherence to the treatment regimens. To
address these challenges, various strategies have been developed,
including chemical modifications of peptides and the use of advanced
delivery systems. These approaches aim to enhance solubility, control
release, extend dosing intervals, improve bioavailability, and reduce
side effects.

5. Long-acting peptides and delivery systems

In this section, we limited our study to intravenous, intramuscular,
and subcutaneous administration as they remain the main routes of
administration of therapeutic peptides.

5.1. Formulation and chemical modifications of therapeutic peptides

5.1.1. Formulation

To address the challenges associated with therapeutic peptides,
several formulation modifications can be implemented (Fominaya et al.,
2015).

Peptides are often susceptible to chemical modification and enzy-
matic degradation. Stabilizers such as sucrose, trehalose, and myo-
inositol protect peptides by preventing denaturation and aggregation,
thus extending their active lifespan (Patel et al., 2023). Surfactants like
polysorbate 80 and sodium lauryl sulfate are used to enhance solubility
by reducing surface tension, improving peptide dispersion in aqueous
solutions, which facilitates administration and absorption (Balandin
et al., 2024). Peptides are also prone to degradation or oxidation by
metals, so chelating agents such as EDTA (ethylene diamine tetracetic
acid) and citric acid are employed to bind to metal ions, preventing them
from damaging the peptides and preserving their integrity (Song et al.,
2017). Many therapeutic peptides also suffer from poor aqueous solu-
bility, and excipients such as polyethylene glycol (PEG), mannitol, and
cyclodextrins are often incorporated to improve stability and solubility.
All these excipients can chemically interact with peptides, potentially
altering their structure, stability, and efficacy. Excipients may also in-
fluence how peptides cross biological membranes or affect metabolic
pathways. Therefore, careful evaluation of peptide-excipient in-
teractions is crucial to ensure the efficacy and safety of the final
formulation (Martinez et al., 2022; Panakanti and Narang, 2012).

In addition to improving stability and solubility of peptides, formu-
lation can also be optimized for slower peptide release. For example,
Acthar Gel is formulated with 16 % gelatin, a natural substance derived
from the partial hydrolysis and denaturation of collagen, to provide a
prolonged release after intramuscular or subcutaneous injection. This
formulation allows for a slower release of the peptide, which has a rapid
half-life of 15 min (Wan et al., 2023; Madan et al., 2016) but Acthar Gel
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still have to be administered one to two times a day. Another key
example of sustained-release formulation is Somatuline Depot, the first
sustained-release formulation produced via peptide self-assembly. Upon
injection, Lanreotide forms a depot at the injection site, from which the
drug is continuously released into surrounding tissues, likely through
passive diffusion, and then absorbed into the bloodstream. After a single
administration, Lanreotide is steadily released from the depot with a
half-life of 23-30 days, achieving a bioavailability of up to 78.4 % in
healthy subjects (Burness et al., 2014). This technique takes advantage
of peptide aggregation but is not universally applicable to all peptides
and does not address peptide protection from enzymatic degradation.

5.1.2. Chemical modifications

Chemical modifications of therapeutic peptides can take various
forms (Vlieghe et al., 2010). First modification of the peptide sequence
of therapeutic peptides have been shown to offer multiple benefits.
Sequence modifications can enhance the stability of peptides, enabling
them to better resist enzymatic degradation and extend their duration of
action (Fominaya et al., 2015). Additionally, these changes can optimize
biological activity by increasing the affinity, specificity, or selectivity for
molecular targets. Modifications can also improve pharmacokinetics by
altering absorption, distribution, metabolism, and elimination, thereby
boosting bioavailability (Adessi and Soto, 2002). Moreover, sequence
modifications can help avoid immunogenic epitopes, reducing the
likelihood of triggering an immune response. An example of sequence
modifications is teriparatide (Forteo). Teriparatide is a recombinant
form of parathyroid hormone used to treat osteoporosis. During its
development, specific sequence modifications were made by substitut-
ing some amino acids to minimize the presence of immunogenic epi-
topes, which are parts of the peptide. This sequence modification aimed
to reduce the likelihood of the body recognizing teriparatide as a foreign
substance, thereby decreasing the risk of adverse immune reactions.

Peptide cyclization involves forming a covalent bond between amino
acids of the peptides, creating a cyclic structure. This modification offers
numerous advantages over linear peptides. Cyclic peptides exhibit
enhanced stability due to their compact three-dimensional conforma-
tion, making them less vulnerable to enzymatic and chemical degrada-
tion (Gentilucci et al., 2010). These cyclic peptides are also more
resistant to proteolysis, resulting in prolonged half-life and enhanced
efficacy. Additionally, their unique structure improves bioavailability
by facilitating easier passage through biological membranes, as they can
adopt conformations that favor diffusion across lipid bilayers. Further-
more, the compact nature of cyclic peptides enhances binding affinity
and specificity while reducing immunogenicity, making them promising
candidates for therapeutic applications (Gentilucci et al., 2010; White
and Yudin, 2011; Gongora-Benitez et al., 2014). For instance, Octreo-
tide, used to treat acromegaly and neuroendocrine tumors, is a cyclic
analogue of Somatostain. The cyclization of octreotide enhances its
stability and extends its half-life by 30 time, allowing for less frequent
administration (Hill et al., 2014; Harris, 1994).

Other chemical modification of peptide by glycosylation, PEGylation
(Gentilucci et al., 2010; Goodwin et al., 2012; Acar et al., 2017), acyl-
ation (Gentilucci et al., 2010), or lipidation (Gentilucci et al., 2010) have
also been studied. These modifications enhance the potential of thera-
peutic peptides by prolonging half-life, improving stability, reducing
immunogenicity and side effects, and increasing solubility. For example,
Liraglutide and Exenatide are two PEGylated therapeutic peptides used
for the treatment of type 2 diabetes. In Exenatide’s case, PEGylation has
been specifically explored to extend its half-life and enhance stability,
allowing for less frequent dosing (Goodwin et al.,, 2012). A study
demonstrated that a PEG conjugate achieved a remarkable 56-fold
extension of Exenatide’s half-life in rats (Schellenberger et al., 2009),
highlighting the significant impact of such chemical modifications on
therapeutic efficacy.

Another effective strategy for enhancing therapeutic peptide is the
conjugation with carrier molecules. For example, Albiglutide, a
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modified version of Exenatide for treating type 2 diabetes, is genetically
engineered to fuse with human albumin, significantly prolonging its
half-life. This fusion enables a slower release of the peptide reducing its
degradation and allowing for less frequent injections compared to un-
modified Exenatide (Rosenstock et al., 2009). In general, conjugating
peptides to carrier molecules, such as proteins, antibodies, or polymers,
can improve their stability, bioavailability, and targeted delivery to
specific tissues or cells.

However, modifications of peptides are not always ideal, as they can
also alter their biological activity, potentially reducing effectiveness or
hindering interactions with their targets. To tackle these issues, a variety
of innovative delivery systems have been developed (Lee and Poh,
2023).

5.2. Delivery systems for therapeutic peptides

A delivery system refers to a method or device designed to administer
a therapeutic substance to the body in a controlled and effective manner.
The goals of these systems are to optimize drug bioavailability, stability
and therapeutic effectiveness while minimizing side effects and
administration frequency, all without compromising the biological
properties of the therapeutic agent (Sung and Kim, 2020; Blanco et al.,
2015; Bruno et al., 2013).

Fig. 5 illustrates the evolution of therapeutic peptide delivery sys-
tems over time, showcasing significant technological advancements
since the 1980 s. Some of these systems are already commercialized,
offering new opportunities for therapeutic intervention, while others
still remain in the research phase, highlighting the ongoing progress in
this field.

5.2.1. Implants

A key milestone in the development of controlled-release systems for
sustained peptide delivery occurred in 1989 with the launch of Zoladex,
a medication designed to release goserelin for the treatment of breast
and prostate cancers. Zoladex is a biodegradable implant injected sub-
cutaneously and composed of PLGA, a copolymer of polylactic acid
(PLA) and polyglycolic acid (PGA). PLGA degrades into non-toxic
byproducts in aqueous media through hydrolysis of its ester linkage.
The degradation rate of PLGA is influenced by different parameters,
including the polymer composition, molecular weight and end groups.
The gradual degradation of Zoladex leads to the controlled release of
Goserelin over time (Johnson et al., 2021; Li et al., 2022). Zoladex is
available in different concentrations, such as 3.6 mg, administered every
28 days, and 10.8 mg, administered every three months.

A more recent example of a degradable PLGA-based implant is Sce-
nesse, which was approved in 2019. Scenesse is implanted subcutane-
ously every two months and releases Afamelanotide to prevent
phototoxicity in adult patients with erythropoietic protoporphyria. A
key difference between Scenesse and other peptide PLGA products is
that the Scenesse implant is injected as a solid form rather than in a
liquid or semi-liquid state. This advancement significantly reduces the
frequency of administration compared to the peptide alone, improves
patient compliance, and lays the groundwork for future innovations in
drug delivery systems (Mittapelly et al., 2024; Gonella et al., 2022).

Other non-biodegradable implants have also been developed, such as
Viadur, approved by the FDA in 2000. This implant, made of silicone, is
injected subcutaneously to deliver Leuprolide acetate for the treatment
of advanced prostate cancer. The Viadur implant is an osmotic implant
that allows for the controlled release of the peptide through constant
diffusion over the course of one year, much longer than Zoladex, which
has a maximum release time of 3 months. Additionnal examples of non-
biodegradable implants approved by the FDA include Vantas (approved
in 2004) and Supprelin LA (approved in 2007), both of which release
Histrelin over 12 months. Histrelin is used to treat advanced prostate
cancer in men and central precocious puberty (CPP) in children. Since
these implants do not degrade in the body, they must be removed after
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Fig. 5. Timeline of Early FDA-Approved and Clinically Launched Therapeutic Peptide Parenteral Delivery systems. Key examples are represented on the Figure.
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the peptide has been fully released or is no longer needed, causing
discomfort for patient (Ibeanu et al., 2020; Agarwal and Rupenthal,
2013).

5.2.2. Microparticles

Another key milestone in the 1980 s came with the FDA approval of
Lupron Depot in 1989 for intramuscular administration, marking the
first resorbable PLGA-based microparticle formulation for prostate
cancer. Microparticles in these formulations typically range from 1 to
100 pm and are usually injected as a suspension, either subcutaneously
or intramuscularly. For Lupron Depot, the microparticles release the
peptide through two combined mechanisms: first, diffusion from the
surface of the swollen microparticle (diffusion phase) followed by
elution as the polymer erodes (bioerosion phase), a process that can last
several months. The bioerosion of Lupron Depot involves hydrolysis,
breaking down PLGA into its monomers which are then absorbed by the
body and metabolized (Okada, 1997).

