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ABSTRACT

Obesity and type 2 diabetes are heterogeneous, network-level disorders arising from the interplay of genetic
variation, epigenetic remodeling, environmental exposures, and metabolic rewiring across adipose tissue, liver,
skeletal muscle, gut, and pancreatic islets. Precision therapy requires not only stratifying patients by molecular
drivers but also delivering interventions to the right tissue compartments with timing that reflects circadian
and behavioral rhythms. Nanotechnology offers an enabling bridge between molecular diagnosis and actionable,
patient-tailored treatment. Engineered nanoparticles like lipidic, polymeric, inorganic, or hybrid, can
encapsulate diverse payloads, including small molecules, peptides, nucleic acids, and genome or epigenome
editors, while incorporating ligands that target organ- and cell-specific receptors or microenvironmental cues.
Meanwhile, minimally invasive diagnostics that harness circulating exosomes, cell-free nucleic acids, and
metabolomic signatures can guide endotype discovery and longitudinal monitoring. This review outlines a
framework for nanotechnology-enabled personalized medicine in obesity and type 2 diabetes that integrates
genomics, epigenomics, and metabolomics with smart delivery systems. We examine patient stratification using
polygenic risk and epigenetic clocks, design rules for targeted and stimuli-responsive nanocarriers, and
strategies for aligning pharmacokinetics with metabolic states. Preclinical and emerging clinical evidence
indicate that matching payload and carrier to molecular endotypes can amplify efficacy while reducing systemic
exposure. We further discuss safety, manufacturability, regulatory science, and health equity considerations that
determine feasibility at scale. By coupling molecular insight to programmable delivery, nanomedicine can move
care beyond one-size-fits-all glycemic control toward durable network reprogramming tailored to each patient’s
biological context.

INTRODUCTION

Obesity and type 2 diabetes (T'2D) are not uniform diseases but convergent phenotypes produced by distinct
combinations of susceptibility alleles, developmental and lifestyle exposures, microbiome configurations, and
cumulative metabolic stress[1-37]. Genome-wide association studies implicate loci involved in adipogenesis,
insulin secretion, and neuronal regulation of appetite; yet the penetrance of these variants is shaped by epigenetic
marks established during development and remodeled by diet, inflammation, and circadian disruption[4, 57.
Epigenetic modifications in adipocytes, hepatocytes, myocytes, and islet cells alter chromatin accessibility and
transcriptional networks that determine lipid handling, mitochondrial biogenesis, and stimulus—secretion
coupling[6,77]. Parallel changes in metabolites and signaling lipids such as branched-chain amino acids,
acylcarnitines, ceramides, bile acids, and short-chain fatty acids orchestrate interorgan communication,
amplitying insulin resistance and B-cell stress[87. As a result, two individuals with similar body mass indices
can harbor divergent molecular drivers: one dominated by hepatosteatosis and lipotoxic signaling, another by
adipose inflammation and impaired adipogenesis, and a third by B-cell fragility despite modest insulin
resistance[ 87].

Precision medicine aims to detect and act upon this heterogeneity, but translation has lagged for three reasons
[97]. First, most therapies are delivered systemically and act broadly rather than correcting the dysregulated
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nodes within specific tissues. Second, conventional pharmacokinetics rarely align with biological rhythms or
meal-related dynamics that govern glucose flux and hormone secretion[ 107]. Third, diagnostic classification has
often been limited to glycemic indices and crude clinical variables, falling short of the molecular resolution
needed to guide intervention. Nanotechnology offers solutions at each bottleneck. Engineered nanoparticles can
ferry fragile or hydrophobic payloads to selected tissues by exploiting receptor—ligand interactions and disease-
altered microenvironments, release cargo in response to pH, redox, enzymatic, or mechanical cues, and thereby
reshape exposure-response relationships[117]. In parallel, nanoscale diagnostics, including analyses of
circulating extracellular vesicles and cell-free nucleic acids, enable noninvasive sampling of tissue states over
time and may act as both biomarkers and therapeutic targets[127.

