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ABSTRACT

Type 2 diabetes (T2D) is driven by insulin resistance, 3-cell dystunction, and impaired incretin biology. While
subcutaneous insulin and incretin-based therapies have transformed glycemic care, real-world effectiveness is
limited by hypoglycemia, gastrointestinal side effects, variable absorption, and adherence barriers related to
injection burden. Targeted nanocarriers offer a strategy to enhance therapeutic index by improving stability,
depot residence, and tissue-selective delivery of peptide hormones. Nanoparticles can shield insulin and incretin
mimetics from enzymatic degradation, traverse mucosal barriers, exploit lymphatic transport, and release cargo
in response to stimuli such as glucose, pH, enzymes, or redox gradients. Ligand-directed systems further bias
biodistribution toward hepatocytes, adipose, or muscle to better recapitulate physiologic insulin gradients, while
depot-forming formulations can provide steady exposure with reduced peak—trough fluctuation. This review
surveys the biological and biophysical barriers that shape hormone delivery; design rules for lipid, polymer, and
hybrid nanocarriers; advances in oral, pulmonary, transdermal, and intraperitoneal routes; and smart glucose-
responsive platforms enabling closed-loop-like control. We discuss safety, manufacturing, and regulatory
considerations, and outline clinically pragmatic trial designs that integrate pharmacokinetics with continuous
glucose monitoring and hypoglycemia endpoints. By aligning material science with endocrine physiology,
targeted nanocarriers can make insulin and incretin therapy safer, more precise, and easier to live with.
Keywords: insulin delivery; GLP-1; GIP; nanomedicine; oral peptides; targeted nanoparticles; glucose-
responsive systems; lymphatic transport; hepatic targeting; type 2 diabetes

INTRODUCTION

Type 2 diabetes emerges from the confluence of insulin resistance in the liver and skeletal muscle, progressive
[-cell stress, and alterations in enteroendocrine signaling[[1-37). Exogenous insulin remains indispensable for
many people with T'2D to achieve glucose targets, and incretin-based drugs—GLP-1 receptor agonists and dual
GLP-1/GIP co-agonists have reshaped treatment by lowering glucose, promoting weight loss, and improving
cardiovascular outcomes. Nevertheless, current delivery paradigms impose trade-offs. Subcutaneous
administration creates nonphysiologic exposure patterns, with systemic peaks that can induce hypoglycemia or
nausea and with depot kinetics that vary by site, temperature, and activity [4—67. Peptide instability, enzymatic
degradation, and permeability barriers complicate oral administration, and the injection burden undermines
adherence, particularly when multi-daily dosing or titration is required. These challenges motivate technologies
that not only improve convenience but also respect endocrine physiology.

Nanotechnology provides a versatile platform to address these needs. At the most basic level, nanoparticles
protect fragile peptides from proteases and denaturation. Beyond protection, they can be engineered for targeted
delivery, controlled release, and stimuli-responsiveness[7—107]. Lipid nanoparticles, polymeric micelles,
dendrimers, and inorganic—organic hybrids can encapsulate insulin, GLP-1 analogs, or co-agonists, preserving
bioactivity while modulating pharmacokinetics. Surface functionalization with ligands that recognize intestinal
M cells, transcytosis receptors, hepatocyte asialoglycoprotein receptors, or adipose endothelium can guide where
and how hormones distribute after administration. For oral delivery, mucoadhesive coatings, permeation
enhancers, and pH-responsive shells help nanoparticles survive gastric transit, adhere to intestinal epithelium,
and exploit lymphatic uptake that bypasses first-pass degradation[11, 127]. For parenteral routes, nanocarriers
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can create long-acting depots, smooth absorption kinetics, and localize exposure to targeted tissues, potentially
widening the therapeutic window.