Lupron Depot is available in 1, 3, 4, and 6-month formulations, with
respective dose of 7.5 mg, 22.5 mg, 30 mg, and 45 mg of Leuprolide
Acetate. Despite the fact that the half-life of Leuprolide is only 16 min,
the controlled release rate is governed by adjusting the polymer’s mo-
lecular weight and the lactide-to-glycolide ratio in the PLGA. For
example, the 1-month depot formulation uses a 75:25 M ratio of D,L-
lactide to glycolide in the PLGA with a molecular weight of 12 kDa.
The 3-month depot formulation also uses a 75:25 ratio but with a mo-
lecular weight of 14 kDa, while the 4-month depot formulation uses an
85:15 ratio with a molecular weight of 14 kDa. The 6-month depot
formulation uses the same 85:15 ratio but with a molecular weight of 18
kDa (Okada, 1997).

Other examples of microspheres for the delivery of therapeutic
peptides include Sandostatin LAR for the delivery of octreotide for the
treatment of acromegaly, approved by the FDA in 1998 (Flggstad et al.,
1997), and Trelstar for the delivery of triptorelin for the treatment of
advanced prostate cancer, approved by the FDA in 2000 (U.S Depart-
ment of Health Human Services, ‘Drug Approval Package: Trelstar Depot
(Triptorelin Pamoate), https://www.accessdata.fda.gov/drugsatfda_-
docs/nda/, 2025; Heyns, 2012). More recent examples include Bydur-
eon for the delivery of Exenatide for the treatment of type 2 diabetes,
approved by the FDA in 2012 (Deeks, 2019), and Signifor LAR for the
delivery of Pasireotide for the treatment of acromegaly, approved by the
FDA in 2014 (Cuevas-Ramos and Fleseriu, 2016). Despite the success of

10

microsphere-based formulations, there are some challenges. Indeed, the
vast majority are intramuscularly (IM) administered which can cause
pain, making it less ideal for patients, especially when frequent in-
jections are required. Moreover, the manufacturing process involves the
use of toxic organic solvents, which could potentially lead to safety is-
sues (Varde and Pack, 2004).

5.2.3. Nanosystems

The 1990 s marked a new wave of research in controlled peptide
delivery, particularly with the advent of nanoparticles which offered
protection against enzymatic degradation, improved stability, and
enabled targeted delivery (Blanco et al.,, 2015; Samec et al., 2022).
Among the most widely used nanosystems are organic nanosystems like
liposomes (Aronson et al., 2021; Tan et al., 2010), biodegradable
polymer-based nanoparticles (Prasad et al., 2016), and micelles (Acar
et al., 2017; Banerjee and Onyuksel, 2012). The mid-1990 s marked the
emergence of liposomes in research, spherical vesicles made of lipid
bilayers that encapsulate peptides for protection are biocompatible and
can target specific tissue in vivo (Swaminathan and Ehrhardt, 2012). For
example, Tecemotide, a liposomal formulation launched in clinical
research in 2000 for intravenous delivery, is a vaccine based on the
mucin-1 peptide and formulated with a synthetic lipopeptide and lipo-
some. This vaccine was designed to induce a cellular immune response
against cancer cells expressing MUC-1 and showed promising results
compared to traditional injections, particularly in the treatment of non-
small cell lung cancer (NSCLC). For instance, a phase III study revealed
that although the vaccine did not meet its primary endpoint of
improving overall survival, it demonstrated significant benefits in
progression-free survival for certain patient subgroups (J.D. Patel,
2020). Although liposomes have been extensively tested in preclinical
trials and have progressed to clinical trials, no therapeutic peptides are
currently administered using liposomes in clinical settings. This is partly
due to challenges such as stability issues, potential immunogenicity, and
the complexity of large-scale production (Sonju et al., 2022).

In the 2000 s, polymeric and lipid nanoparticles gained significant
popularity for stabilizing sensitive peptides and enabling sustained
release. These systems were extensively explored in preclinical research
for treating chronic diseases like cancer and hormonal disorders, leading
to better disease management and paving the way for more practical and
effective administration methods for patients. Despite some reaching
clinical trials, such as Pasireotide (2012, Cushing’s disease) and
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Liraglutide (2015, diabetes), none of the formulations have been
commercialized yet.

5.2.4. In situ gelling system

The 2000 s also marked a transformative moment in the pharma-
ceutical landscape with the FDA’s approval of the first sustained-release
drug using an in situ gelling mechanism, Eligard. Approved in 2002,
Eligard is a PLGA-based drug that gels upon subcutaneous injection to
form a solid implant. The drug is reconstituted by physical mixing of
leuprolide acetate into a polymer-solvent (N-méthyl-2-pyrrolidone)
system before subcutaneous injection. After injection, the solvent
diffused away, allowing water to permeate the implant. This process led
to phase separation and coagulation, ultimately forming the implant.

Eligard provided a prolonged, controlled release of Leuprorelin Ac-
etate for prostate cancer treatment, improving patient compliance and
outcomes (Vargason et al., 2021). Available as 1, 3, and 6-month depot
injections, the polymer ratios are adjusted to regulate drug release. In a
12-month clinical trial, 99 % of patients achieved testosterone levels
<50 ng/dl and 88 % < 20 ng/dl with the 6 months formulation (Berges,
2007). This discovery led to a wave of preclinical research on injectable
hydrogels, offering patient comfort and an optimal delivery system for
therapeutic peptides (Sartor, 2003).

Both Eligard and Lupron Depot contain the same active ingredient,
Leuprolide, but Eligard offers a more user-friendly formulation. Eligard
is administered as a subcutaneous injection, which is generally easier
and less painful for patients compared to the intramuscular injection
required for Lupron Depot. Additionally, Eligard’s formulation allows
for a simpler and quicker preparation process, which can be more
convenient for both healthcare providers and patients (Modi et al.,
2024).

5.2.5. Emulsions

In 2005, Fortical, a Calcitonin emulsion for intranasal administration
reached the clinic. Emulsions, which are dispersions of liquid droplets
within another immiscible liquid, offer robust physical protection to
peptides sensitive to enzymatic or chemical degradation by encapsu-
lating them in droplets, effectively shielding them from the external
environment (Patel et al., 2014). The colloidal structure and particle size
of emulsions facilitate the absorption of peptides through biological
membranes (Torres-Lugo and Peppas, 2000; Morita and Yamahara,
2010).

Therapeutic peptide emulsions can be classified into various types,
including water-in-oil (W/0O), oil-in-water (O/W) emulsions, oil-in-oil
(0/0) emulsions, and double water-in-oil-in-water (W/O/W) emul-
sions. For instance, octreotide, used for treating carcinoid tumors, was
encapsulated in O/0O emulsions (Murty et al., 2004). The results
demonstrated improved peptide stability and sustained release. As for
W/0O/W emulsions, water droplets containing the peptide are encapsu-
lated within oil droplets, which are then dispersed in an aqueous phase.
This double encapsulation offers additional protection and controlled
release. For example, trials on the encapsulation of Somatostatin, used
for the treatment of endocrine disorders, into W/O/W emulsions for
subcutaneous or intramuscular administration showed prolonged
release and enhanced protection against enzymatic degradation
(Reithmeier et al., 2001).

Current research on nanoemulsions, which are small-sized emulsions
(<200 nm), highlights their enhanced stability, improved peptide de-
livery efficiency due to enhanced surface area, and greater bioavail-
ability compared to conventional emulsions, making them a promising
advancement in therapeutics peptides applications (Rafique et al.,
2021).

5.2.6. The future of therapeutic peptide delivery systems

Since the 2010 s’ stimuli-responsive (“smart”) drug delivery systems
have gained strong attention, with peptides playing a significant role
(Trimaille and Verrier, 2023). Therapeutic peptide delivery systems
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offer numerous advantages, as presented in Table 2 previously. These
systems notably reduce dosing frequency and decrease the degradation
of active ingredients. Smart delivery systems ensure controlled and
prolonged drug release, facilitate the administration of hydrophobic
compounds, and improve the delivery of poorly soluble compounds.
However, these systems must be biocompatible and biodegradable.
Additionally, their drug payload capacity remains limited.

Stimulus-responsive systems for peptide delivery have been designed
to respond to internal stimuli (e.g. osmolarity, pH, heat) as well as
external stimuli (e.g. light) (Muttenthaler et al., 2021). These strategies
have been applied to in situ gelling systems administered SC. As
described previously, in situ gelling systems maintain the practicality of
injection and gelation occur after administration leading to a sustained
release of the therapeutic peptide. In contrast to PLGA-based in situ
gelling system described above, stimulus-responsive systems avoid the
need of the N-méthyl-2-pyrrolidone solvent, decreasing irritation and
toxicity issues. For example, preclinical research has explored new for-
mulations, including modified chitosan and hyaluronic acid copolymers
that gel upon contact with body fluids or at body temperature making
them ideal for localized and controlled drug delivery. For example, a
thermosensitive hydrogel based on chitosan chloride and RoY peptide
(CSCI-RoY) was developed to improve angiogenesis under hypoxia after
myocardial infarction. The viscosity of the CSCI-RoY solution is low
when the temperature is below 34 °C (about 0.1 mPa.S) but it sharply
increases at 36-37 °C. In vitro tests with human umbilical vein endo-
thelial cells (HUVECs) showed that CSCI-RoY hydrogels promote the
survival, proliferation, migration, and tube formation of HUVECs under
hypoxia, compared to CSCI hydrogels alone. In vivo, in a rat model with
myocardial infarction, injected CSCl-RoY hydrogels improved angio-
genesis and cardiac functions (Shu et al., 2015).

Stimulus-responsive systems have also been designed to control the
release of the peptide in specific tissues or at precise time. These
advanced systems hold great promise for improving the precision and
efficacy of drug delivery, ensuring that therapeutic agents are released
in a controlled manner directly at the site of pathology, thereby mini-
mizing side effects and enhancing treatment outcomes. For example, pH-
responsive micelle was designed to release the E5 peptide, a CXCR4
receptor antagonist aimed at preventing tumor metastasis. This micelle
is developed to release the peptide specifically in the tumor environ-
ment, which has a more acidic pH than healthy tissue. The encapsulation
of the peptide was achieved at neutral pH through electrostatic in-
teractions between slightly negatively charged due to the phosphate
groups of the PE-PEG (phosphatidylethanolamine-polyethylene glycol)
polymer micelles and the positively charged E5 peptide. A faster release
of the peptide was observed at pH 5 (80 % released peptide after 24 h)
compared to pH 7.4 (30 % released peptide after 24 h). This difference is
attributed to electrostatic repulsion: at pH 5, the polymer becomes
positively charged, leading to repulsion with the positively charged
peptide and facilitating its release (Trimaille and Verrier, 2023; Fang
et al., 2017). Improvements for smart delivery of therapeutic peptides
has also been achieved recently with adaptative hydrogels. For example,
an antimicrobial peptide (LL-37) was loaded into a chitosan hydrogel
which reacts to environmental stimuli, such as acidity or the presence of
bacterial enzymes, to control the release of the peptide (Yang et al.,
2020). This responsiveness allows for a sustained and localized release
of peptides, enhancing their therapeutic effect while reducing the need
for frequent administration.