Personalized nanotherapy begins with endotyping, the process of partitioning patients into biologically coherent
subgroups based on integrated omics and clinical features. Polygenic risk scores stratify baseline predisposition
to obesity or B-cell dysfunction, while DNA methylation clocks and locus-specific methylation patterns reflect
cumulative environmental exposures and predict cardiometabolic outcomes[187. Transcriptomic and proteomic
data resolve inflammatory and metabolic pathway activity in circulation; metabolomics detects substrate
selection and mitochondrial function; and exosomal small RNA profiles hint at tissue-specific signaling. Layered
atop these measurements are dynamic readouts from continuous glucose monitoring, indirect calorimetry, and
wearable sensors that capture circadian and behavioral context[ 14]. Together, they produce a map of actionable
liabilities, excess hepatic lipogenesis, impaired adipose expandability, muscle mitochondrial inflexibility, and
islet ER stress that can be matched to nano-enabled payloads.

Designing the right carrier—payload pair is as important as selecting the mechanism. Lipid nanoparticles excel
at delivering nucleic acids with endosomal escape, polymeric and hybrid systems control release kinetics for
small molecules and peptides, and membrane-cloaked or ligand-decorated platforms improve homing and
cellular uptake[157]. Formulations can be tuned to exploit fenestrated hepatic sinusoids, inflamed adipose
microvasculature, or islet endothelium, while microenvironment-sensitive chemistries trigger release where pH,
reactive oxygen species, or enzymes are pathologically altered. Chronotherapeutic strategies synchronize dosing
with feeding or sleep—wake cycles to enhance efficacy and minimize adverse effects. Crucially, these
pharmacologic advances must be balanced against safety, manufacturability, and equity: repeated dosing in
obese, inflamed hosts can accelerate clearance or complement activation; cGMP processes must deliver tight
control of size, charge, composition, and ligand density; and access must be broadened through cost-conscious
excipient choices and scalable assembly[167.

This review presents a cohesive framework that integrates genetic, epigenetic, and metabolic insights with
nanotechnology design to enable personalized therapy in obesity and T2D. We begin with patient stratification
methods that translate omics into endotypes. We then outline core nanocarrier platforms and their engineering
levers for organ- and cell-specific delivery. Next, we discuss stimuli-responsive designs that align release with
local biology and circadian timing, and we survey payloads from small molecules to genome and epigenome
editors paired to dominant endotypes. We consider evidence from preclinical models and early human studies
where matching the mechanism to endotype enhances outcomes. Finally, we examine safety, regulatory
pathways, manufacturability, and ethical and equity considerations essential for translation. The goal is to move
beyond abstract enthusiasm toward practical blueprints that clinicians and developers can deploy in real-world
care.

2. Patient Endotyping: From Polygenic Risk and Epigenetic Clocks to Circulating Vesicles

Personalized nanotherapy for obesity and T2D begins with a rigorous partitioning of patients into molecularly
coherent endotypes. Polygenic risk scores capture the cumulative effects of common variants across loci that
influence insulin secretion, adipocyte differentiation, central appetite regulation, and lipid handling[ 177]. While
the absolute risk explained may be modest, polygenic profiling identifies individuals whose metabolic trajectories
are more likely to depend on B-cell fragility versus adipose expandability or hepatic lipogenesis. Yet genetics
alone is insufficient because environmental exposures and developmental history imprint durable epigenetic
signatures[17]. DNA methylation clocks estimate biological age acceleration associated with obesity and
metabolic syndrome, while locus-specific methylation at enhancers near lipid metabolism or endoplasmic
reticulum stress genes correlates with hepatic steatosis or islet dysfunction. Histone modification patterns and
chromatin accessibility in blood-derived cells can act as proxies for tissue states, especially when integrated with
transcriptomic modules reflective of inflammation and mitochondrial activity[18, 197].

