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ABSTRACT

Obesity and cancer intersect through shared inflammatory, endocrine, and metabolic circuits that amplify risk,
accelerate progression, and blunt therapeutic response. Treating them as separate diseases leaves substantial
biology unaddressed at the adipose—tumor interface. Smart nanocarriers engineered for co-delivery of anti-
obesity and anticancer payloads offer a strategy to modulate host metabolism while simultaneously attacking
malignant cells and their microenvironments. By tuning size, shape, and surface chemistry, and by embedding
logic for stimuli responsiveness, active targeting, and imaging, multifunctional platforms can synchronize
exposure of GLP-1 or AMPRK-directed agents with chemotherapeutics, kinase inhibitors, immunomodulators,
or nucleic acids, all within the pharmacokinetic and tissue constraints of high-BMI hosts. This review maps the
rationale and design landscape for dual-action nanotherapy, from lipid and polymeric constructs to biomimetic
and hybrid systems; details trigger chemistries and ligand choices that align with obesity-altered vasculature,
extracellular matrix, and immune tone; and outlines dosing, safety, and translational principles that convert
mechanistic synergy into clinical benefit. The central proposition is that metabolic correction and tumor control
are not competing objectives but co-requisites that nanotechnology can deliver in a coordinated, patient-tailored
manner.
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INTRODUCTION

Obesity reshapes organismal physiology in ways that directly promote carcinogenesis and resistance to therapy.
Hypertrophic adipocytes develop hypoxia and endoplasmic-reticulum stress, recruit inflammatory myeloid cells,
and secrete adipokines that bias signaling toward proliferation and angiogenesis[1—4]. Insulin resistance
elevates insulin and IGF-1 tone, while lipotoxic species such as ceramides and oxidized lipids sustain NF-xB
and STATS programs in epithelial and stromal compartments[5—7]. These axes converge in tumor
microenvironments that are fibrotic, hypoxic, and immunosuppressed, with dysfunctional vasculature and high
interstitial fluid pressure that collectively hinder drug penetration. Conventional anticancer regimens respond
by dose escalation or regimen intensification, which often worsens cardiometabolic toxicity in patients already
burdened by obesity-related comorbidities[87]. Conversely, lifestyle or pharmacologic weight reduction
improves inflammatory and endocrine tone but seldom addresses established malignant clones or their stromal
niches.

Smart nanocarriers recast this dilemma as a design problem. Encapsulating synergistic payloads an anti-obesity
agent and an anticancer therapy within a single programmable vehicle enables matched pharmacokinetics, co-
localized delivery, and controllable sequence or ratio of exposure[9—127. A liposomal or polymeric particle can,
for example, deliver a GLP-1 receptor agonist or adiponectin-mimetic alongside a topoisomerase inhibitor or
PISK-mTOR blocker; a biomimetic shell can guide the construct to inflamed vasculature and macrophage-rich
compartments; and embedded triggers can orchestrate the order in which payloads are released, first softening
stromal or metabolic barriers and then imposing cytotoxic or immune-activating pressure. Such choreography
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is difficult with free combinations because of disparate half-lives, volumes of distribution, and off-target
liabilities[97].

The co-delivery concept extends beyond simple colocalization. By biasing endothelial and stromal biology
toward normalized perfusion, decreasing adipose lipolysis and lipotoxic signaling, and enhancing adiponectin—
AMPK tone, the metabolic payload can increase tumor accessibility and reduce systemic toxicity, thereby
widening the therapeutic window for the anticancer component[ 18—157. Simultaneously, cytotoxic, targeted,
or nucleic-acid therapies shrink tumor burden and deplete pro-inflammatory sources that perpetuate insulin
resistance. This reciprocal reinforcement elevates the strategy from additive to potentially supra-additive. The
sections that follow delineate design principles for such platforms, summarize leading chassis and cargo pairings,
describe logic gates and targeting motifs that align with obesity-specific pathophysiology, and outline
pharmacokinetic, safety, and translational frameworks suited to high-BMI populations.