Finally, targeting delivery systems have been applied to peptides for
accurate peptide delivery. Nanoparticles have been functionalized to
target specific cells or tissues to overcome certain physiological barriers,
improves therapeutic efficacy and decrease toxicity in various pathol-
ogies. For example, self-assembled activatable protein nanoparticles
(TN-APNPs) have been designed for the delivery of the therapeutic Tat-
NR2B9c peptide for the management of traumatic brain injury (TBI). To
enhance the delivery of Tat-NR2B9c to the injured brain areas, their
surface was modified by short targeting peptides (CAQK or CCAQK). The
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conjugated nanoparticles (C-TN-APNPs and CC-TN-APNPs) showed
improved delivery of Tat-NR2B9c to the injured brain areas by
increasing blood-brain barrier permeability. In vivo studies demon-
strated that CC-TN-APNPs had better circulation time, targeting ability,
and therapeutic benefits compared to non-conjugated nanoparticles and
represent a promising therapeutic approach for the clinical management
of TBI (Wu, 2019).

The evolution of therapeutic peptide delivery systems reflects a
continuous effort to enhance the efficacy, stability, and patient
compliance of peptide drugs. From injectable formulations to sophisti-
cated targeted delivery systems, each advancement brings us closer to
realizing the full potential of peptide therapeutics.

Despite these advancements, challenges remain, including large-
scale production biocompatibility and biodegradability of the delivery
systems, risk of immunogenic reactions, and drug payload capacity.
These challenges need to be addressed before these systems can be
widely adopted in clinical practice.

6. Conclusion

Since their emergence in the 1940 s, peptides have become an
important class of therapeutic agents, owing to their unique biochemical
properties and versatility in treating a wide range of diseases such as
diabetes, cancer, cardiovascular, and infectious diseases (Lau and Dunn,
2018; Fosgerau and Hoffmann, 2015; Craik et al., 2013). While peptides
effectively complement small molecules and biologics, they face sig-
nificant challenges, such as membrane impermeability and limited in
vivo stability, largely due to their amino acid composition (Wang et al.,
2022; Al Musaimi et al., 2022). Nevertheless, these obstacles have
driven substantial innovation in peptide-based therapies over recent
decades.

Extensive research efforts have improved peptide design, particu-
larly through chemical modifications that enhance their stability, effi-
cacy, and therapeutic impact (Lau and Dunn, 2018; Muttenthaler et al.,
2021).What initially began as the mimicking of natural hormones has
evolved into the rational design of tailor-made peptides, optimized for
precise biological effects. Breakthroughs in molecular biology, peptide
chemistry, and drug delivery technologies have propelled peptide-based
treatments into new horizons.

Parenteral administration has become the standard for peptide de-
livery, ensuring stability and efficacy. The future holds exciting pros-
pects, particularly with the emergence of advanced delivery systems.
These systems offer promising potential for the controlled and pro-
longed release of peptides, addressing the growing demand for treat-
ments that require sustainable and targeted administration (Lau and
Dunn, 2018; Lamers, 2022).

Opportunities for innovation in peptide therapy are immense.
Improving patient comfort, adopting advanced delivery systems such as
in situ gelling, and integrating digital technologies, such as smart sensors
to monitor therapies in real time, can be key factors. Additionally,
combining peptide treatments for synergistic effects and adapting these
therapies for specific populations, such as children and the elderly, will
unlock even more potential. These advancements will be crucial in
ensuring that peptides remain at the forefront of modern medicine,
shaping the future of healthcare through their unparalleled therapeutic
promise.

CRediT authorship contribution statement

E. Rosson: Writing — review & editing, Writing — original draft,
Visualization, Methodology, Investigation, Formal analysis, Conceptu-
alization. F. Lux: Writing — review & editing, Writing — original draft,
Visualization, Supervision, Project administration, Methodology,
Investigation, Conceptualization. L. David: Writing — review & editing,
Funding acquisition. Y. Godfrin: Writing — review & editing, Funding
acquisition, Conceptualization. O. Tillement: Writing — review &

12

International Journal of Pharmaceutics 675 (2025) 125555

editing, Funding acquisition, Conceptualization. E. Thomas: Writing —
review & editing, Writing — original draft, Visualization, Supervision,
Project administration, Methodology, Investigation, Conceptualization.

Declaration of Generative Al and Al-assisted technologies in the
writing process

During the preparation of this work the author used Microsoft
Copilot in order to rephrase some paragraphs. After using this tool/
service, the author(s) reviewed and edited the content as needed and
take(s) full responsibility for the content of the publication.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
[Elise Rosson reports a relationship with Axoltis Pharma that includes:
employment. Yann Godfrin reports a relationship with Axoltis Pharma
that includes: board membership. If there are other authors, they declare
that they have no known competing financial interests or personal re-
lationships that could have appeared to influence the work reported in
this paper. The authors thank the Région Auvergne Rhone-Alpes for the
R&D Booster grant HYDROPEP].

Acknowledgments

The authors thank the Région Auvergne Rhone-Alpes for the R&D
Booster grant HYDROPEP.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijpharm.2025.125555.

Data availability
Data will be made available on request.

References

Lau, J.L., Dunn, M.K., 2018. Therapeutic peptides: Historical perspectives, current
development trends, and future directions. Bioorg. Med. Chem. 26 (10), 2700-2707.
https://doi.org/10.1016/j.bmc.2017.06.052.

Muttenthaler, M., King, G.F., Adams, D.J., Alewood, P.F., 2021. Trends in peptide drug
discovery. Nat. Rev. Drug Discov. 20 (4). https://doi.org/10.1038/541573-020-
00135-8.

Center for Drug Evaluation and Research, « Novel Drug Approvals for 2023 », FDA, jan.
2024, https://www.fda.gov/drugs/novel-drug-approvals-fda/novel-drug-approvals-
2023 (accessed 14 May 2024).

Jorgensen, J.T., 2015. Clinical application of companion diagnostics. Trends Mol. Med. 21
(7), 405-407. https://doi.org/10.1016/j.molmed.2015.05.003.

Global Growth Insights, « Peptide-based Drug Market Size, Share», Jan. 2025, https://
www.globalgrowthinsights.com/market-reports/peptide-based-drug-market-
107945 (accessed 25 March 2025).

Wang, L., Wang, N., Zhang, W., Cheng, X., Yan, Z., Shao, G., Wang, X., Wang, R., Fu, C.,
2022. Therapeutic peptides: current applications and future directions. Signal
Transduction and Targeted Therapy 7 (48). https://doi.org/10.1038/541392-022-
00904-4.

Fosgerau, K., Hoffmann, T., 2015. Peptide therapeutics: current status and future
directions. Drug Discov. Today 20 (1), 122-128. https://doi.org/10.1016/j.
drudis.2014.10.003.

Zhang, Y., Zhang, H., Ghosh, D., Williams, R.O., Sep. 2020. Just how prevalent are
peptide therapeutic products? a critical review. Int. J. Pharma. 587. https://doi.org/
10.1016/j.ijpharm.2020.119491.

Al Shaer, D., Al Musaimi, O., Albericio, F., de la Torre, B.G., 2020. 2019 FDA TIDES
(Peptides and Oligonucleotides) Harvest. Pharmaceuticals 13 (3). https://doi.org/
10.3390/ph13030040.

Kumar, S., Sanap, S.N., Vasoya, M., Handa, M., Pandey, P., Khopade, A., Sawant, K.K.,
2024. USFDA-approved parenteral peptide formulations and excipients: Industrial
perspective. J. Drug Deliv. Sci. Technol., 95. https://doi.org/10.1016/j.
jddst.2024.105589.

Sharma, K., Sharma, K.K., Sharma, A., Jain, R., 2023. Peptide-based drug discovery:
current status and recent advances. Drug Discov. Today 28 (2). https://doi.org/
10.1016/j.drudis.2022.103464.


https://doi.org/10.1016/j.ijpharm.2025.125555
https://doi.org/10.1016/j.ijpharm.2025.125555
https://doi.org/10.1016/j.bmc.2017.06.052
https://doi.org/10.1038/s41573-020-00135-8
https://doi.org/10.1038/s41573-020-00135-8
https://doi.org/10.1016/j.molmed.2015.05.003
https://doi.org/10.1038/s41392-022-00904-4
https://doi.org/10.1038/s41392-022-00904-4
https://doi.org/10.1016/j.drudis.2014.10.003
https://doi.org/10.1016/j.drudis.2014.10.003
https://doi.org/10.1016/j.ijpharm.2020.119491
https://doi.org/10.1016/j.ijpharm.2020.119491
https://doi.org/10.3390/ph13030040
https://doi.org/10.3390/ph13030040
https://doi.org/10.1016/j.jddst.2024.105589
https://doi.org/10.1016/j.jddst.2024.105589
https://doi.org/10.1016/j.drudis.2022.103464
https://doi.org/10.1016/j.drudis.2022.103464

E. Rosson et al.

Vlieghe, P., Lisowski, V., Martinez, J., Khrestchatisky, M., 2010. Synthetic therapeutic
peptides: science and market. Drug Discov. Today 15 (1-2), 40-56. https://doi.org/
10.1016/j.drudis.2009.10.009.

Fetse, J., Kandel, S., Mamani, U.F., Cheng, K., 2023. Recent advances in the development
of therapeutic peptides: trends in pharmacological sciences. Trends Pharmacol. Sci.
44 (7), 425-441. https://doi.org/10.1016/].tips.2023.04.003.

Craik, D.J., Kan, M.-W., 2021. How can we improve peptide drug discovery? Learning
from the past. Expert Opin. Drug Discov. 16 (12), 1399-1402. https://doi.org/
10.1080/17460441.2021.1961740.

Rossino, G., Marchese, E., Galli, G., Verde, F., Finizio, M., Serra, M., Linciano, P.,
Collina, S., 2023. Peptides as therapeutic agents: challenges and opportunities in the
green transition era. Molecules 28 (20), 7165. https://doi.org/10.3390/
molecules28207165.

Zou, M., Zhou, H., Gu, L., Zhang, J., Fang, L., 2024. Therapeutic target identification and
drug discovery driven by chemical proteomics. Biology 13 (8). https://doi.org/
10.3390/biology13080555.

Shi, S.M., Di, L., 2022. Strategies to optimize peptide stability and prolong half-life.
Peptide Therap., AAPS Adv. Pharm. Sci. Series 47, 163-182. https://doi.org/
10.1007/978-3-031-04544-8_4.

Al Musaimi, O., Jaradat, D.M.M., 2024. Advances in therapeutic peptides separation and
purification. Separations 11 (8). https://doi.org/10.3390/separations11080233.

Craik, D.J., Fairlie, D.P., Liras, S., Price, D., 2013. The future of peptide-based drugs.
Chem. Biol. Drug Des. 81 (1), 136-147. https://doi.org/10.1111/cbdd.12055.

Hummel, G., Reineke, U., Reimer, U., 2006. Translating peptides into small molecules.
Mol. Biosyst. 2 (10), 499-508. https://doi.org/10.1039/b611791k.