Circulating biomarkers extend this map. Plasma proteomics detects hepatokines, adipokines, and myokines that
report interorgan crosstalk; metabolomics profiles acylcarnitines, ceramides, bile acids, and branched-chain
amino acids that index substrate selection and oxidative flux[207. Critically, extracellular vesicles, including
exosomes, carry tissue-stamped microRNAs, long noncoding RNAs, and proteins, enabling noninvasive
surveillance of hepatic lipogenesis, adipose inflammation, skeletal muscle mitochondrial capacity, and islet stress.
Vesicle surface proteins can indicate cell-of-origin, allowing multi-tissue deconvolution that guides targeting.
Longitudinal sampling reveals endotype stability or drift during weight loss, pharmacotherapy, or lifestyle
changes, providing opportunities to adapt payloads and carriers over time[207].
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Dynamic physiological measurements amplify resolution. Continuous glucose monitoring quantifies
postprandial excursions and nocturnal stability, separating patients with predominant hepatic insulin resistance
from those with impaired first-phase insulin secretion. Indirect calorimetry and wearable sensors infer metabolic
flexibility and chronotype; disruptions in sleep timing and meal regularity correlate with epigenetic and
endocrine changes that can be therapeutically targeted[217]. Together, these layers position each patient on a
multi-dimensional landscape of liabilities: a hepatosteatotic—inflammatory endotype with elevated ceramides and
FXR signaling; an adipose-inflammation endotype marked by vesicular microRNAs that suppress insulin
signaling; a B-cell-fragility endotype with exosomal signatures of endoplasmic reticulum stress and reduced
identity factors; or mixed phenotypes that demand combination therapy[217].

The purpose of endotyping is not taxonomy but action. A hepatosteatosis-dominant profile points toward
payloads that reduce de novo lipogenesis, enhance fatty acid oxidation, or modulate bile-acid pathways, delivered
via carriers tuned for hepatic uptake[227]. An adipose-limited expandability endotype favors anti-inflammatory
and adipogenesis-supporting cargos with depots that navigate inflamed microvasculature[227. A B-cell-fragile
endotype benefits from islet-targeted antioxidants, calcium-handling modulators, or nucleic acids that reinforce
identity. Importantly, endotypes exist along continua and evolve with interventions; thus, diagnostic platforms
must be repeatable and affordable, with turnaround times that support clinical decision-making. Machine
learning models integrating omics and clinical data can propose endotypes with probability scores and suggested
therapeutic modules, which can then be tested and refined within adaptive care pathways.

3. Carrier Design: Lipid, Polymeric, and Hybrid Platforms for Organ- and Cell-Specific Delivery
Selecting the appropriate nanocarrier is central to matching therapy to endotype. Lipid nanoparticles, including
ionizable compositions, offer efficient encapsulation and cytosolic delivery of nucleic acids. By tuning ionizable
lipid pK_a, helper lipid ratios, and PEG-lipid desorption kinetics, these carriers stabilize in circulation, then
protonate within endosomes to promote escape[23—267]. For hepatic targeting, exploiting endogenous
apolipoprotein adsorption engages LDL receptors on hepatocytes; for adipose or islets, exogenous ligands are
appended to steer binding amid distinct vascular and interstitial environments. Liposomes, with phospholipid
bilayers and adjustable cholesterol content, excel at carrying hydrophobic small molecules and peptides,
providing controlled release and fusogenic options that enhance intracellular access[27, 287.

Polymeric nanoparticles such as PLGA and PEG-PLGA offer mechanical robustness and programmable
degradation, ideal for sustained release of small molecules or proteins in tissues where prolonged, low-level
exposure outperforms peaks[29-317. Surface PEGylation and zwitterionic coatings reduce opsonization;
incorporation of targeting moieties via click chemistry allows precise ligand densities[327. Polysaccharide
systems like chitosan add mucoadhesion and transient tight-junction opening for oral delivery, while hyaluronic
acid coatings engage CD44 in inflamed adipose tissue. Hybrid architectures unite the strengths of both worlds:
lipid—polymer hybrids present a fluid lipid shell for membrane interactions and ligand display atop a polymeric
core that governs release kinetics and storage stability, enabling multi-compartment loading for complex
regimens[ 327].

Carrier physicochemistry must reflect tissue microanatomy. For liver, sizes of 70—120 nm traverse fenestrated
sinusoids and avoid rapid renal clearance; neutral to slightly negative zeta potentials limit complement
activation. In adipose depots, decreased stiffness and near-neutral charge facilitate extravasation through
inflamed microvasculature, while peptides targeting prohibitin or neuropilin-1 enrich uptake by adipocytes and
macrophages [337. Islet delivery benefits from endothelial ligands that mediate transcytosis and from niche-
anchoring motifs responsive to zinc-rich perivascular spaces. Protein corona management is increasingly
decisive: carriers with tailored lipid headgroups or preadsorbed selective proteins maintain ligand accessibility
and avoid macrophage capture, preserving targeting fidelity in obese, inflamed hosts[347].

