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Abstract

Peptides are fundamental biological molecules that mediate diverse physiological processes, making them increasingly attractive as therapeutic
agents due to their high specificity, potent bioactivity, and favorable safety profiles. Despite these advantages, current peptide synthesis methodolo-
gies face significant limitations, including lengthy production times, extensive use of hazardous solvents, and challenges in scalability. These factors
contribute to substantial environmental burdens and elevated manufacturing costs, limiting broader access and application. Recent advances in
artificial intelligence (AI) and machine learning (ML) offer transformative potential to overcome these hurdles by enabling predictive sequence
design, real-time process optimization, and autonomous synthesis platforms. The integration of Al-driven approaches promises enhanced efficiency,
reduced waste, and improved reproducibility in the manufacturing process, catalyzing the development of next-generation peptide therapeutics.
This review highlights the intersection of peptide biology, synthetic challenges, and computational innovation, emphasizing implications for thera-
peutic development, research tools, and industrial-scale peptide production.
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Introduction

Peptides are biologically active short chains of amino acids, typ-
ically ranging from 2 to 50 residues, and serve critical physiologi-
cal functions across virtually every tissue in the human body [1].
Leveraging their intrinsic roles as hormones, neurotransmitters,
growth factors, and immune mediators, peptides have emerged as
critical targets and tools in therapeutic development. Endogenous

peptides regulate essential physiological processes including: glu-
cose homeostasis (e.g., insulin, GLP-1), appetite and satiety (e.g.,
ghrelin, leptin), inflammation (e.g., bradykinin, a-MSH), and cellu-
lar signaling cascades involved in development, angiogenesis, and
tissue repair [1-3]. Their ability to selectively bind to cell-surface
or intracellular receptors enables high target specificity and poten-
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cy, often surpassing the pharmacodynamic precision of small-mol-
ecule drugs [4,5]. Additionally, advances in peptide engineering
(peptidomimentics) have improved stability and bioavailability,
broadening their clinical applicability across metabolic, cardiovas-
cular, neurologic, and autoimmune diseases [6].

The unique physiological attributes position peptides as a
cornerstone of precision medicine, offering therapeutic advantag-
es over traditional small molecule drugs. Although peptides have
been used for decades in the treatment of endocrine, cardiovascu-
lar, and infectious diseases, recent advances in peptide engineer-
ing, formulation methods, and delivery systems have significantly
expanded their therapeutic scope and clinical viability. Among the
most notable examples of this progress are synthetic analogs of
natural peptides, such as glucagon-like peptide-1 receptor agonists
(GLP-1 RAs), which have revolutionized the treatment landscape
for type 1 and type 2 diabetes, as well as obesity and nonalcoholic
steatohepatitis (NASH) [7-9]; these agents exemplify the success
of peptide-based drugs in achieving both metabolic regulation and
disease modification, and they represent one of the fastest-growing
classes of therapeutics globally [10,11].

In addition to pharmaceuticals, peptides are also widely used
in cosmeceuticals and supplements to enhance skin repair, colla-
gen synthesis, and anti-aging effects [12]. In biomedical research,
labeled peptides are instrumental for probing protein-protein in-
teractions, tracking receptor-ligand dynamics, and used in design-
ing vaccine epitopes [13]. The global peptide therapeutics market
was valued at approximately $50 billion in 2025 and projected to
reach $85 billion by 2035, driven by a combination of aging pop-
ulations, rising prevalence of chronic diseases, and intensified fo-
cus on biologics and targeted therapies [14]. North America cur-
rently dominates the market, with significant contributions from
both branded and generic peptide formulations [15]. However, this
growth is constrained by persistent challenges in peptide synthesis
and manufacturing.

Current Methods in Peptide Synthesis

Solid-phase peptide synthesis (SPPS) and, to a lesser extent,
liquid-phase peptide synthesis (LPPS) remain the foundational
techniques for laboratory- and industrial-scale peptide production
due to their modularity, sequence fidelity, and adaptability to au-
tomation [16]. For example, Fmoc (9-fluorenylmethoxycarbonyl)/
tertiary butyl group solid phase synthesis enables rapid assembly
of linear and cyclic peptides with high sequence specificity, while
LPPS offers advantages for short sequences or labile residues [17].
Despite their widespread adoption, these methodologies face sig-
nificant limitations in terms of cost, efficiency, and environmental
sustainability.