Ghosh, D., Peng, X., Leal, J., Mohanty, R., 2018. Peptides as drug delivery vehicles across
biological barriers. J. Pharm. Investig., 48 (1), 89-111. https://doi.org/10.1007/
s40005-017-0374-0.

Holz, E., Darwish, M., Tesar, D.B., Shatz-Binder, W., 2023. A review of protein- and
peptide-based chemical conjugates: past present, and future. Pharmaceutics 15 (2).
https://doi.org/10.3390/pharmaceutics15020600.

Trier, N.H., Houen, G., 2023. Design, production, characterization, and use of peptide
antibodies. Antibodies 12 (1). https://doi.org/10.3390/antib12010006.

Aronson, J.K., 2016. In: Bacitracin’, Meyler’s Side Effect of Frugs, Sixteeth Edition.
Elsevier, pp. 807-808. https://doi.org/10.1016/B978-0-444-53717-1.00347-4,

Awais, M., Shah, A., Hameed, A., Hasan, F., 2007. Isolation, identification and
optimization of bacitracin produced by Bacillus SP. Pak. J. Bot. 39, 1303-1312.

Vigneaud, V.D., Ressler, C., Swan, C.J.M., Roberts, C.W., Katsoyannis, P.G., Gordon, S.,
1953. The synthesis of an octapeptide amide with the hormonal activity of oxytocin.
J. Am. Chem. Soc. 75 (19), 4879-4880. https://doi.org/10.1021/ja01115a553.

Merrifield, R.B., 1963. Solid phase peptide synthesis. I. the synthesis of a tetrapeptide.
J. Am. Chem. Soc. 85 (14), 2149-2154. https://doi.org/10.1021/ja00897a025.

Smith, G.P., Petrenko, V.A., 1997. Phage display. Chem. Rev. 97, 391-410. https://doi.
0rg/10.1021/cr960065d.

Sidhu, S.S., 2000. Phage display in pharmaceutical biotechnology. Curr. Opin. Biotechnol.
11 (6), 610-616. https://doi.org/10.1016/50958-1669(00)00152-X.

Bratkovi¢, T., 2010. Progress in phage display: evolution of the technique and its
applications. Cell. Mol. Life Sci. 67, 749-767. https://doi.org/10.1007/s00018-009-
0192-2.

De Clercq, E., 2009. The history of antiretrovirals: key discoveries over the past 25 years.
Rev. Med. Virol. https://doi.org/10.1002/rmv.624.

Vora, D., Dandekar, A.A., Banga, A.K., 2022. ‘Therapeutic peptide delivery:
fundamentals, formulations, and recent advances’, peptide therapeutics. AAPS Adv.
Pharma. Sci. Series 47, 183-201. https://doi.org/10.1007/978-3-031-04544-8 5.

Wu, C.H,, Liu, LJ., Lu, R.M., Wu, H.C., 2016. Advancement and applications of peptide
phage display technology in biomedical science. J. Biomed. Sci. 23 (8). https://doi.
0rg/10.1186/512929-016-0223-x.

Hughes, J., Smith, T.W., Kosterlitz, H.W., Fothergill, L.A., Morgan, B.A., Morris, H.R.,
1975. Identification of two related pentapeptides from the brain with potent opiate
agonist activity. Nature 258 (5536), 577-580. https://doi.org/10.1038/258577a0.

Li, C.H., Chung, D., 1975. Isolation and structure of an untriakontapeptide with opiate
activity from camel pituitary glands. PNAS 1145-1148. https://doi.org/10.1073/
pnas.73.4.1145.

Copp, D.H., Cameron, E.C., Cheney, B.A., Davidson, A.G., Henze, K.G., 1962. Evidence
for calcitonin-a new hormone from the parathyroid that lowers blood calcium.
Endocrinology 70, 638-649. https://doi.org/10.1210/endo-70-5-638.

Wex, J., Sidhu, M., Odeyemi, 1., Abou-Setta, A.M., Retsa, P., Tombal, B., 2013. Full
article: Leuprolide acetate 1-, 3- and 6-monthly depot formulations in androgen
deprivation therapy for prostate cancer in nine European countries: evidence review
and economic evaluation. ClinicoEcon. Outcomes Res. 257-269. https://doi.org/
10.2147/CEOR.S544855.

O’Brien, A., Hibberd, M., 1990. Clinical efficacy and safety of a new leuprorelin acetate
depot formulation in patients with advanced prostatic cancer. J. Int. Med. Res.
57-68. https://doi.org/10.1177/03000605900180S5109.

Billiau, A., Matthys, P., 2009. Interferon-y: a historical perspective. Cytokine Growth
Factor Rev., 20 (2), 97-113. https://doi.org/10.1016/j.cytogfr.2009.02.004.

Wan, G.J., Niewoehner, J., Hayes, K., 2023. Acthar Gel (RCI): a narrative literature
review of clinical and economic evidence. ClinicoEcon. Outcomes Res. 15, 499-512.
https://doi.org/10.2147/CEOR.S410082.

Madan, A., Mijovic-Das, S., Stankovic, A., Teehan, G., Milward, A.S., Khastgir, A., 2016.
Acthar gel in the treatment of nephrotic syndrome: a multicenter retrospective case
series. BMC Nephrology 17. https://doi.org/10.1186/512882-016-0241-7.

Liu, P., Chen, G., Zhang, J., 2022. A review of liposomes as a drug delivery system:
current status of approved products, regulatory environments, and future
perspectives. Molecules 27 (4). https://doi.org/10.3390/molecules27041372.

13

International Journal of Pharmaceutics 675 (2025) 125555

Zhang, X., Li, X., Zhao, Y., Zheng, Q., Wu, Q., Yu, Y., 2022. Nanocarrier system: an
emerging strategy for bioactive peptide delivery. Front. Nutr., 9. https://doi.org/
10.3389/fnut.2022.1050647.

Bolognesi, M.L., Cavalli, A., 2016. Multitarget drug discovery and polypharmacology.
Chem. Med. Chem. 11, 1190-1192. https://doi.org/10.1002/cmdc.201600161.
Miljanich, G.P., 2004. Ziconotide: neuronal calcium channel blocker for treating severe
chronic pain. Curr. Med. Chem. 11, 3029-3040. https://doi.org/10.2174/

0929867043363884.

Olivera, B.M., Teichert, R.W., 2007. Diversity of the neurotoxic conus peptides: a model
for concerted pharmacological discovery. Mol. Interv. 7 (5), 251-260. https://doi.
org/10.1124/mi.7.5.7.

‘Peptide Therapeutics Market Size & Share Analysis - Growth Trends & Forecasts (2024-
2029)’, Mordor Intelligence, https://www.mordorintelligence.com/industry-reports
/peptide-therapeutics-market (accessed 4 October 2024).

‘Peptide Therapeutics Market Size & Share Report, 2032’, Global Market Insights Inc, htt
ps://www.gminsights.com/industry-analysis/peptide-therapeutics-market (accessed
10 July 2024).

‘Peptide Therapeutics Market Size And Share Report, 2030°, Grand View Research, htt
ps://www.grandviewresearch.com/industry-analysis/peptide-therapeutics-market
(accessed 17 November 2024).

DeVries, J.H., Bain, S.C., Rodbard, H.W., Seufert, J., D’Alessio, D., Thomsen, A.B.,
Zychma, M., Rosenstock, J., 2012. Sequential intensification of metformin treatment
in type 2 diabetes with liraglutide followed by randomized addition of basal insulin
prompted by A1C targets. Diab. Care 35 (7), 1446-1454. https://doi.org/10.2337/
dc11-1928.

Pabreja, K., Mohd, M.A., Koole, C., Wootten, D., Furness, S.G.B., 2014. Molecular
mechanisms underlying physiological and receptor pleiotropic effects mediated by
GLP-1R activation. Br. J. Pharmacol., 171 (5), 1114-1128. https://doi.org/10.1111/
bph.12313.

Thundimadathil, J., 2012. Cancer treatment using peptides: current therapies and future
prospects. J. Amino Acids 2012 (1). https://doi.org/10.1155/2012/967347.

Karami Fath, M., Babakhaniyan, K., Zokaei, M., Yaghoubian, A., Akbari, S.,

Khorsandi, M., Soofi, A., Nabi-Afjadi, M., Zalpoor, H., Jalalifar, F.,
Azargoonjahromi, A., Payandeh, Z., Bahrami, A.A., 2022. Anti-cancer peptide-based
therapeutic strategies in solid tumors. Cell. Mol. Biol. Lett. 33. https://doi.org/
10.1186/5s11658-022-00332-w.

O’Connor, C.M,, et al., 2011. Effect of nesiritide in patients with acute decompensated
heart failure. N. Engl. J. Med. 365 (1), 32-43. https://doi.org/10.1056/
NEJMoal100171.

Colucci, W.S., Elkayam, U., Horton, D.P., Abraham, W.T., Bourge, R.C., Johnson, A.D.,
Wagoner, L.E., Givertz, M.M., Liang, C.S., Neibaur, M., Haught, W.H., LeJemtel, T.
H., 2000. Intravenous nesiritide, a natriuretic peptide, in the treatment of
decompensated congestive heart failure. Nesiritide Study Group New England J.
Med. 343, 246-253. https://doi.org/10.1056/NEJM200007273430403.

Cochrane, ‘Peptide Therapy in Gastrointestinal Disorders’, Cochrane Handbook, Jun.
2024, https://www.cochrane-handbook.org/peptide-therapy-in-gastrointestinal-di
sorders/ (accessed 20 November 2024).

R. A. Liddle, ‘Overview of gastrointestinal peptides in health and disease’, UpToDate,
May 2024, https://www.uptodate.com/contents/overview-of-gastrointestinal-pep
tides-in-health-and-disease (accessed 8 August 2024).

Larché, M., Wraith, D., 2005. Peptide-based therapeutic vaccines for allergic and
autoimmune diseases. Nat. Med. 11, S69-S76. https://doi.org/10.1038/nm1226.

Filippi, M., Rovaris, M., Rocca, M.A., Sormani, M.P., Wolinsky, J.S., Comi, G., 2001.
Glatiramer acetate reduces the proportion of new MS lesions evolving into black
holes. Neurology 57 (4), 731-733. https://doi.org/10.1212/wnl.57.4.731.

Khan, O., Shen, Y., Caon, C., Bao, F., Ching, W., Reznar, M., Buccheister, A., Hu, J.,
Latif, Z., Tselis, A., Lisak, R., 2005. Axonal metabolic recovery and potential
neuroprotective effect of glatiramer acetate in relapsing-remitting multiple sclerosis.
Mult. Scler. Houndmills Basingstoke Engl. 11 (6), 646-651. https://doi.org/10.1191/
1352458505ms1234oa.

Janecka, A., Perlikowska, R., Gach, K., Wyrebska, A., Fichna, J., 2010. Development of
opioid peptide analogs for pain relief. Curr. Pharm. Des. 16 (9), 1126-1135. https://
doi.org/10.2174/138161210790963869.