Finally, manufacturability and safety constrain design space. Continuous-flow microfluidic assembly yields tight
polydispersity and reproducible encapsulation across scales, while high-pressure homogenization supports solid
lipid systems[(357]. Excipient selection favors pharmacopeial lipids and biodegradable polymers with track
records in parenteral and oral use. Critical quality attributes, such as size, polydispersity, surface charge,
composition, ligand density, encapsulation efficiency, and release kinetics, must be linked to potency assays
aligned with mechanism, ensuring that batch-to-batch variation remains within clinically meaningful
limits[ 357]. Carrier choice thus emerges from a matrix that balances payload needs, target tissue biology, dosing
route and schedule, safety margins, and industrial feasibility.

4. Stimuli-Responsive and Chronotherapeutic Delivery: Aligning Exposure with Biology

Obesity and T2D are characterized by rhythmic fluctuations in hormones, substrate use, and tissue perfusion,
as well as microenvironmental abnormalities such as acidosis, oxidative stress, and heightened protease
activity[[86—387. Stimuli-responsive nanocarriers exploit these features to synchronize release with therapeutic
windows. pH-labile lipids and polymers accelerate cargo discharge in acidic endosomes or inflamed extracellular
spaces, while redox-sensitive linkers cleave in glutathione-rich cytosol to free small molecules or nucleic acids.
Reactive oxygen species—responsive moieties disassemble in oxidative milieus, positioning antioxidants or
mitochondrial modulators precisely where stress is greatest[39—417. Enzyme-cleavable coatings respond to
matrix metalloproteinases enriched in inflamed adipose tissue, enhancing local deposition and uptake.
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Mechanically responsive constructs attune release to shear stress patterns in hepatic sinusoids or microvascular
beds, aligning exposure with perfusion.

Chronotherapeutic design layers time onto place. Insulin sensitivity and B-cell responsiveness vary across the
day; meal timing reshapes bile-acid cycles and incretin responses; sleep disruption impairs glucose
tolerance[427]. Carriers can be tuned to produce predawn or preprandial plateaus for agents that buffer hepatic
glucose output, or mealtime pulses for B-cell supportive cargos that augment first-phase insulin secretion. Oral
systems with enteric coatings and colonic release harness bile-acid and microbial rhythms to modulate
FXR/TGRS5 signaling and short-chain fatty acid production. Subcutaneous depots formed by in situ—gelling
polymers or slow-dissolving lipid matrices deliver near-zero-order kinetics, reducing peaks and improving
adherence[427].

Real-time adaptation is a frontier enabled by digital biomarkers. Continuous glucose traces and wearable-
derived activity and sleep metrics can feed control algorithms that recommend dosing windows or adjust depot
intervals[487. On the diagnostic side, longitudinal profiling of circulating exosomal microRNAs or cell-free
DNA methylation patterns detects shifts in tissue stress or inflammation, prompting changes in payload
composition or targeting ligands. Closed-loop paradigms distinct from automated insulin delivery could
modulate the timing of nanotherapy to sustain network reprogramming with minimal drug burden[437. Safety
remains paramount: stimuli-responsive elements must not promote off-target release in sensitive tissues, and
chronotherapeutic schedules must consider variability in routines and shift work. With these safeguards,
aligning exposure with biology can magnify effect sizes and compress the dose needed to achieve durable benefit.
5. Payloads Mapped to Endotypes: Small Molecules, RNA, and Epigenome Editing