Physiology offers a blueprint. Endogenous insulin secreted into the portal circulation first acts on hepatocytes
to suppress gluconeogenesis and regulate glycogen flux; peripheral tissues encounter a lower insulin
concentration. By contrast, subcutaneous insulin delivers higher peripheral than portal levels, skewing the
balance toward muscle and adipose while leaving liver relatively under-dosed[18—157. Nanocarriers that
preferentially deliver insulin to the liver or that release insulin in response to local glucose elevations could
reestablish a more physiologic gradient and reduce peripheral hypoglycemia. Incretin pharmacology also
benefits from targeting. GLP-1 receptor agonists act centrally and peripherally to slow gastric emptying,
suppress appetite, and enhance glucose-dependent insulin secretion, but high systemic peaks can exacerbate
nausea. Depot or tissue-selective delivery that restrains peak exposure may retain metabolic benefits while
improving tolerability.

Smart, glucose-responsive systems represent a particularly promising frontier. By integrating glucose oxidase
or phenylboronic acid motifs, nanoparticles can sense hyperglycemia and modulate insulin release accordingly,
approximating the dynamic control achieved by closed-loop pumps without hardware[ 14, 16, 17]. Redox-,
enzyme-, and temperature-responsive designs add further layers of control, enabling on-demand release aligned
with metabolic state. Critically, these materials must operate within the safety constraints of chronic therapy:
minimal immunogenicity, predictable manufacturing under GMP, and compatibility with re-dosing.
Translation requires rigorous evaluation that goes beyond blood glucose snapshots. Continuous glucose
monitoring (CGM) provides high-resolution metrics, time in range, hypoglycemia burden, glycemic variability
that are well suited for dose optimization of novel delivery systems[18, 197]. Pharmacokinetic and
pharmacodynamic studies should quantify portal versus peripheral surrogates where feasible, and imaging or
tracer methodologies can probe organ-specific exposure. Safety assessments need to account for complement
activation, anti-polymer antibodies, and local tissue responses at administration sites[197.

This review integrates materials engineering, mucosal and vascular biology, and clinical pharmacology to
examine how targeted nanocarriers can overcome long-standing barriers in insulin and incretin therapy. We
first define the barriers that shape absorption and distribution, then outline design principles for stable, targeted,
and responsive carriers. We examine oral and alternative routes with an emphasis on systems that deliver
meaningful bioavailability and physiologic targeting. We conclude with a translational roadmap that prioritizes
patient-centered outcomes, fewer injections, less hypoglycemia, and improved tolerability while aligning with
regulatory expectations. The overarching thesis is that targeted nanocarriers can decouple efficacy from side
effects, moving peptide endocrinology toward precision delivery.

2. Biological Barriers and Pharmacology Constraints Shaping Delivery Systems

The gastrointestinal tract poses multilayered obstacles to peptide delivery: acidic gastric pH, proteases such as
pepsin and trypsin, mucus turnover, tight junctions limiting paracellular passage, and efflux transporters.
Nanocarriers must therefore buffer pH, inhibit or evade proteolysis, adhere to or penetrate mucus, and traverse
epithelia without provoking inflammation[207]. Enteric coatings protect in the stomach and dissolve in the small
intestine; mucoadhesive polymers increase residence time but can impede movement, necessitating a balance
between adhesion and penetration. Transcytosis through M cells in Peyer’s patches or receptor-mediated
transport via neonatal Fc receptor and transferrin receptor are promising entry routes; however, competition
with endogenous ligands and receptor saturation must be considered[207]. Lymphatic uptake offers a path to
systemic circulation while partially bypassing hepatic first pass, though for insulin a portal-first delivery may
be preferred, requiring innovative routing strategies.

For parenteral routes, the subcutaneous space introduces variability due to local blood flow, temperature, and
enzymatic milieu. Nanocarriers can modulate this environment by forming in situ depots or by responding to
interstitial cues[217. Yet the reticuloendothelial system, liver and spleen macrophages clear circulating
particles, particularly those with positive surface charge or larger hydrodynamic size. Stealth coatings reduce
opsonization but may provoke anti-PEG antibodies upon repeated dosing, altering pharmacokinetics and
tolerability. Complement activation-related pseudoallergy is a specific risk for certain lipid and polymer
chemistries[217].