2 Design Principles and Pharmacology of Dual-Action Nanocarriers

Multifunctional carriers succeed when they control four variables: spatial localization, temporal sequencing,
dose ratio, and biological addressability. Spatial localization is governed by hydrodynamic size, surface charge,
and stealth chemistry. Sizes between roughly seventy and one hundred nanometers balance prolonged
circulation with penetration in fibrotic, inflamed tissues typical of obese tumors, while near-neutral or weakly
negative zeta potentials minimize nonspecific interactions and complement activation[167]. Dense, non-
immunogenic stealth, increasingly based on zwitterionic or poly(2-oxazoline) coronas, counters dyslipidemia-
driven protein corona formation and anti-PEG immunity that may be more frequent in metabolic syndrome[17,
187.

Temporal sequencing determines which payload acts first. In many designs, metabolic normalization precedes
tumor-directed cytotoxicity. Acid-labile linkers can release a GLP-1 agonist or AMPK activator within the
mildly acidic adipose—tumor interstitium, while more stringent triggers enzymes such as matrix
metalloproteinases or higher levels of reactive oxygen species, release the anticancer payload after perfusion
improves[19, 207. Alternatively, a short priming burst of mild photothermal heating or stromal enzyme can
precede both payloads from a single particle.

Dose ratio matters because the therapeutic window for a GLP-1 agonist or adiponectin-mimetic is narrow when
off-target tissues are exposed, and because drug—drug synergy is often ratio dependent[217]. Co-encapsulation
enforces a fixed or programmable ratio independent of systemic clearance, stabilizing pharmacodynamics across
heterogeneous body compositions. Finally, biological addressability aligns ligands with receptors enriched in
obese microenvironments. RGD and related peptides direct endothelial integrins on angiogenic vessels;
mannose or folate motifs bias uptake to CD206-positive or FOLR-B-positive macrophages; transferrin and anti-
HER2 guide tumor cells; and fatty-acid anchors hitchhike on albumin to reach sites of lipid flux.

3 Lipid-Based Smart Carriers for Metabolic—Oncologic Co-Therapy

Liposomal platforms accommodate hydrophilic and hydrophobic cargos in aqueous cores and bilayers,
respectively, and their membranes support pH-, redox-, and heat-triggered release. One design encapsulates a
GLP-1 receptor agonist or an adiponectin-mimetic peptide in the aqueous core, stabilizing it against proteolysis,
while intercalating a chemotherapeutic such as doxorubicin or irinotecan within the bilayer [22, 287. The bilayer
composition is tuned to destabilize at tumor pH, releasing the cytotoxic agent after the peptide has diffused to
nearby adipocytes, endothelium, and macrophages[22, 24, 257. A related formulation pairs an AMPK activator
with a PISK-mTOR inhibitor; by curtailing anabolism in both tumor and stromal cells, the metabolic payload
reduces ATP-intensive resistance programs and may mitigate hyperglycemia associated with PISK pathway
blockade.

Lipid nanoparticles optimized for nucleic-acid delivery enable gene-level co-therapy: siRNA against leptin or
STATS reduces pro-tumor adipokine signaling and myeloid polarization, while mRNA encodes tumor
suppressors or immune agonists. Sequential release is programmed by ionizable lipid chemistry and
biodegradable helpers with distinct pKa and hydrolysis rates[24, 26, 27]. Albumin-binding lipids and short-
chain fatty-acid anchors increase extravasation at inflamed endothelium, where albumin flux is high in obesity.
For regional disease, thermosensitive liposomes triggered by mild hyperthermia can deposit both payloads
within peritumoral fat pads, minimizing systemic exposure while exploiting improved local perfusion.

Safety considerations in lipid constructs include complement activation and hepatic retention. Alternative
stealth polymers and graded infusion mitigate infusion reactions. In fatty liver disease, careful control of particle
size and surface density reduces Kupfter cell uptake; theranostic lipids or co-encapsulated tracers enable real-
time verification of tumor accumulation before activating external triggers or delivering subsequent systemic
agents.