Safavi-Hemami, H., Brogan, S.E., Olivera, B.M., 2019. Pain therapeutics from cone snail
venoms: from ziconotide to novel non-opioid pathways. J. Proteomics 190, 12-20.
https://doi.org/10.1016/j.jprot.2018.05.009.

Abbara, A., Jayasena, C.N., Christopoulos, G., Narayanaswamy, S., Izzi-Engbeaya, C.,
Nijher, G.M.K., Comnios, A.N., Peters, D., Buckley, A., Ratnasabapathy, R., Prague, J.
K., Salim, R., Lavery, S.A., Bloom, S.R., Szigeti, M., Ashby, D.A., Trew, G.H.,
Dhillo, W.S., 2015. Efficacy of Kisspeptin-54 to Trigger Oocyte Maturation in Women
at High Risk of Ovarian Hyperstimulation Syndrome (OHSS) During In Vitro
Fertilization (IVF) Therapy. J. Clin. Endocrinol. Metab. 100 (9), 3322-3331. https://
doi.org/10.1210/jc.2015-2332.

Kiithnen, P., Clément, K., Wiegand, S., Blankenstein, O., Gottesdiener, K., Martini, L.L.,
Mai, K., Blume-Peytavi, U., Griiters, A., Krude, H., 2016. Proopiomelanocortin
deficiency treated with a melanocortin-4 receptor agonist. New England J. Med. 375,
Jul. https://doi.org/10.1056/NEJMoal512693.

Baig, M.H., Ahmad, K., Saeed, M., Alharbi, A.M., Barreto, G.E., Ashraf, G., Choi, L., 2018.
Peptide based therapeutics and their use for the treatment of neurodegenerative and
other diseases. Biomed. Pharmacother. 103, 574-581. https://doi.org/10.1016/j.
biopha.2018.04.025.

Fox, J.L., 2013. Antimicrobial peptides stage a comeback: better understanding of the
mechanisms of action, modification and synthesis of antimicrobial peptides is
reigniting commercial development. Nat. Biotechnol. 31 (5), 379-383. https://doi.
org/10.1038/nbt.2572.


https://doi.org/10.1016/j.drudis.2009.10.009
https://doi.org/10.1016/j.drudis.2009.10.009
https://doi.org/10.1016/j.tips.2023.04.003
https://doi.org/10.1080/17460441.2021.1961740
https://doi.org/10.1080/17460441.2021.1961740
https://doi.org/10.3390/molecules28207165
https://doi.org/10.3390/molecules28207165
https://doi.org/10.3390/biology13080555
https://doi.org/10.3390/biology13080555
https://doi.org/10.1007/978-3-031-04544-8_4
https://doi.org/10.1007/978-3-031-04544-8_4
https://doi.org/10.3390/separations11080233
https://doi.org/10.1111/cbdd.12055
https://doi.org/10.1039/b611791k
https://doi.org/10.1007/s40005-017-0374-0
https://doi.org/10.1007/s40005-017-0374-0
https://doi.org/10.3390/pharmaceutics15020600
https://doi.org/10.3390/antib12010006
https://doi.org/10.1016/B978-0-444-53717-1.00347-4
http://refhub.elsevier.com/S0378-5173(25)00392-8/h0125
http://refhub.elsevier.com/S0378-5173(25)00392-8/h0125
https://doi.org/10.1021/ja01115a553
https://doi.org/10.1021/ja00897a025
https://doi.org/10.1021/cr960065d
https://doi.org/10.1021/cr960065d
https://doi.org/10.1016/S0958-1669(00)00152-X
https://doi.org/10.1007/s00018-009-0192-2
https://doi.org/10.1007/s00018-009-0192-2
https://doi.org/10.1002/rmv.624
https://doi.org/10.1007/978-3-031-04544-8_5
https://doi.org/10.1186/s12929-016-0223-x
https://doi.org/10.1186/s12929-016-0223-x
https://doi.org/10.1038/258577a0
https://doi.org/10.1073/pnas.73.4.1145
https://doi.org/10.1073/pnas.73.4.1145
https://doi.org/10.1210/endo-70-5-638
https://doi.org/10.2147/CEOR.S44855
https://doi.org/10.2147/CEOR.S44855
https://doi.org/10.1177/03000605900180S109
https://doi.org/10.1016/j.cytogfr.2009.02.004
https://doi.org/10.2147/CEOR.S410082
https://doi.org/10.1186/s12882-016-0241-7
https://doi.org/10.3390/molecules27041372
https://doi.org/10.3389/fnut.2022.1050647
https://doi.org/10.3389/fnut.2022.1050647
https://doi.org/10.1002/cmdc.201600161
https://doi.org/10.2174/0929867043363884
https://doi.org/10.2174/0929867043363884
https://doi.org/10.1124/mi.7.5.7
https://doi.org/10.1124/mi.7.5.7
https://www.mordorintelligence.com/industry-reports/peptide-therapeutics-market
https://www.mordorintelligence.com/industry-reports/peptide-therapeutics-market
https://www.gminsights.com/industry-analysis/peptide-therapeutics-market
https://www.gminsights.com/industry-analysis/peptide-therapeutics-market
https://www.grandviewresearch.com/industry-analysis/peptide-therapeutics-market
https://www.grandviewresearch.com/industry-analysis/peptide-therapeutics-market
https://doi.org/10.2337/dc11-1928
https://doi.org/10.2337/dc11-1928
https://doi.org/10.1111/bph.12313
https://doi.org/10.1111/bph.12313
https://doi.org/10.1155/2012/967347
https://doi.org/10.1186/s11658-022-00332-w
https://doi.org/10.1186/s11658-022-00332-w
https://doi.org/10.1056/NEJMoa1100171
https://doi.org/10.1056/NEJMoa1100171
https://doi.org/10.1056/NEJM200007273430403
https://www.cochrane-handbook.org/peptide-therapy-in-gastrointestinal-disorders/
https://www.cochrane-handbook.org/peptide-therapy-in-gastrointestinal-disorders/
https://www.uptodate.com/contents/overview-of-gastrointestinal-peptides-in-health-and-disease
https://www.uptodate.com/contents/overview-of-gastrointestinal-peptides-in-health-and-disease
https://doi.org/10.1038/nm1226
https://doi.org/10.1212/wnl.57.4.731
https://doi.org/10.1191/1352458505ms1234oa
https://doi.org/10.1191/1352458505ms1234oa
https://doi.org/10.2174/138161210790963869
https://doi.org/10.2174/138161210790963869
https://doi.org/10.1016/j.jprot.2018.05.009
https://doi.org/10.1210/jc.2015-2332
https://doi.org/10.1210/jc.2015-2332
https://doi.org/10.1056/NEJMoa1512693
https://doi.org/10.1016/j.biopha.2018.04.025
https://doi.org/10.1016/j.biopha.2018.04.025
https://doi.org/10.1038/nbt.2572
https://doi.org/10.1038/nbt.2572

E. Rosson et al.

Goles, M., et al., 2024. Peptide-based drug discovery through artificial intelligence:
towards an autonomous design of therapeutic peptides. Brief. Bioinform. 25 (4),
bbae275. https://doi.org/10.1093/bib/bbae275.

Ganesh, A.N., Heusser, C., Garad, S., Sanchez-Félix, M.V., 2021. Patient-centric design
for peptide delivery: Trends in routes of administration and advancement in drug
delivery technologies. Med. Drug Discov., 9. https://doi.org/10.1016/j.
medidd.2020.100079.

Haddadzadegan, S., Dorkoosh, F., Bernkop-Schniirch, A., 2022. Oral delivery of
therapeutic peptides and proteins: technology landscape of lipid-based nanocarriers.
Adv. Drug Deliv. Rev. 182, 114097. https://doi.org/10.1016/j.addr.2021.114097.

Philippart, M., Schmidt, J., Bittner, B., 2015. Oral Delivery of Therapeutic Proteins and
Peptides: An Overview of Current Technologies and Recommendations for Bridging
from Approved Intravenous or Subcutaneous Administration to Novel Oral
Regimens. Drug Res. 113-120. https://doi.org/10.1055/5-0035-1559654.

De Martini, L.B., Sulmona, C., Brambilla, L., Rossi, D., 2023. Cell-Penetrating Peptides as
Valuable Tools for Nose-to-Brain Delivery of Biological Drugs. Cells 12 (12), 12.
https://doi.org/10.3390/cells12121643.

Patton, J.S., 1999. Inhalation delivery of therapeutic peptides and proteins. J. Aerosol
Med. off. J. Int. Soc. Aerosols Med., 12 (2), 45-46. https://doi.org/10.1089/
jam.1999.12.45.

Drucker, D.J., 2020. Advances in oral peptide therapeutics. Nat. Rev. Drug Discov. 19 (4),
277-289. https://doi.org/10.1038/541573-019-0053-0.

Gupta, S., Jain, A., Chakraborty, M., Sahni, J.K., Ali, J., Dang, S., 2013. Oral delivery of
therapeutic proteins and peptides: a review on recent developments. Drug Delivery
20, 237-246. https://doi.org/10.3109/10717544.2013.819611.

Gleeson, J.P., Fein, K.C., Whitehead, K.A., 2021. Oral delivery of peptide therapeutics in
infants: challenges and opportunities. Adv. Drug Deliv. Rev. 173, 112-124. https://
doi.org/10.1016/j.addr.2021.03.011.

Tran, H., ElSayed, M.E.H., 2021. Progress and limitations of oral peptide delivery as a
potentially transformative therapy. Expert Opin. Drug Delivery 19, 163-178.
https://doi.org/10.1080/17425247.2022.2051476.

Meibohm, B., 2019. Pharmacokinetics and pharmacodynamics of therapeutic peptides
and proteins. Pharm. Biotechnol. 105-137. https://doi.org/10.1007/978-3-030-
00710-2_6.

Usach, 1., Martinez, R., Festini, T., Peris, J.-E., 2019. Subcutaneous injection of drugs:
literature review of factors influencing pain sensation at the injection site. Adv. Ther.
36 (11), 2986-2996. https://doi.org/10.1007/s12325-019-01101-6.

Novartis Pharma, ‘Monographie de produit, sandostatin’, pp. 1-65, Jun 1989,
https://www.novartis.com/ca-en/sites/novartis_ca/files/sandostatin_scrip_f.pdf
(accessed 19 March 2024).

Chanson, P., Timsit, J., Harris, A.G., 1993. Clinical Pharmacokinetics of Octreotide. Clin.
Pharmacokinet. 25 (5), 375-391. https://doi.org/10.2165/00003088-199325050-
00004.

‘Peginesatide’, https://go.drugbank.com/drugs/DB08894 (accessed 22 March 2024).

Czerniak, R., Kukulka, M., Wu, J.T., Qiu, P., 2014. Effects of peginesatide injection on
QTec interval in healthy adults. Clin. Pharmacol. Drug Dev. 3 (6), 449-455. https://
doi.org/10.1002/cpdd.141.