One of the major constraints is the high consumption and ex-
cess use of expensive reagents, particularly activated amino acids
and coupling agents, which are often used in large molar excess to
drive reactions to completion [18]. The protocols are also time- and
labor-intensive, requiring iterative deprotection and coupling cy-
cles, with stringent control over side reactions such as aspartimide

Copyright© Jonathan RT Lakey

formation, racemization, and incomplete coupling [19,20]. Further-
more, both SPPS and LPPS generate substantial volumes of toxic
solvent waste, particularly from dimethylformamide (DMF) and di-
chloromethane (DCM). Both of these solvents have well-document-
ed reproductive toxicity, persistence, and are subject to regulatory
scrutiny [21-23].

In addition, the downstream purification of crude peptides
typically involves high-performance liquid chromatography with
gradient elution, which further amplifies solvent consumption
and contributes to high process mass intensity [23]. The yield loss
during purification, coupled with the energy and water demands
of preparative-scale workflows, significantly elevates the economic
and environmental footprint of peptide manufacturing [24]. These
limitations highlight an urgent need for greener synthesis alter-
natives, real-time process analytics, and machine learning-driven
process optimization to improve sustainability and cost-efficiency
in modern peptide production.

In parallel, the accelerating demand for highly pure, economi-
cally viable, and environmentally sustainable peptides across phar-
maceutical, cosmetic, and research applications reinforces the im-
perative for transformative innovations in both synthesis strategies
and large-scale manufacturing workflows. The integration of artifi-
cial intelligence (AI) and machine learning (ML) into peptide syn-
thesis and manufacturing represents a transformative shift toward
data-driven, sustainable bioprocessing. These computational tools
facilitate predictive modeling of reaction efficiency, side-product
formation, and sequence-dependent synthetic difficulty, allowing
for rational design and prioritization of peptide candidates based
on manufacturability and stability profiles [25-27]. In parallel, ML
algorithms enable real-time optimization of synthesis parameters,
including solvent selection, coupling times, and reagent volumes,
thereby improving reaction fidelity, yield, and cost-effectiveness
[28]. Advanced closed-loop systems, combining automated syn-
thesis platforms with Al-driven feedback controls have further
demonstrated the ability to reduce solvent consumption, minimize
waste, and enhance scalability. These are critical priorities for both
research and commercial-scale peptide production [29,30]. This
review will explore the biological significance of peptides, the tech-
nological and environmental limitations of current manufacturing
approaches, and the emerging Al- and ML-based solutions poised
to redefine the landscape of peptide therapeutics in both clinical
and industrial contexts.

Peptide Synthesis for Therapeutic Applications

The synthesis of peptides has evolved significantly over the
past few decades, with advances in both traditional and automated
methods enabling the rapid and efficient production of bioactive se-
quences for research and therapeutic applications. Three primary
approaches dominate the field: LPPS, SPPS, and process optimiza-
tion strategies that address throughput, environmental concerns,
and automation.

1.  LPPS involves the sequential coupling of amino acids in
solution, typically using carbodiimide-based condensation re-
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actions to form peptide bonds. This method provides high-pu-
rity intermediates through intermediate purification after each
step and has been widely used for the synthesis of short pep-
tides, cyclic peptides, and fragments intended for convergent
synthesis of longer chains. LPPS offers advantages in speed
and scalability, particularly for sequences requiring only a few
residues, and facilitates the incorporation of complex chemical
modifications or non-standard residues with minimal steric
hindrance®. However, the method is labor-intensive for longer
peptides due to the increasing complexity of purification after
each elongation step and yields often decrease with peptide
length.