The value of personalized nanomedicine lies in pairing the right mechanism to the patient’'s dominant liabilities
and delivering it precisely. In hepatosteatosis-dominant endotypes, small molecules that inhibit de novo
lipogenesis, activate AMPK, or promote fatty acid oxidation can be encapsulated in lipid or hybrid carriers that
favor hepatocyte uptake through apolipoprotein-mediated pathways or GalNAc-like ligands[447. In adipose-
inflammation endotypes, payloads that suppress NF-kB and NLRP3 activation, promote adipogenesis and beige
remodeling, or modulate macrophage polarization can be packaged in soft, matrix-responsive carriers equipped
with adipose endothelial ligands[457]. For B-cell-fragility endotypes, cargos that stabilize mitochondrial ATP
production, tune ER stress sensors, correct calcium oscillations, or reinforce identity factor networks can be
delivered in islet-targeted carriers that combine endothelial transcytosis with B-cell receptor binding[4:57].
Nucleic acid therapeutics expand precision. siRNAs and antisense oligonucleotides reduce expression of stress
kinases, lipid synthesis drivers, or negative regulators of insulin signaling; microRNA mimics or sponges
rebalance gene networks toward oxidative metabolism or B-cell identity; mRNAs transiently express protective
factors such as antioxidant enzymes or transcriptional coactivators[46]. Ionizable lipid nanoparticles enable
these cargos with efficient endosomal escape, while chemical modifications stabilize oligonucleotides and limit
innate immune sensing. Epigenome editors like CRISPR-dCas9 fused to DNA methylation or histone-modifying
domains offer durable resetting of regulatory elements controlling adipocyte differentiation, hepatic lipogenesis,
or B-cell transcriptional identity. Because permanence raises safety stakes, tissue targeting and tightly regulated
expression cassettes become essential, and reversible editors or base editors with narrow editing windows may
be preferable in early deployments[467].

Combination payloads unlock polypharmacology. Co-loading a small-molecule AMPK activator with an siRNA
to lipogenic transcription factors in a single hepatocyte-targeted carrier can achieve synergy at lower doses than
either alone[477. Pairing B-cell antioxidants with microRNA mimics that restore identity can produce
immediate functional rescue followed by durable stabilization. Sequencing strategies may deploy hepatic and
adipose therapies first to relieve B-cell secretory pressure, then add B-cell-focused editing once systemic stress
declines. Potency assays must mirror these mechanisms: hepatic fat by proton MR spectroscopy, adipose
inflammation by imaging and cytokine panels, muscle oxidative indices by indirect calorimetry, B-cell function
by mixed-meal tolerance tests and C-peptide deconvolution, and molecular readouts via circulating vesicle
cargo[47]. The ultimate goal is not merely glycemic improvement but network-level remodeling measurable
across omics and physiology.