Pharmacology imposes its own constraints. Insulin’s rapid on/off dynamics are essential for postprandial control
but risky when mismatched to meal timing. Incretins act in a glucose-dependent manner, offering safety against
hypoglycemia but causing dose-limiting gastrointestinal effects at high peaks[227. Therefore, delivery systems
should target a Goldilocks zone: rapid enough to manage meals, stable enough to avoid peaks and troughs, and
targeted enough to reduce off-target receptor activation. Co-delivery of enzymes or permeation enhancers raises
regulatory complexity and safety concerns; hence, intrinsic material properties that achieve the same ends are
preferable[227].

Finally, patient heterogeneity matters. Adiposity alters lymphatic flow, subcutaneous physiology, and tissue
perfusion; gastroparesis changes gastric emptying; chronic inflammation modifies macrophage function and
nanoparticle clearance. Delivery systems must perform robustly across these variables, and clinical trials should
stratify by factors such as BMI, gastric motility, and baseline hypoglycemia risk[237. Addressing these barriers
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and constraints in the design phase improves the chance that promising preclinical performance translates to
real-world benefit.

3. Design Principles of Nanocarriers for Hormone and Peptide Delivery

Effective nanocarriers harmonize composition, architecture, and surface chemistry with the demands of the
intended route and target tissue. Lipid nanoparticles and solid lipid particles offer high peptide encapsulation
efficiency and biocompatibility; ionizable lipids facilitate endosomal escape where intracellular delivery is
needed, whereas more inert matrices suit extracellular release[ 10, 24—267]. Polymeric systems such as PLGA,
poly(ortho esters), and poly(f-amino esters) provide tunable degradation kinetics from days to months, enabling
depot formation. Hydrogels and in situ—gelling systems create macroscopic depots of nanoscale domains,
delivering near—zero-order release for long-acting incretins[27-297.

Surface functionalization drives targeting and barrier crossing. For oral delivery, chitosan derivatives open tight
junctions transiently and confer mucoadhesion; zwitterionic coatings resist mucus entanglement and protein
fouling["307. Ligands such as RGD peptides, galactose, N-acetylgalactosamine, transferrin, and Fc fragments
can engage transport pathways. In the liver, asialoglycoprotein receptor ligands enrich hepatocyte exposure,
whereas apolipoprotein E adsorption promotes LDL receptor—mediated uptake. In muscle and adipose, integrin-
binding motifs and caveolae-targeting peptides may enhance trans-endothelial passage[ 307].

Release control is integral. Diffusion-dominated release risks burst kinetics and hypoglycemia for insulin;
combining crystallinity control, core—shell architectures, and responsive linkers tempers the initial burst[317].
Enzyme-labile linkers responsive to intestinal or interstitial enzymes, pH-sensitive acetal or orthoester bonds,
and redox-cleavable disulfides enable context-aware delivery. For co-encapsulation of insulin with a GLP-1
analog, orthogonal compartments or differential linker sensitivities can orchestrate staggered release,
approximating physiologic sequence where incretin signal precedes insulin peak.

Analytics and manufacturability determine clinical viability. Microfluidic or in-line nanoprecipitation yields
narrow size distributions and reproducible payload loading. Critical quality attributes include particle size,
polydispersity, zeta potential, residual solvent, peptide integrity, and in vitro—in vivo correlation of release[327].
Stability programs should assess aggregation, hydrolysis, and peptide oxidation under refrigerated and
accelerated conditions, with protective excipients such as sugars and amino acids. Sterility assurance and low
endotoxin levels are mandatory for injectables, and enteric products must withstand simulated gastric and
intestinal fluids[327].