2. Introduced by Merrifield in 1963 [31], SPPS revolution-
ized peptide synthesis by anchoring the initial amino acid to
an insoluble resin allowing stepwise synthesis of the growing
peptide chain by washing away excess reagents y without iso-
lating intermediates [32]. This method is now the standard for
synthesizing peptides up to ~50 residues and beyond, particu-
larly in automated platforms. Two primary strategies dominate
SPPS: Fmoc and Boc (tert-butyloxycarbonyl) chemistry. Fmoc-
SPPS has become the preferred method due to its mild depro-
tection conditions, which rely on base (typically piperidine)
rather than strong acid, as used in Boc-SPPS [33]. Fmoc-SPPS
is particularly advantageous for sensitive or hydrophobic se-
quences and is compatible with automated synthesizers. The
high sequence fidelity, owing to on-resin washing and coupling
cycles, scalability (with robust automation protocols available
for both research and industrial-scale production) and compat-
ibility with diverse modifications, including stapling, lipidation,
and cyclization are major strengths of SPSS. Despite these ad-
vantages, SPPS is associated with long reaction cycles, exten-
sive solvent consumption, and the use of toxic reagents such as
N,N-dimethylformamide (DMF) and dichloromethane (DCM),
which pose significant health and environmental concerns [21].
These solvents are globally classified as reproductive toxicants
(Category 1B) under the European Union’s CLP regulation and
are flagged for future regulatory restrictions or bans due to
their carcinogenicity, reproductive toxicity, and environmental
persistence [18,23]. Additional solvents such as diethyl ether
(DEE) and tert-butyl methyl ether (MTBE) pose flammability
and volatility risks, further compounding the environmental
and occupational hazards of large-scale synthesis [34]. Beyond
solvents, the synthesis process itself is characterized by poor
atom economy, particularly with the use of fluorenylmethylox-
ycarbonyl (Fmoc)-protected amino acids, which generate sig-
nificant protecting group waste18. Common coupling agents
(e.g., HBTU, HATU, and DIC/0Oxyma) are known to be potentially
explosive, allergenic, or sensitizing, raising serious safety con-
cerns during scale-up and manufacturing [35]. Another critical
reagent, trifluoroacetic acid (TFA), widely used for resin cleav-
age and side-chain deprotection, is both highly corrosive and
environmentally persistent, necessitating stringent handling
protocols and neutralization procedures [36]. Furthermore,
incomplete coupling or deprotection reactions can result in
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deletion sequences, which not only reduce yield but also com-
plicate downstream purification and quality control29. These
synthesis inefficiencies require meticulous process monitor-
ing and frequently necessitate resource-intensive purification
methods such as preparative HPLC, increasing both economic
and ecological burdens [37]. Recent innovations aim to address
the limitations of traditional SPPS through improvements in
efficiency, environmental sustainability, and cost-effectiveness.
Microwave-assisted SPPS accelerates both coupling and depro-
tection steps by enhancing reaction kinetics through localized
heating. This technology has been shown to reduce total syn-
thesis time and improve crude peptide quality, particularly for
long or aggregation-prone sequences [35], yet challenges still
exist.

3. Multiple process optimization strategies have been devel-
oped to address the pressing needs of high-throughput synthe-
sis, environmental sustainability, and automated manufacturing
in peptide production. In particular, green chemistry initiatives
have gained momentum, focusing on the replacement of toxic
solvents (i.e., DMF and DCM), particularly those classified as
hazardous by regulatory agencies, with more benign alterna-
tives such as N-butylpyrrolidone (NBP), dimethyl sulfoxide
(DMSO), and y-valerolactone (GVL) [34,38]. These solvents of-
fer reduced toxicity, lower vapor pressure, and improved bio-
degradability, aligning sustainability goals while maintaining
synthetic efficiency. In parallel, engineering efforts revolution-
ized manufacturing hardware: flow chemistry platforms have
emerged as powerful tools for continuous peptide synthesis,
enabling precise control over reaction parameters and signif-
icantly reducing reagent excess and waste [29]. Unlike tradi-
tional batch methods, continuous flow reactors offer enhanced
thermal and mass transfer, real-time process scalability, and
integration with in-line monitoring technologies such as ultra-
violet absorbance, infrared spectroscopy, and mass spectrom-
etry [39]. These capabilities support real-time reaction opti-
mization and feedback-controlled automation, paving the way
for deployment in both high-throughput screening and Good
Manufacturing Practice (GMP)-compliant commercial produc-
tion [40]. These innovations not only address long-standing
challenges in solvent use, cost, and scalability but also position
peptide manufacturing for alignment with regulatory expecta-
tions on environmental impact and quality assurance. Together,
these trends reflect the field’s push toward greener, faster, and
more automated peptide synthesis strategies capable of meet-
ing the demands of both academic research and industrial pro-
duction.