Committee for Medicinal Products for Human Use, ‘withdrawal-assessment-report-
omontys_en.pdf’, European Medicines Agency Science Medicines Health, pp. 1-65,
Apr 2013, https://www.ema.europa.eu/en/documents/withdrawal-report/withdr
awal-assessment-report-omontys_en.pdf (accessed 25 March 2024).

Corporation AbbVie, ‘Monographie LUPRON et LUPRON DEPOT’, pp. 1-45, Nov. 1986,
https://www.abbvie.ca/content/dam/abbvie-dotcom/ca/fr/documents/products/L
UPRON_CPP_PM _FR.pdf (accessed 22 March 2024).

Saltzstein, D., Shore, N.D., Moul, J.W., Chu, F., Concepcion, R., de la Motte, S.,
McLane, J.A., Atkinson, S., Yang, A., Crawford, E.D., 2018. Pharmacokinetic and
pharmacodynamic comparison of subcutaneous versus intramuscular leuprolide
acetate formulations in male subjects. Ther. Adv. Urol. 10 (2), 43-50. https://doi.
org/10.1177/1756287217738150.

‘ELIGARD 22,5 mg pdre/solv p sol inj’, VIDAL, https://www.vidal.fr/medicamen
ts/eligard-22-5-mg-pdre-solv-p-sol-inj-68856.html (accessed 2 April 2024).

Okada, H., Inoue, Y., Heya, T., Ueno, H., Ogawa, Y., Toguchi, H., 1991.
Pharmacokinetics of once-a-month injectable microspheres of leuprolide acetate.
Pharm. Res. 8 (6), 787-791. https://doi.org/10.1023/a:1015818504906.

Mostafa, N.M., Chwalisz, K., Larsen, L., Mattia-Goldberg, C., Spitz, A., Pradhan, R.S.,
2014. Evaluation of the pharmacokinetics and pharmacodynamics of two leuprolide
acetate 45 mg 6-month depot formulations in patients with prostate cancer. Clin.
Pharmacol. Drug Dev. 3 (4), 270-275. https://doi.org/10.1002/cpdd.112.

Periti, P., Mazzei, T., Mini, E., 2012. Clinical pharmacokinetics of depot leuprorelin. Clin.
Pharmacokinetics 41, 485-504. https://doi.org/10.2165/00003088-200241070-
00003.

Sethi, R., Sanfilippo, N., 2009. Six-month depot formulation of leuprorelin acetate in the
treatment of prostate cancer. Clin. Interv. Aging 4, 259-267. https://doi.org/
10.2147/cia.s4885.

Elbrgnd, B., Jakobsen, G., Larsen, S., Agersg, H., Jensen, L.B., Rolan, P., Sturis, J.,
Hatorp, V., Zdravkovic, M., 2002. Pharmacokinetics, pharmacodynamics, safety, and
tolerability of a single-dose of NN2211, a long-acting glucagon-like peptide 1
derivative, in healthy male subjects. Emerg. Treatments Technol., Diab. Care 25,
1398-1404. https://doi.org/10.2337/diacare.25.8.1398.

Jacobsen, L.V., Flint, A., Olsen, A.K., Ingwersen, S.H., 2016. Liraglutide in Type 2
diabetes mellitus: clinical pharmacokinetics and pharmacodynamics. Clin.
Pharmacokinet. 55 (6), 657-672. https://doi.org/10.1007/540262-015-0343-6.

ANSM, ‘Résumé des Caractéristiques du Produit, Bleomycine’, May 2013, http://agence
-prd.ansm.sante.fr/php/ecodex/rcp/R0222812.htm (accessed 10 May 2024).

14

International Journal of Pharmaceutics 675 (2025) 125555

Hall, S.W., Strong, J.E., Broughton, A., Frazier, M.L., Benjamin, R.S., 1982. Bleomycin
clinical pharmacology by radioimmunoassay. Cancer Chemother. Pharmacol. 9 (1),
22-25. https://doi.org/10.1007/BF00296756.

Overton, P.M., Shalet, N., Somers, F., Allen, J.A., 2021. Patient preferences for
subcutaneous versus intravenous administration of treatment for chronic immune
system disorders: a systematic review. Patient Prefer. Adherence 15, 811-834. https://
doi.org/10.2147/PPA.S303279.

C. Mueller and M. Adler, ‘Switching from an IV to an SC Formulation—Considerations for
Formulation Development and Formulation Bridging, Challenges in Protein
Production Development, pp.579-590, Jun. 2018. doi: 10.1007/978-3-319-90603-4_
26.

McLennan, D.N., Porter, C.J.H., Charman, S.A., 2005. Subcutaneous drug delivery and
the role of the lymphatics. Drug Discov. Today Technol. 2 (1), 89-96. https://doi.org/
10.1016/j.ddtec.2005.05.006.

Renard, E., 2008. Insulin delivery route for the artificial pancreas: subcutaneous,
intraperitoneal, or intravenous? pros and cons’. J. Diab. Sci. Technol. 2. https://doi.
org/10.1177/193229680800200429.

Lundin, J., Kimby, E., Bjérkholm, M., Broliden, P.A., Celsing, F., Hjalmar, V.,
Mollgard, L., Rebello, P., Hale, G., Waldmann, H., Mellstedt, H., Osterborg, A., 2002.
Phase 1I trial of subcutaneous anti-CD52 monoclonal antibody alemtuzumab
(Campath-1H) as first-line treatment for patients with B-cell chronic lymphocytic
leukemia (B-CLL). Blood 100 (3), 768-773. https://doi.org/10.1182/blood-2002-01-
0159.

Viola, M., Sequeira, J., Seica, R., Veiga, F., Serra, J., Santo, A.C., Ribeiro, A.J., 2018.
Subcutaneous delivery of monoclonal antibodies: How do we get there? J. Controlled
Release 286, 301-314. https://doi.org/10.1016/j.jconrel.2018.08.001.

Pivot, X., Gligorov, J., Miiller, V., Curigliano, G., Knoop, A., Verma, S., Jenkins, V.,
Scotto, N., Osborne, S., Fallowfield, L., 2014. Patients’ preferences for subcutaneous
trastuzumab versus conventional intravenous infusion for the adjuvant treatment of
HER2-positive early breast cancer: final analysis of 488 patients in the international,
randomized, two-cohort PrefHer study. Ann. Oncol. 25 (10), 1979-1987. https://doi.
org/10.1093/annonc/mdu364.

Frost, G., 2007. Recombinant human hyaluronidase (rHuPH20): an enabling platform for
subcutaneous drug and fluid administration. Expert Opinion on Drug Delivery 4 (4),
427-440. https://doi.org/10.1517/17425247.4.4.427.

Ballard, B.E., 1968. Biopharmaceutical Considerations in Subcutaneous and
Intramuscular Drug Administration. J. Pharm. Sci., 57 (3), 357-378. https://doi.org/
10.1002/jps.2600570301.

Fominaya, J., Bravo, J., Rebollo, A., 2015. Strategies to stabilize cell penetrating peptides
for in vivo applications. Therapeutic Delivery 6, 1171-1194. https://doi.org/
10.4155/tde.15.51.

Patel, S., Vyas, V.K., Mehta, P.J., 2023. A review on forced degradation strategies to
establish the stability of therapeutic peptide formulations. Int. J. Peptide Res.
Therap. 29 (22). https://doi.org/10.1007/510989-023-10492-8.

Balandin, D., Szulc, N., Bystranowska, D., Gasior-Glogowska, M., Kruszakin, R.,
Szefczyk, M., 2024. Boosting stability: a hierarchical approach for self-assembling
peptide structures. J. Mater. Chem. B 41. https://doi.org/10.1039/D4TB01545B.

Song, J.G., Lee, S.H., Han, H.-K., 2017. The stabilization of biopharmaceuticals: current
understanding and future perspectives. J. Pharm. Investig. 47 (6), 475-496. https://
doi.org/10.1007/s40005-017-0341-9.

Martinez, M.N., Wu, F., Sinko, B., Brayden, D.J., Grass, M., Kesisoglou, F., Stewart, A.,
Sugano, K., 2022. A critical overview of the biological effects of excipients (Part II):
scientific considerations and tools for oral product development. The AAPS J. 24
(61). https://doi.org/10.1208/512248-022-00713-1.

Panakanti, R., Narang, A.S., 2012. Impact of excipient interactions on drug
bioavailability from solid dosage forms. Pharm. Res. 29, 2639-2659. https://doi.
org/10.1007/511095-012-0767-8.

Burness, C.B., Dhillon, S., Keam, S.J., 2014. Lanreotide autogel®: a review of its use in
the treatment of patients with acromegaly. Drugs 74, 1673-1691. https://doi.org/
10.1007/s40265-014-0283-8.

Adessi, C., Soto, C., 2002. Converting a peptide into a drug: strategies to improve
stability and bioavailability. Curr. Med. Chem. 9 (9), 963-978. https://doi.org/
10.2174/0929867024606731.

Gentilucci, L., De Marco, R., Cerisoli, L., 2010. Chemical modifications designed to
improve peptide stability: incorporation of non-natural amino acids, pseudo-peptide
bonds, and cyclization. Curr. Pharm. Des. 16 (28), 3185-3203. https://doi.org/
10.2174/138161210793292555.

White, C.J., Yudin, A.K., 2011. Contemporary strategies for peptide macrocyclization.
Nat. Chem. 3 (7), 509-524. https://doi.org/10.1038/nchem.1062.

Goéngora-Benitez, M., Tulla-Puche, J., Albericio, F., 2014. Multifaceted roles of disulfide
bonds. peptides as therapeutics. Chem. Rev. 114 (2), 901-926. https://doi.org/
10.1021/cr400031z.

Hill, T.A., Shepherd, N.E., Diness, F., Fairlie, D.P., 2014. Constraining cyclic peptides to
mimic protein structure motifs. Angew. Chemie Int. Ed. 53, 13020-13041. https://
doi.org/10.1002/anie.201401058.

Harris, A.G., 1994. Somatostatin and somatostatin analogues: pharmacokinetics and
pharmacodynamic effects. Gut 35 (3 Suppl), S1-S4. https://doi.org/10.1136/
gut.35.3_Suppl.S1.

Goodwin, D., Simerska, P., Toth, 1., 2012. Peptides as therapeutics with enhanced
bioactivity. Curr. Med. Chem. 19 (26), 4451-4461. https://doi.org/10.2174/
092986712803251548.

Acar, H., Ting, J.M., Srivastava, S., LaBelle, J.L., Tirrell, M.V., 2017. Molecular
engineering solutions for therapeutic peptide delivery. Chem. Soc. Rev. 46 (21),
6553-6569. https://doi.org/10.1039/C7CSO0536A.