Finally, usability cannot be an afterthought. Viscosity and syringeability affect patient experience; patch
compatibility and pen devices influence adherence. For oral formulations, capsule size and food effects must be
addressed. The best nanocarrier is not only elegant in vitro but also manufacturable, stable on the shelf, and
simple for patients and clinicians to use in the messiness of everyday life.

4. Oral and Gastrointestinal Routes: Mucoadhesive, Lymphotropic, and M-Cell-Targeted Systems

Oral delivery of peptides is a long-standing goal because it promises painless administration and high
acceptance. Nanocarriers help by coordinating protection, adhesion, penetration, and uptake. Enteric-coated
capsules shield contents from gastric acid, releasing nanoparticles in the small intestine where pH rises[16, 16,
33, 347. Within this window, mucoadhesive shells often chitosan, thiolated polymers, or carbomers anchor
particles to the mucus layer, increasing local concentration. Yet excessive adhesion traps particles in rapidly
cleared mucus; thus, mucus-inert inner layers or “slippery” zwitterionic brushes can assist penetration to the
epithelium.

Trans-epithelial transport proceeds through two broad routes: paracellular and transcellular. Tight-junction
modulation via chitosan derivatives or calcium chelation transiently widens paracellular spaces but must avoid
compromising barrier function. For transcellular transport, receptor-mediated transcytosis is preferred[357].
Decorating nanoparticles with ligands for M cell receptors or neonatal Fc receptor promotes transport across
follicle-associated epithelium. Once past the epithelium, lymphatic uptake can deliver cargo into systemic
circulation while limiting hepatic first-pass degradation. Lipid-rich particles that mimic chylomicrons bias
toward lacteal entry, and long-chain fatty acid components enhance this effect. For insulin, where portal-first
exposure is desirable, hybrid strategies may route a fraction to the portal vein by targeting enterocyte
transporters that drain into the portal circulation, or by designing prodrugs that are cleaved in the portal
bed[357.

Protection from proteolysis is crucial. Incorporating protease inhibitors into the nanocarrier microenvironment,
using dense hydrogen-bond networks, or burying peptides within hydrophobic cores reduces enzymatic access.
pH-responsive cores that condense at intestinal pH further sequester payload until uptake. Once inside
enterocytes or M cells, endosomal escape is less important for peptides destined for extracellular receptors, but
avoiding lysosomal degradation may still increase yield; ionizable lipids and membrane-disruptive peptides can
assist vesicular trafficking['36, 377].

Clinical translation hinges on meaningful bioavailability and low variability. Even single-digit absolute
bioavailability may be clinically impactful for potent incretins with long half-lives, provided variability is
controlled. Food effects, concomitant medications, and disease-related changes in motility can all modulate
absorption; therefore, designs that are buffered against pH and transit variability are preferred[387. Safety
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concerns unique to the gut include chronic low-level permeability changes, microbiome perturbation, and local
inflammation; long-term studies should monitor these domains along with systemic immunogenicity. With
careful engineering, oral nanocarriers can convert fragile peptides into practical medicines that integrate
seamlessly into daily routines.

5. Smart and Stimuli-Responsive Platforms for Glucose-Responsive Insulin

Glucose-responsive systems aim to emulate pancreatic fB-cell function by coupling sensing with actuation.
Enzymatic platforms use glucose oxidase (GOx) to convert glucose to gluconic acid and hydrogen peroxide,
lowering local pH and increasing oxidative potential [39—4:17]. Nanocarriers embedded with GOx exploit these
shifts to trigger insulin release via pH-labile linkers, swelling of acid-sensitive matrices, or oxidative cleavage
of thioether or boronate bonds. To mitigate oxygen dependence and peroxide toxicity, catalase or peroxidase
mimetics can be co-encapsulated, and oxygen-generating additives can stabilize performance at low tissue
oxygen.