Challenges in Peptide Manufacturing

Despite the significant clinical promise of peptide therapeu-
tics, their large-scale manufacturing presents persistent challenges
related to environmental sustainability, economic feasibility, and
stringent quality control. As demand grows for complex, mod-
ified, and longer peptide sequences, these issues become more
pronounced across both research and commercial production
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pipelines. One of the foremost environmental concerns in pep-
tide manufacturing is the extensive use of toxic organic solvents,
particularly N,N-dimethylformamide (DMF) and dichloromethane
(DCM), both of which are widely used in SPPS. These solvents are
not only classified as hazardous air pollutants by regulatory agen-
cies such as the EPA and REACH, but they also pose occupational
and ecological risks due to volatility, persistence, and challenges
in disposal [18,41]. Moreover, SPPS generates large volumes of
waste per peptide mole synthesized, including unreacted reagents,
cleaved protecting groups, and excess coupling agents. The E-factor
(kg of waste per kg of product) for traditional peptide synthesis can
exceed 1000, highlighting an urgent need for green chemistry ap-
proaches [42]. Strategies such as solvent recycling, use of less haz-
ardous reagents (e.g., ethyl cyano(hydroxyimino)acetate, or Oxyma
Pure), and solvent-free or aqueous-phase coupling reactions are
actively being explored to address these gaps [19]. Peptide man-
ufacturing is inherently resource intensive. The use of expensive
protected amino acid derivatives, stoichiometric coupling agents,
and high-purity solvents contribute to elevated raw material costs,
particularly for long or modified peptides. Purification steps, often
requiring HPLC under preparative conditions, are both costly and
time-consuming, especially at commercial scales [43]. These eco-
nomic burdens disproportionately affect small biotech companies
and limit the accessibility of peptide therapies in emerging mar-
kets, where cost containment is critical. Although automation has
reduced labor input, material costs and yield inefficiencies remain
significant barriers to scalability. Process intensification strategies
such as flow synthesis and microwave-assisted SPPS are under ac-
tive development to improve efficiency and cost-effectiveness, but
widespread adoption remains limited by capital investment and
regulatory inertia [29].

Ensuring high purity and structural integrity is essential for
therapeutic peptides, as even trace impurities can alter biological
activity, immunogenicity, or stability. Key challenges include incom-
plete coupling, racemization, truncation, and side reactions (e.g,
aspartimide formation or oxidation of methionine/cysteine), which
can yield closely related but inactive or harmful byproducts [44].
To ensure compliance with GMP (Good Manufacturing Practice)
standards, rigorous quality control using analytical HPLC, MS, and
NMR spectroscopy is essential. These tools are used not only for
purity assessment, but also for sequence verification, detection of
isomeric impurities, and real-time process monitoring [45]. Newer
methods such as high-resolution mass spectrometry (HRMS) and
multi-attribute methods (MAM) are gaining traction for their abili-
ty to detect post-translational modifications and minor impurities
with high sensitivity [46]. While these quality control measures are
indispensable, they contribute significantly to overall production
costs and time, reinforcing the need for integrated analytical solu-
tions and design-for-quality approaches in peptide process devel-
opment.

Overcoming Challenges in Peptide Manufacturing- AI and ML
in Peptide Synthesis

Al and ML are rapidly transforming the landscape of peptide
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science by accelerating sequence discovery, optimizing synthesis
parameters, enhancing automation, and promoting sustainability.
These computational tools offer the potential to address longstand-
ing challenges in peptide development, including poor synthesis
efficiency, batch-to-batch variability, and environmental burden.
Al-based algorithms have shown great promise in de novo peptide
design, leveraging generative models (e.g., variational autoencod-
ers, GANs) and large peptide datasets which enable prediction of
functional motifs, optimized binding affinity, and enhanced proteo-
lytic stability [47]. Critically, Al tools are now being applied to pre-
dict synthetic feasibility, including the likelihood of racemization,
aggregation, or difficult coupling steps, thereby minimizing costly
side reactions during solid-phase synthesis [48]. Recent work has
also demonstrated the use of language models trained on peptide
sequences to propose variants with enhanced activity while main-
taining synthetic tractability, thus enabling faster lead optimization
with fewer experimental iterations [49].