6. Evidence and Case Studies: Matching Mechanism, Carrier, and Endotype

Proof-of-concept studies demonstrate that aligning the mechanism and carrier to the endotype amplifies
therapeutic benefit in obese and diabetic models[487]. In steatohepatitis-biased phenotypes, hepatocyte-directed
lipid nanoparticles delivering siRNA against lipogenic enzymes reduce hepatic triglyceride content and improve
insulin sensitivity more effectively than equivalent free oligonucleotides, with parallel declines in
aminotransferases and inflammatory markers[497. When co-loaded with small-molecule AMPK activators,
these systems produce additive reductions in de novo lipogenesis and improvements in glucose tolerance,
validating the polypharmacology strategy. In adipose-inflammation models, chitosan-coated or zwitterionic
hybrid nanoparticles decorated with adipose endothelial ligands concentrate anti-inflammatory payloads within
depots, reducing crown-like structures and restoring insulin-stimulated glucose uptake in adipocytes, while also
shifting macrophage polarization toward reparative states[497].
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Islet-focused interventions provide complementary evidence. Ionizable lipid nanoparticles engineered for islet
transcytosis and [-cell receptor engagement deliver microRNA mimics or siRNAs that restore stimulus—
secretion coupling, normalize calcium oscillations, and preserve insulin content at lower systemic exposures
than non-targeted formulations[507]. Liposomal antioxidants or ER stress modulators targeted to islets reduce
unfolded protein response markers and improve first-phase insulin secretion during hyperglycemic clamps.
These gains are magnified when peripheral insulin resistance is concurrently alleviated by hepatic or adipose-
directed nanotherapies, suggesting a systems approach where relieving B-cell pressure and correcting substrate
flux in parallel yields durable control[[507.
Human data are emergent but encouraging in adjacent domains. Lipid nanoparticles have established safety and
translatability for nucleic acids in the liver, and oral lipid systems have improved bioavailability for hydrophobic
anti-inflammatory compounds[517]. Botanical-derived payloads formulated as phytosomes or nanostructured
lipids have shown improved pharmacokinetics and glycemic effects in small trials. While direct, islet-targeted
nanotherapies have yet to be widely tested in humans, the translational mechanics, carrier safety, manufacturing,
and regulatory pathways are converging[517. Early-phase studies can leverage enriched endotypes identified
by omics and continuous glucose phenotypes, deploying hepatic or adipose therapies with clear
pharmacodynamic biomarkers such as intrahepatic triglyceride, adipose inflammation imaging, and CGM-
derived variability. As platforms mature, B-cell-targeted payloads may enter trials with sensitive readouts like
mixed-meal C-peptide and exosomal B-cell microRNA panels.
Collectively, these case studies support a thesis: the right patient—-mechanism—carrier match converts modest
pharmacology into clinically meaningful benefit at lower doses and with fewer adverse effects. Importantly,
negative or equivocal results often reflect mismatches in payloads delivered to the wrong tissue, carriers
neutralized by protein coronas in inflamed hosts, or dosing schedules out of sync with biology, underscoring the
need for rational design anchored in endotyping and delivery science. Iterative cycles that update endotype
assignments and adjust carriers or payloads based on longitudinal biomarkers will be central to realizing the
promise of nanotechnology-enabled personalized medicine.
7. Safety, Manufacturing, Regulation, and Equity: Making Personalization Practical
Translation requires that individualized nanotherapies be not only effective but safe, manufacturable, and
accessible. Safety considerations in obese, inflamed populations include complement activation—related
pseudoallergy, accelerated blood clearance upon repeat dosing, and altered biodistribution due to
reticuloendothelial activation and organ steatosis[527. Selecting pharmacopeial lipids, biodegradable polymers,
and zwitterionic or low-density PEG coatings reduces innate immune activation; tuning ionizable lipid pK_a
balances endosomal escape with extracellular safety; and degradable chemistries limit tissue accumulation.
Toxicology should be performed in metabolically diseased models using repeated dosing to reveal clearance
dynamics and organ-specific liabilities[527]. For genetic and epigenetic payloads, high-fidelity editors, tissue-
restricted expression, and reversible designs mitigate the risk of off-target or permanent changes.
Manufacturability centers on continuous-flow microfluidic assembly and high-pressure homogenization that
produce tight size distributions and reproducible encapsulation at scale. Process analytical technologies, real-
time particle sizing, composition assays by LC-MS, ligand density quantification, and release profiling link
critical quality attributes to potency assays that reflect mechanism, such as hepatocyte lipogenesis suppression
or B-cell glucose-stimulated insulin secretion[537. Stability programs define shelf life with lyophilization and
cryoprotectants for logistical resilience. Regulatory pathways can build on precedents for lipid nanoparticles,
oligonucleotides, and botanical drugs, but personalized combinations will require adaptive frameworks that
allow modular swapping of ligands or payloads within validated carrier backbones[537]. Companion
diagnostics—omics panels and vesicle-based biomarkers must achieve analytical validity, clinical validity, and
utility to justify their role in selection and monitoring.
Equity is both an ethical imperative and a practical necessity. Polygenic scores and epigenetic clocks must be
trained and validated across ancestries to avoid perpetuating disparities. Cost-sensitive carrier choices and
scalable processes reduce price barriers; oral or infrequent subcutaneous dosing with simple storage broadens
access beyond specialized centers. Federated learning on de-identified, diverse datasets can refine endotyping
without centralizing sensitive information, while clear consent and data governance preserve trust. Patient-
centric design, palatable formulations, minimal clinic visits, digital tools that translate complex biomarker
teedback into simple guidance support adherence and sustained benefit.

CONCLUSION
In sum, making personalization practical demands a systems mindset that integrates safety engineering,
industrial rigor, regulatory alignment, and social responsibility. When these elements align, nanotechnology-
enabled personalized medicine can move from bespoke promise to a reproducible, equitable standard for
managing obesity and T2D—delivering the right mechanism, at the right dose, to the right tissue, at the right
time, for the right person.
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