Schellenberger, V., Wang, C.W., Geething, N.C., Spink, B.J., Campbell, A., To, W.,
Scholle, M.D., Yin, Y., Yao, Y., Bogin, O., Cleland, J.L., Silverman, J., Stemmer, W.P.


https://doi.org/10.1093/bib/bbae275
https://doi.org/10.1016/j.medidd.2020.100079
https://doi.org/10.1016/j.medidd.2020.100079
https://doi.org/10.1016/j.addr.2021.114097
https://doi.org/10.1055/s-0035-1559654
https://doi.org/10.3390/cells12121643
https://doi.org/10.1089/jam.1999.12.45
https://doi.org/10.1089/jam.1999.12.45
https://doi.org/10.1038/s41573-019-0053-0
https://doi.org/10.3109/10717544.2013.819611
https://doi.org/10.1016/j.addr.2021.03.011
https://doi.org/10.1016/j.addr.2021.03.011
https://doi.org/10.1080/17425247.2022.2051476
https://doi.org/10.1007/978-3-030-00710-2_6
https://doi.org/10.1007/978-3-030-00710-2_6
https://doi.org/10.1007/s12325-019-01101-6
https://www.novartis.com/ca-en/sites/novartis_ca/files/sandostatin_scrip_f.pdf
https://doi.org/10.2165/00003088-199325050-00004
https://doi.org/10.2165/00003088-199325050-00004
https://doi.org/10.1002/cpdd.141
https://doi.org/10.1002/cpdd.141
https://www.ema.europa.eu/en/documents/withdrawal-report/withdrawal-assessment-report-omontys_en.pdf
https://www.ema.europa.eu/en/documents/withdrawal-report/withdrawal-assessment-report-omontys_en.pdf
https://www.abbvie.ca/content/dam/abbvie-dotcom/ca/fr/documents/products/LUPRON_CPP_PM_FR.pdf
https://www.abbvie.ca/content/dam/abbvie-dotcom/ca/fr/documents/products/LUPRON_CPP_PM_FR.pdf
https://doi.org/10.1177/1756287217738150
https://doi.org/10.1177/1756287217738150
https://www.vidal.fr/medicaments/eligard-22-5-mg-pdre-solv-p-sol-inj-68856.html
https://www.vidal.fr/medicaments/eligard-22-5-mg-pdre-solv-p-sol-inj-68856.html
https://doi.org/10.1023/a:1015818504906
https://doi.org/10.1002/cpdd.112
https://doi.org/10.2165/00003088-200241070-00003
https://doi.org/10.2165/00003088-200241070-00003
https://doi.org/10.2147/cia.s4885
https://doi.org/10.2147/cia.s4885
https://doi.org/10.2337/diacare.25.8.1398
https://doi.org/10.1007/s40262-015-0343-6
http://agence-prd.ansm.sante.fr/php/ecodex/rcp/R0222812.htm
http://agence-prd.ansm.sante.fr/php/ecodex/rcp/R0222812.htm
https://doi.org/10.1007/BF00296756
https://doi.org/10.2147/PPA.S303279
https://doi.org/10.2147/PPA.S303279
https://doi.org/10.1016/j.ddtec.2005.05.006
https://doi.org/10.1016/j.ddtec.2005.05.006
https://doi.org/10.1177/193229680800200429
https://doi.org/10.1177/193229680800200429
https://doi.org/10.1182/blood-2002-01-0159
https://doi.org/10.1182/blood-2002-01-0159
https://doi.org/10.1016/j.jconrel.2018.08.001
https://doi.org/10.1093/annonc/mdu364
https://doi.org/10.1093/annonc/mdu364
https://doi.org/10.1517/17425247.4.4.427
https://doi.org/10.1002/jps.2600570301
https://doi.org/10.1002/jps.2600570301
https://doi.org/10.4155/tde.15.51
https://doi.org/10.4155/tde.15.51
https://doi.org/10.1007/s10989-023-10492-8
https://doi.org/10.1039/D4TB01545B
https://doi.org/10.1007/s40005-017-0341-9
https://doi.org/10.1007/s40005-017-0341-9
https://doi.org/10.1208/s12248-022-00713-1
https://doi.org/10.1007/s11095-012-0767-8
https://doi.org/10.1007/s11095-012-0767-8
https://doi.org/10.1007/s40265-014-0283-8
https://doi.org/10.1007/s40265-014-0283-8
https://doi.org/10.2174/0929867024606731
https://doi.org/10.2174/0929867024606731
https://doi.org/10.2174/138161210793292555
https://doi.org/10.2174/138161210793292555
https://doi.org/10.1038/nchem.1062
https://doi.org/10.1021/cr400031z
https://doi.org/10.1021/cr400031z
https://doi.org/10.1002/anie.201401058
https://doi.org/10.1002/anie.201401058
https://doi.org/10.1136/gut.35.3_Suppl.S1
https://doi.org/10.1136/gut.35.3_Suppl.S1
https://doi.org/10.2174/092986712803251548
https://doi.org/10.2174/092986712803251548
https://doi.org/10.1039/C7CS00536A

E. Rosson et al.

C., 2009. A recombinant polypeptide extends the in vivo half-life of peptides and
proteins in a tunable manner. Nat. Biotechnol. 27 (12), 1186-1190. https://doi.org/
10.1038/nbt.1588.

Rosenstock, J., Reusch, J., Bush, M., Yang, F., Stewart, M., 2009. Potential of albiglutide,
a Long-Acting GLP-1 receptor agonist, in type 2 diabetes emerging treatments and
technologies. Diab. Care 32, 1880-1886. https://doi.org/10.2337/dc09-0366.

Lee, M.F., Poh, C.L., 2023. Strategies to improve the physicochemical properties of
peptide-based drugs. Pharm. Res. 40 (3), 617-632. https://doi.org/10.1007/511095-
023-03486-0.

Sung, Y.K., Kim, S.W., 2020. Recent advances in polymeric drug delivery systems.
Biomater. Res. 24. https://doi.org/10.1186/540824-020-00190-7.

Blanco, E., Shen, H., Ferrari, M., 2015. Principles of nanoparticle design for overcoming
biological barriers to drug delivery. Nat. Biotechnol. 33 (9), 941-951. https://doi.
org/10.1038/nbt.3330.

Bruno, B.J., Miller, G.D., Lim, C.S., 2013. Basics and recent advances in peptide and
protein drug delivery. Ther. Deliv. 4 (11), 1443-1467. https://doi.org/10.4155/
tde.13.104.

Johnson, A.R., Forster, S.P., White, D., Terife, G., Lowinger, M., Teller, R.S., Barrett, S.E.,
2021. Drug eluting implants in pharmaceutical development and clinical practice.
Expert Opin. Drug Delivery 18 (5), 577-593. https://doi.org/10.1080/
17425247.2021.1856072.

Li, W., Tang, J., Lee, D., Tice, T.R., Schwendeman, S.P., Prausnitz, M.R., 2022. Clinical
translation of long-acting drug delivery formulations. Nat. Rev. Mater. 7, 406-420.
https://doi.org/10.1038/541578-021-00405-w.

Mittapelly, N., Djehizian, A., Telaprolu, K.C., McNally, K., Puttrevu, S.K., Arjmandi-
Tash, O., Polak, S., Bois, F.Y., 2024. Mechanistic model for drug release from PLGA-
based biodegradable implants for in vitro release testing: development and
validation. ACS Appl. Bio Mater. 7 (11), 7453-7465. https://doi.org/10.1021/
acsabm.4c01054.

Gonella, A., Grizot, S., Liu, F., Noriega, A.L., Richard, J., 2022. Long-acting injectable
formulation technologies: challenges and opportunities for the delivery of fragile
molecules. Renal Drug Database 19 (8), 927-944. https://doi.org/10.1080/
17425247.2022.2105318.

Ibeanu, N., Egbu, R., Onyekuru, L., Javaheri, H., Khaw, P.T., Williams, G.R.,
Brocchini, S., Awwad, S., 2020. Injectables and depots to prolong drug action of
proteins and peptides. Pharmaceutics 12 (10). https://doi.org/10.3390/
pharmaceutics12100999.

Agarwal, P., Rupenthal, I.D., 2013. Injectable implants for the sustained release of
protein and peptide drugs. Drug Discov. Today 18 (7), 337-349. https://doi.org/
10.1016/j.drudis.2013.01.013.

Okada, H., 1997. One- and three-month release injectable microspheres of the LH-RH
superagonist leuprorelin acetate. Adv. Drug Deliv. Rev. 28 (1), 43-70. https://doi.
0rg/10.1016/50169-409X(97)00050-1.

Flggstad, A.K., Halse, J., Bakke, S., Lancranjan, 1., Marbach, P., Bruns, Ch, Jervell, J.,
1997. Sandostatin LAR in acromegalic patients: long term treatment. J. Clin.
Endocrinol. Metab. 82 (1), 23-28. https://doi.org/10.1210/jcem.82.1.3572.

U.S Department of Health & Human Services, ‘Drug Approval Package: Trelstar Depot
(Triptorelin Pamoate), https://www.accessdata.fda.gov/drugsatfda_docs/nda/
2000/20-715_Trelstar.cfm (accessed 25 March 2025).

Heyns, C.F., 2012. Triptorelin in the treatment of prostate cancer. Am. J/. Cancer 4,
169-183. https://doi.org/10.2165/00024669-200504030-00004.

Deeks, E.D., 2019. Exenatide extended-release pre-filled pen (Bydureon® BCise®): a
profile of its use. Drugs Ther. Perspect. 35 (2), 51-57. https://doi.org/10.1007/
540267-018-00597-2.

Cuevas-Ramos, D., Fleseriu, M., 2016. Pasireotide: a novel treatment for patients with
acromegaly. Drug Design, Development and Therapy 10, 227-239. https://doi.org/
10.2147/DDDT.S77999.

Varde, N.K., Pack, D.W., 2004. Microspheres for controlled release drug delivery. Expert
Opin. Biol. Ther. 4, 35-51. https://doi.org/10.1517/14712598.4.1.35.

Samec, T., Boulos, J., Gilmore, S., Hazelton, A., Alexander-Bryant, A., 2022. Peptide-
based delivery of therapeutics in cancer treatment. Mater. Today Bio 14, 100248.
https://doi.org/10.1016/j.mtbio.2022.100248.

Aronson, M.R., Medina, S.H., Mitchell, M.J., 2021. Peptide functionalized liposomes for
receptor targeted cancer therapy. APL Bioengineering 5 (1). https://doi.org/
10.1063/5.0029860.

Tan, M.L., Choong, P.F.M., Dass, C.R., 2010. Recent developments in liposomes,
microparticles and nanoparticles for protein and peptide drug delivery. Peptides 31
(1), 184-193. https://doi.org/10.1016/j.peptides.2009.10.002.

15

International Journal of Pharmaceutics 675 (2025) 125555

Prasad, R., Pandey, R., Varma, A., Barman, 1., 2016. Polymer-based nanoparticles for
drug delivery systems and cancer therapeutics. Nat. Polym. Drug Deliv. 53-70.
https://doi.org/10.1079/9781780644479.0053.

Banerjee, A., Onyuksel, H., 2012. Peptide delivery using phospholipid micelles. Wires
Nanomedicine and Nanobiotechnology 4 (5), 562-574. https://doi.org/10.1002/
wnan.1185.