Boronic acid-based systems use reversible binding of cis-diols on glucose to phenylboronic acid moieties. At
high glucose, competitive binding disrupts cross-links, opening the matrix and liberating insulin[42—447]. These
materials operate without enzymes, simplifying stability and sterilization, though careful tuning is needed to
maintain specificity and avoid interference from other diols. Lectin-based systems leverage glucose-binding
proteins such as ConA to modulate release, but immunogenicity and protein leaching necessitate immobilization
strategies and rigorous biocompatibility testing.

Kinetics define clinical utility. Systems must respond within minutes to hyperglycemia yet reduce output as
glucose normalizes to minimize hypoglycemia. This requires thin diffusion barriers, high surface area, and finely
tuned cross-link density[457]. Incorporating nanoparticles into microneedle patches or subcutaneous hydrogels
increases interface with interstitial fluid, accelerating response. For prandial control, layered architectures can
produce a rapid initial response followed by sustained basal release, while for basal insulin, damped
responsiveness may be preferable to avoid nocturnal hypoglycemia[4:57.

Reliability over weeks is essential. Enzyme activity drifts, fouling by proteins, and fibrotic encapsulation can
blunt responsiveness. Antifouling coatings, zwitterionic brushes, and immune-silent chemistries reduce
biofouling, and periodic “reset” mechanisms, thermal or ultrasound-triggered, can restore permeability.
Manufacturing considerations include preserving enzyme activity during lyophilization, ensuring batch-to-
batch sensor calibration, and establishing in vitro assays that predict in vivo set points using CGM-correlated
metrics. Ultimately, glucose-responsive nanocarriers are judged by CGM outcomes: increased time in range,
reduced time below range, and attenuated glycemic variability without increasing burden. If they can deliver
these outcomes with weekly or monthly maintenance and minimal alarms or user interventions, they offer a
compelling alternative or complement to pump-based closed-loop systems.

6. Extra-Subcutaneous Routes and Long-Acting Depots: Pulmonary, Transdermal, and Intraperitoneal
Approaches

Pulmonary delivery takes advantage of the vast absorptive surface and thin alveolar barrier. Nanocarrier
aerosols can protect peptides during nebulization and enhance epithelial uptake via surfactant-mimetic
lipids[467]. Particle aerodynamic diameter must balance deep-lung deposition with exhalation risk; carrier
matrices that deaggregate upon inhalation improve uniformity. Safety evaluations must exclude bronchospasm,
alveolar macrophage overload, and chronic inflammation, especially with repeated dosing. FFor incretins with
long half-lives, intermittent inhalation could provide rapid onset without injections, whereas insulin inhalation
aims for prandial spikes; nanocarriers may reduce dose and variability compared with plain powders[467.
Transdermal routes using microneedles bypass the stratum corneum while minimizing pain. Arrays that
dissolve or swell can deposit nanoparticles into the dermis where rich microvasculature supports uptake [47].
Incorporating glucose-responsive chemistries enables closed-loop—like control at the skin interface, and patch
platforms integrate naturally with CGM wearables. Formulation viscosity, needle strength, and skin tolerability
drive user experience and adherence. For long-acting incretins, in situ—forming depots composed of
biodegradable polymers can deliver steady exposure for weeks; encapsulated nanoparticles within these depots
further smooth release and protect cargo from hydrolysis[47].

Intraperitoneal delivery, already used in implantable insulin pumps, provides rapid absorption and a portal-
leaning gradient. Nanocarriers administered intraperitoneally can be tuned for peritoneal retention or for rapid
transit to the portal circulation, potentially offering a practical compromise between physiologic targeting and
invasiveness[487]. Safety focuses on peritoneal irritation, adhesions, and infection risk; biolubricious coatings
and sterile, low-endotoxin manufacturing are critical.