ML models, particularly supervised regression and reinforce-
ment learning algorithms are increasingly being used to optimize
real-time synthesis parameters such as coupling duration, tem-
perature profiles, and solvent selection. These models can ingest
historical batch data, learning from analysis of variability across
production runs to recommend adaptive process adjustments that
reduce error and improve overall yield [50]. Integration of spec-
troscopic feedback (e.g., UV, IR, or MS signals) with ML algorithms
allows dynamic modulation of reaction conditions, supporting
on-the-fly corrections in temperature or reagent concentration to
prevent incomplete couplings or byproduct formation [51]. Mod-
ern peptide synthesis is moving toward autonomous, closed-loop
systems, where Al interfaces with robotic platforms to carry out
iterative synthesis-design cycles with minimal human intervention.
Robotic systems equipped with real-time monitoring tools and
predictive control algorithms can adjust parameters mid-synthesis
based on outcome prediction, reducing error rates and enhancing
reproducibility [51].

A landmark example is the automated flow-based peptide syn-
thesizer integrated with Al that selects optimal synthesis routes
and coupling agents while monitoring reaction progress in real time
[29]. Such platforms drastically reduce turnaround time, improve
throughput, and enable parallel synthesis of multiple analogs. Al is
also facilitating the transition to greener peptide synthesis by ena-
bling predictive modeling of solvent and reagent impacts on both
reaction efficiency and environmental footprint. Optimization al-
gorithms can propose solvent substitutions (e.g., replacing DMF or
DCM with NBP, Cyrene, or EtOAc) based on empirical datasets and
predictive sustainability scores [18]. Furthermore, life-cycle anal-
ysis models informed by Al can simulate the downstream effects
of synthesis decisions allowing peptide chemists to design greener
pathways from the outset [52]. These developments are crucial for
aligning peptide manufacturing with environmental and regulatory
expectations in both academic and industrial contexts.

Industrial and Regulatory Landscape

The peptide therapeutics sector is undergoing rapid expansion
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fueled by advances in delivery technologies, improved manufactur-
ing capabilities and a growing demand for targeted and biological-
ly compatible drugs. This commercial momentum is being further
shaped by strategic decisions in manufacturing, regulatory posi-
tioning, and technological integration. The global peptide therapeu-
tics market is estimated to reach approximately $50 billion USD in
2025, with projections indicating growth to over $85 billion USD
by 2035; this market growth is driven by increasing approvals and
demand for metabolic and oncology peptides along with expand-
ing applications in infectious and rare diseases [53]. The market
includes branded peptides (e.g., GLP-1 analogs and somatostatin
derivatives) and generic equivalents, with branded products cur-
rently accounting for over 70% of revenue share, primarily due to
their complexity and regulatory exclusivity [15]. As stated, North
America remains the dominant market representing more than
45% of global sales, supported by strong biotech pipelines, favora-
ble reimbursement structures and a robust clinical trial ecosystem,
Asia-Pacific is expected to experience the fastest Compound Annual
Growth Rate (CAGR) (~9-10%), driven by increased outsourcing,
growing domestic research and development (R&D) investments,
and biosimilar penetration [54].

Peptide drugs approved in recent years include tirzepatide,
setmelanotide, and long-acting vasopressin analogs, illustrating
the breadth of indications and the market’s willingness to invest
in complex formulations [55]. A critical decision for peptide devel-
opers is whether to pursue in-house manufacturing or outsource
production to contract development and manufacturing organiza-
tions (CDMOs). Currently, over 60% of commercial peptide produc-
tion is outsourced, particularly for GMP-grade and long-sequence
peptides [56]. Outsourcing advantages include access to specialized
infrastructure, cost savings through economies of scale, and regu-
latory expertise. This expertise is especially valuable for companies
in early-stage development or those lacking large-scale synthesis
capabilities. However, in-house manufacturing can offer better con-
trol over IP, formulation secrecy, and process optimization [57].
Cost analyses show that peptide synthesis accounts for 30-40% of
total production costs, with purification and QA/QC contributing
another 20-30%18. Regulatory compliance is a major cost driver;
CDMOs that maintain US Food and Drug Administration (FDA), Eu-
ropean Medicines Agency (EMA), and US Prescription Drug Mar-
keting Act (PDMA) certifications for peptide APIs are positioned as
strategic partners for global commercialization [58].