Swaminathan, J., Ehrhardt, C., 2012. Liposomal delivery of proteins and peptides. Expert
Opin. Drug Deliv. 9 (12), 1489-1503. https://doi.org/10.1517/
17425247.2012.735658.

J.D. Patel, J. W. Lee, D. P. Carbone, H. Wagner, A. Shanker, M. T. P. de Aquino, L. Horn,
M. L. Johnson, D. E. Gerber, J. J. Liu, M. S. Das, M. A. Al-Nsour, C. S. R. Dakhil, S.
Ramalingam, J. H. Schiller, ‘Phase II Study of Immunotherapy With Tecemotide and
Bevacizumab After Chemoradiation in Patients With Unresectable Stage III Non-
Squamous Non-Small-Cell Lung Cancer (NS-NSCLC): A Trial of the ECOG-ACRIN
Cancer Research Group (E6508) °, vol. 21, no. 6, pp. 520-526, Nov. 2020. doi:
10.1016/j.cllc.2020.06.007.

Sonju, J.J., Dahal, A., Jois, S., 2022. Liposome nanocarriers for peptide drug delivery.
Peptide Therapeutics 203-235. https://doi.org/10.1007/978-3-031-04544-8 6.
Vargason, A.M., Anselmo, A.C., Mitragotri, S., 2021. The evolution of commercial drug
delivery technologies. Nat. Biomed. Eng. 5 (9), 951-967. https://doi.org/10.1038/

s41551-021-00698-w.

Berges, R., 2007. Eligard® 6: achieving optimal testosterone control with the
convenience of a twice-a-year formulation. Eur. Urol. Suppl. 6 (15), 840-845.
https://doi.org/10.1016/j.eursup.2007.06.003.

Sartor, O., 2003. Eligard: leuprolide acetate in a novel sustained-release delivery system.
Urology 61 (2 Suppl 1), 25-31. https://doi.org/10.1016/50090-4295(02)02396-8.

Modi, D., Hussain, M.S., Ainampudi, S., Prajapati, B.G., 2024. Long acting injectables for
the treatment of prostate cancer. J. Drug Deliv. Sci. Technol., 100, 105996. https://
doi.org/10.1016/j.jddst.2024.105996.

Patel, A., Cholkar, K., Mitra, A.K., 2014. Recent developments in protein and peptide
parenteral delivery approaches. Therapeutic Delivery 5 (3), 337-365. https://doi.
org/10.4155/tde.14.5.

Torres-Lugo, M., Peppas, N.A., 2000. Transmucosal delivery systems for calcitonin: a
review. Biomaterials 21 (12), 1191-1196. https://doi.org/10.1016/50142-9612(00)
00011-9.

Morita, T., Yamahara, H., 2010. Nasal delivery systems. Biodrug Delivery Systems 1,
1-15. https://doi.org/10.3109/9781420086713-10.

Murty, S.B., Wei, Q., Thanoo, B.C., DeLuca, P.P., 2004. In vivo release kinetics of
octreotide acetate from experimental polymeric microsphere formulations using oil/
water and oil/oil processes. AAPS Pharm. Sci. Tech. 5 (3), 90-99. https://doi.org/
10.1208/pt050349.

Reithmeier, H., Herrmann, J., Gopferich, A., 2001. Development and characterization of
lipid microparticles as a drug carrier for somatostatin. Int. J. Pharm. 218 (1),
133-143. https://doi.org/10.1016/50378-5173(01)00620-2.

Rafique, S., Das, N.G., Das, S.K., 2021. Nanoemulsions: An Emerging Technology in Drug
Delivery. In: Patel, J.K., Pathak, Y.V. (Eds.), Emerging Technologies for Nanoparticle
Manufacturing. Springer International Publishing, Cham, pp. 381-393. https://doi.
org/10.1007/978-3-030-50703-9_17.

Trimaille, T., Verrier, B., 2023. Copolymer micelles: a focus on recent advances for
stimulus-responsive delivery of proteins and peptides. Pharmaceutics 15 (10), 10.
https://doi.org/10.3390/pharmaceutics15102481.

Shu, Y., Hao, T., Yao, F., Qian, Y., Wang, Y., Yang, B., Li, J., Wang, C., 2015. RoY peptide-
modified chitosan-based hydrogel to improve angiogenesis and cardiac repair under
hypoxia. ACS Appl. Mater. Interf. 7 (12), 6505-6517. https://doi.org/10.1021/
acsami.5b01234.

Fang, X., Xie, H., Duan, H., Li, P., Yousaf, M., Xu, H., Yang, Y., Wang, C., 2017. Anti-
tumor activity of nanomicelles encapsulating CXCR4 peptide antagonist E5. PLOS
ONE 12 (8), Aug. https://doi.org/10.1371/journal.pone.0182697.

Yang, X., Guo, J.L., Han, J., Si, R.J., Liu, P.P., Zhang, Z.R., Wang, A.M., Zhang, J., 2020.
Chitosan hydrogel encapsulated with LL-37 peptide promotes deep tissue injury
healing in a mouse model. Militray Med. Res. 7 (20). https://doi.org/10.1186/
$40779-020-00249-5.

Wu, P., et al., 2019. Targeted delivery of polypeptide nanoparticle for treatment of
traumatic brain injury. Int. J. Nanomed. 14, 4059-4069. https://doi.org/10.2147/
IJN.S202353.

Al Musaimi, O., Lombardi, L., Williams, D.R., Albericio, F., 2022. Strategies for
improving peptide stability and delivery. Pharmaceuticals 15 (10), 10. https://doi.
org/10.3390/ph15101283.

Lamers, C., 2022. *Overcoming the Shortcomings of Peptide-Based Therapeutics’. Future
Drug Discovery 4 (2). https://doi.org/10.4155/fdd-2022-0005.


https://doi.org/10.1038/nbt.1588
https://doi.org/10.1038/nbt.1588
https://doi.org/10.2337/dc09-0366
https://doi.org/10.1007/s11095-023-03486-0
https://doi.org/10.1007/s11095-023-03486-0
https://doi.org/10.1186/s40824-020-00190-7
https://doi.org/10.1038/nbt.3330
https://doi.org/10.1038/nbt.3330
https://doi.org/10.4155/tde.13.104
https://doi.org/10.4155/tde.13.104
https://doi.org/10.1080/17425247.2021.1856072
https://doi.org/10.1080/17425247.2021.1856072
https://doi.org/10.1038/s41578-021-00405-w
https://doi.org/10.1021/acsabm.4c01054
https://doi.org/10.1021/acsabm.4c01054
https://doi.org/10.1080/17425247.2022.2105318
https://doi.org/10.1080/17425247.2022.2105318
https://doi.org/10.3390/pharmaceutics12100999
https://doi.org/10.3390/pharmaceutics12100999
https://doi.org/10.1016/j.drudis.2013.01.013
https://doi.org/10.1016/j.drudis.2013.01.013
https://doi.org/10.1016/S0169-409X(97)00050-1
https://doi.org/10.1016/S0169-409X(97)00050-1
https://doi.org/10.1210/jcem.82.1.3572
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2000/20-715_Trelstar.cfm
https://www.accessdata.fda.gov/drugsatfda_docs/nda/2000/20-715_Trelstar.cfm
https://doi.org/10.2165/00024669-200504030-00004
https://doi.org/10.1007/s40267-018-00597-2
https://doi.org/10.1007/s40267-018-00597-2
https://doi.org/10.2147/DDDT.S77999
https://doi.org/10.2147/DDDT.S77999
https://doi.org/10.1517/14712598.4.1.35
https://doi.org/10.1016/j.mtbio.2022.100248
https://doi.org/10.1063/5.0029860
https://doi.org/10.1063/5.0029860
https://doi.org/10.1016/j.peptides.2009.10.002
https://doi.org/10.1079/9781780644479.0053
https://doi.org/10.1002/wnan.1185
https://doi.org/10.1002/wnan.1185
https://doi.org/10.1517/17425247.2012.735658
https://doi.org/10.1517/17425247.2012.735658
https://doi.org/10.1007/978-3-031-04544-8_6
https://doi.org/10.1038/s41551-021-00698-w
https://doi.org/10.1038/s41551-021-00698-w
https://doi.org/10.1016/j.eursup.2007.06.003
https://doi.org/10.1016/s0090-4295(02)02396-8
https://doi.org/10.1016/j.jddst.2024.105996
https://doi.org/10.1016/j.jddst.2024.105996
https://doi.org/10.4155/tde.14.5
https://doi.org/10.4155/tde.14.5
https://doi.org/10.1016/S0142-9612(00)00011-9
https://doi.org/10.1016/S0142-9612(00)00011-9
https://doi.org/10.3109/9781420086713-10
https://doi.org/10.1208/pt050349
https://doi.org/10.1208/pt050349
https://doi.org/10.1016/S0378-5173(01)00620-2
https://doi.org/10.1007/978-3-030-50703-9_17
https://doi.org/10.1007/978-3-030-50703-9_17
https://doi.org/10.3390/pharmaceutics15102481
https://doi.org/10.1021/acsami.5b01234
https://doi.org/10.1021/acsami.5b01234
https://doi.org/10.1371/journal.pone.0182697
https://doi.org/10.1186/s40779-020-00249-5
https://doi.org/10.1186/s40779-020-00249-5
https://doi.org/10.2147/IJN.S202353
https://doi.org/10.2147/IJN.S202353
https://doi.org/10.3390/ph15101283
https://doi.org/10.3390/ph15101283
https://doi.org/10.4155/fdd-2022-0005

	Focus on therapeutic peptides and their delivery
	1 Introduction
	2 Growing interest and development of therapeutic peptides
	2.1 Advantages of therapeutic peptides over traditional small molecules and other biologics
	2.2 Short story of peptides development
	2.2.1 First discoveries
	2.2.2 Peptide synthesis innovations
	2.2.3 Emergence of new indications for peptides
	2.2.4 Emergence of long-acting peptides and delivery systems
	2.2.5 Peptides: Rising Numbers and market impact


	3 Current use of therapeutic peptides
	3.1 The current landscape of therapeutic peptides
	3.2 Clinical research and future directions

	4 Various route of administration
	4.1 Presentation and temporal evolution
	4.2 Intravenous and subcutaneous: The current predominant route of administration
	4.2.1 Formulation
	4.2.2 Pharmacokinetics of peptide after administration
	4.2.3 Benefits and drawbacks for patients


	5 Long-acting peptides and delivery systems
	5.1 Formulation and chemical modifications of therapeutic peptides
	5.1.1 Formulation
	5.1.2 Chemical modifications

	5.2 Delivery systems for therapeutic peptides
	5.2.1 Implants
	5.2.2 Microparticles
	5.2.3 Nanosystems
	5.2.4 In situ gelling system
	5.2.5 Emulsions
	5.2.6 The future of therapeutic peptide delivery systems


	6 Conclusion
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary material
	Data availability
	References