Across routes, device—drug compatibility shapes feasibility. Inhalers, patches, and pens must deliver consistent
doses of nanoparticle suspensions without clogging or shear-induced degradation. Real-world factors like
temperature excursions, vibration during shipping, patient handling, stress formulations beyond laboratory
conditions[47_]. Human factors engineering should inform device design, and stability programs must include
device dwell-time testing. Importantly, alternative routes should simplify, not complicate, daily life; monthly
clinic-administered depots or weekly at-home patches may be more acceptable than daily manipulations for
many patients.
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These extra-subcutaneous and long-acting strategies broaden the palette for individualized therapy. By
matching route and kinetics to patient preferences and physiology, clinicians can deploy peptide hormones more
effectively with fewer side effects and better adherence.
7. Translation, Safety, and Clinical Trial Design for Hormone-Loaded Nanocarriers
Clinical translation begins with establishing equivalence or superiority on outcomes that matter: glycemic
control, hypoglycemia risk, weight, and tolerability. Phase 1 studies should characterize pharmacokinetics and
pharmacodynamics with intensive sampling and CGM, comparing nanocarrier formulations to reference
products under standardized meal challenges[497. For liver-targeted insulin, surrogate measures of portal
exposure, hepatic glucose production via tracer studies, can provide mechanistic validation. For incretin depots,
standardized nausea assessments and gastric emptying tests help relate exposure profiles to tolerability.
Safety oversight must anticipate nanomedicine-specific risks: complement activation, anti-PEG or anti-polymer
antibodies, particle accumulation in reticuloendothelial organs, and local tissue reactions at administration
sites[507]. Re-dosing studies should track immunogenicity over months, and device compatibility with CGM
and injection hardware should be verified. Manufacturing under GMP requires tight control of particle
attributes and release kinetics; stability-indicating assays must monitor peptide integrity, oxidation, and
aggregation. For oral products, bioequivalence across fed and fasted states and minimal drug—drug interactions
are essential[ 50].
Trial design should reflect intended clinical positioning. For insulin, superiority on time in range with non-
inferior hypoglycaemia or non-inferior Alc with reduced hypoglycemia are compelling. For incretins, non-
inferior Alc with improved gastrointestinal tolerability or fewer discontinuations would justify adoption[517.
Randomized, active-controlled Phase 2/3 trials should include diverse BMI ranges, gastric motility phenotypes,
and varying baseline hypoglycemia risk. Pragmatic features, home CGM data uploads, remote assessments, and
patient-reported outcome measures capturing treatment burden increase external validity[527.
Regulatory strategy can leverage precedents for long-acting injectables and oral peptides while addressing
unique aspects of targeting and responsiveness. Combination products that co-encapsulate hormones and
permeation enhancers or enzymes may require additional toxicology. Environmental and occupational safety
around nanoparticle manufacturing should be documented. From an equity perspective, cost and access must be
considered early; scalable, solvent-minimizing processes and simple devices support affordability and global
reach.
Ultimately, success will be judged in everyday life: fewer injections, more time in range, less nausea, and simpler
routines. A translational program that centers these outcomes while rigorously documenting safety and
manufacturing reproducibility can bring targeted nanocarriers from concept to clinic for people living with T2D.
CONCLUSIONS
Targeted nanocarriers provide a path to harmonize the pharmacology of insulin and incretin therapies with
human physiology and patient preferences. By stabilizing peptides, navigating biological barriers, and directing
exposure to desired tissues, nanoparticles can deliver hepatic-first insulin action, smoother incretin kinetics, and
even glucose-responsive control that reduces hypoglycemia. Advances in oral, pulmonary, transdermal, and
depot formulations expand options beyond daily injections, while smart materials translate glycemic cues into
adaptive release. The road to clinical impact passes through meticulous engineering, GMP-ready
manufacturing, and trials that prioritize CGM-based outcomes, tolerability, and usability. If these elements
align, nanocarrier-enabled hormone delivery can transform T2D management from a regimen of compromises
into a more precise, safer, and patient-friendly practice, complementing lifestyle measures and contemporary
pharmacotherapy.
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