As the market becomes increasingly competitive, several fac-
tors distinguish successful peptide developers. Peptide purity and
reproducibility remain essential; therapeutic-grade peptides must
meet stringent quality specifications, typically >98% purity with
minimal levels of isomeric and truncated impurities. These stand-
ards are enforced by International Council of Harmonization (ICH)
guidelines and are essential for regulatory approval [59]. Scala-
bility is another determinant of commercial success; the ability to
rapidly scale from preclinical to commercial quantities while main-
taining consistency and yield can be a barrier for smaller firms but
a strategic advantage for CDMOs with integrated platforms. Regula-
tory navigation is critical, streamlined engagement with authorities
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like the FDA and EMA experience with 505(b)(2) and biosimilar
pathways, along with strong Chemistry, Manufacturing and Control
(CMC) documentation are all essential for rapid market entry and
lifecycle extension [60]. Finally, strategic integration of Al-based
methodologies into discovery, process development, and manufac-
turing is emerging as a major differentiator. Companies that lever-
age predictive analytics for yield improvement, machine learning
for process control, and automation for closed-loop synthesis are
better positioned to reduce costs, improve consistency, and shorten
development timelines [29].

Translating Knowledge to Platform Development

The convergence of Al, automation, and green chemistry has
catalyzed a new generation of platforms for peptide discovery,
synthesis and drug development. Academic-industry consortia,
startups, and established biopharmaceutical companies are forging
collaborations to enhance the speed, sustainability, and precision
of peptide therapeutic development. Several commercial and trans-
lational entities are now leveraging Al-guided peptide synthesis
platforms, integrating automated robotics, machine learning algo-
rithms, and real-time process analytics to improve reproducibility,
reduce waste, and enable rapid prototyping. Some examples include
Cemvita Factory which uses bioinspired models combining genera-
tive design tools with automated synthesis modules [61] and ML to
design peptide-based therapeutics and enzyme mimetics with im-
proved stability and synthesis feasibility. C4X Discovery integrates
Al-based conformational mapping with peptide optimization work-
flows for target-specific binding and improved pharmacodynam-
ics [62], whereas Evonik Industries has established Al-enhanced
manufacturing facilities through its Health Care division, employ-
ing continuous flow peptide synthesis and predictive analytics to
improve scalability and sustainability for GMP peptide production
[63]. The publicly disclosed integration of Al and digital twin algo-
rithms into Novo Nordisk and Amgen’s peptide and protein drug
manufacturing platforms enable real-time process control, yield
forecasting, and adaptive quality assurance [64]. These examples
illustrate the diverse and rapidly evolving applications of Al and ML
across the peptide development pipeline from sequence design and
conformational modeling to automated synthesis and GMP-scale
manufacturing. While not exhaustive, they underscore a broader
industry shift toward digitally enabled, data-driven biomanufactur-
ing that enhances efficiency, scalability, and sustainability. As the
field continues to mature, the integration of Al-driven platforms is
expected to become a foundational component of next-generation
peptide therapeutics and biologics production.

Leveraging the momentum, collaborative research efforts be-
tween academic institutions and industry are now playing a pivotal
role in overcoming persistent bottlenecks in scalable, sustainable,
and cost-effective peptide synthesis, accelerating innovation across
both preclinical and commercial domains. For example, the NIH
created a Center for Sustainable Peptide Chemistry, anchored at
the University of Pittsburgh and University of Michigan. The collab-
orative Center is developing green solvents, waste-reducing SPPS
protocols, and Al-based life cycle assessment (LCA) tools to im-
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prove the environmental footprint of peptide synthesis [65]. Sim-
ilarly, the Massachusetts Institute of Technology Machine Learn-
ing for Molecular Design (MLMD) initiative, in collaboration with
biotech startups, is creating open-access ML models for synthetic
feasibility scoring, targeting challenging peptide sequences with
aggregation-prone or noncanonical residues [66]. Internationally,
EU Horizon 2020-funded the CHEM21 project focused on training
and deploying green chemistry techniques, including bio-based
coupling agents, in peptide synthesis, and laid the foundation for
industrial uptake of non-toxic reagents and continuous-flow meth-
ods [67].

Furthermore, a surge in venture-backed Al-peptide biotech
startups is reshaping how peptide therapeutics are discovered,
optimized, and brought to market. Examples and by no means an
exhaustive list include: Peptilogics, backed by Peter Thiel and the
Novartis Biome, use Al-powered models to design antimicrobi-
al and immunomodulatory peptides via a PEP-GPT platform that
integrates sequence design, structure prediction, and manufactu-
rability analysis [68]; Generate:Biomedicines, leverages genera-
tive Al to engineer de novo peptide and protein therapeutics using
large-scale biological datasets and structure-conditioned design
algorithms [69]; Nurix Therapeutics and Insitro have partnered on
peptide-based degraders and molecular glues, applying Al/ML to
modulate intracellular interactions and streamline synthetic access
[70]; DeepCure and Arzeda also employ synthetic biology and deep
generative models for custom peptide synthesis and functional
screening, in silico before laboratory validation. These initiatives,
along with multiple emerging others exemplify a growing interdis-
ciplinary innovation ecosystem, blending computational chemistry,
sustainable synthesis, and precision automation to reshape peptide
development pipelines.

Future Directions

Peptide therapeutics are poised to play an increasingly prom-
inent role in modern medicine, offering high specificity, tunable
pharmacokinetics, and expanding applicability across oncology,
metabolic disorders, infectious disease, neurodegeneration, and
wound healing. While significant strides have been made in syn-
thesis technologies, delivery platforms, and regulatory acceptance,
several strategic frontiers remain that will shape the next decade of
innovation and adoption.

Future developments will focus on multi-functional and hybrid
peptides, including peptide-drug conjugates, peptide-nanoparti-
cle assemblies, and allosteric modulators targeting traditionally
“undruggable” intracellular pathways. Advances in macrocyclic
peptides, D-peptides, and stapled peptides will further expand the
therapeutic repertoire by improving stability, membrane permea-
bility, and target engagement.

Emerging classes such as self-assembling peptides, cell-pene-
trating peptides (CPPs), and immune-modulatory peptides are al-
ready being explored in clinical contexts, particularly in vaccines,
checkpoint modulation, and regenerative medicine. The integration
of Al-guided design and autonomous synthesis platforms is trans-
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forming peptide discovery and manufacturing into a data-driven,
iterative process. Future systems will likely incorporate self-opti-
mizing closed-loop platforms, capable of real-time adjustments in
sequence design, synthesis conditions, and purification workflows.
This paradigm shift could drastically reduce the cost, waste, and
development timelines traditionally associated with peptide ther-
apeutics, making them more accessible and commercially viable.

As environmental concerns mount, future peptide production
will need to be sustainably engineered, with emphasis on green sol-
vents, minimal E-factors, and renewable feedstocks. Al-based mod-
eling of PMI and life cycle assessments will support the design of
low-impact manufacturing pipelines. Parallel efforts to harmonize
regulatory pathways across agencies like the FDA, EMA, PMDA, and
WHO Prequalification Programme will be critical to accelerating
global access to peptide-based medicines, especially in low- and
middle-income countries.

Peptide therapeutics represents a dynamic and rapidly expand-
ing domain at the intersection of biology, chemistry, engineering,
and data science. From fundamental sequence design to sustaina-
ble, scalable production, this nascent field is experiencing a conver-
gence of technological breakthroughs and clinical demand. Ongoing
investment in Al-driven discovery, automation coupled with envi-
ronmental responsibility will be essential to unlock the full transla-
tional potential of peptides. As academic, industrial, and regulatory
ecosystems align, peptide drugs are poised to become central pil-
lars of precision medicine in the 21st century.
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