4 Polymeric, Hybrid, and Biomimetic Platforms for Programmable Sequencing

Polymeric nanoparticles based on PLGA, PEG-PLA, and related backbones offer programmable degradation
and multi-compartment architectures. Core—shell formats place an outer shell loaded with metabolic modulators
that erode quickly in acidic interstitium, while an inner core carries chemotherapeutics or kinase inhibitors
released over days[28—317]. Charge-reversal layers keep particles neutral in circulation and switch to cationic
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in tumors, enhancing endosomal escape for nucleic acids that silence LEPR-STATS signaling or aromatase
transcripts in hormone-sensitive cancers linked to obesity.
Hybrid systems fuse inorganic photothermal cores with polymer shells that bear both metabolic and anticancer
agents. A brief, sub-ablative heating pulse normalizes perfusion and lowers interstitial pressure; in the same
session, acid-triggered shell erosion releases an AMPK activator into adipose and endothelium, followed by
chemotherapeutic release as matrix metalloproteinases rise. This single-session choreography aligns energy and
pharmacology without requiring multiple hospital visits[327].
Biomimetic carriers cloaked with macrophage or adipocyte membranes inherit homing receptors and immune
stealth. These shells guide particles to inflamed adipose depots and macrophage-rich niches while avoiding rapid
clearance[327]. Within this chassis, a GLP-1 agonist can temper local cytokine production and lipolysis, while a
PISK-y inhibitor or cytotoxic payload reprograms or depletes protumor myeloid cells. Engineered extracellular
vesicles derived from adipose stromal cells offer a related approach: donor cells are edited to overexpress
adiponectin variants and to exclude oncogenic microRNAs, generating vesicles that both deliver a metabolic
correction and ferry anticancer siRNA or small-molecule cargo. Such vesicles naturally engage adipose—tumor
interfaces, leveraging endogenous trafficking codes to enforce co-localization[ 33, 347].
5 Stimuli-Responsive Logic, Targeting, and Imaging for Precision Co-Delivery
Smart co-delivery depends on reliable triggers that map to microenvironmental features accentuated by obesity.
pH-sensitive linkers open in the mildly acidic interstitium surrounding tumors and inflamed adipose, releasing
metabolic payloads first[35—377]. Reactive oxygen species, elevated by metaflammation, cleave thioketal or
boronic ester linkers to discharge cytotoxic or targeted agents only after oxidative thresholds are reached.
Enzyme-responsive peptides keyed to matrix metalloproteinases or lipases enrich release at the adipose—tumor
border; thermal triggers from embedded photothermal elements synchronize stromal priming with drug
deposition.
Targeting ligands are selected to triangulate endothelial, myeloid, and tumor compartments. RGD-family
peptides bind angiogenic integrins; mannose and folate engage macrophages that dominate obese
microenvironments; anti-HER2 or anti-EGFR fragments focus delivery to tumor cells; and fatty-acid motifs
enable albumin hitchhiking toward regions of lipid flux[25, 27, 32, 87]. Multivalent presentation increases
avidity without compromising stealth when ligands are spaced and buffered by flexible linkers.
Imaging converts these mechanisms into measurable therapy. Near-infrared fluorophores and photoacoustic
chromophores embedded in the carrier track distribute across adipose, liver, spleen, and tumor. Ratiometric
reporters reveal when the metabolic payload has been released, cueing the timing of the cytotoxic wave [27].
In trials, such theranostic readouts support adaptive scheduling and stratification by body composition; in
practice, they help clinicians confirm that co-localization, being a prerequisite for synergy, has actually occurred
in each patient.
6 Pharmacokinetics, Dosing, Safety, and Translation in High-BMI Populations
High-BMI pharmacology challenges one-size-fits-all dosing. Expanded plasma volume, altered lipoprotein
profiles, and fatty liver disease accelerate mononuclear phagocyte uptake and distort nanoparticle exposure[ 387].
Lean body mass or allometric scaling better predicts distribution than total body weight. Corona control using
zwitterionic coatings stabilizes behavior in dyslipidemic matrices; hydrodynamic diameters near eighty to one
hundred nanometers reduce hepatic sequestration while maintaining tumor access, though smaller cross-linked
micelles may be selected for desmoplastic disease at the cost of shorter half-life[387.
Safety is bidirectional because payloads influence host metabolism and tumor biology. GLP-1 agonists can cause
gastrointestinal effects; AMPK activators interact with mitochondrial metabolism; kinase inhibitors interact
with glucose homeostasis[397. Co-encapsulation allows lower individual doses for equivalent effect, but careful
release kinetics are essential to avoid transient hypoglycemia or off-target mitochondrial stress. Hepatic
monitoring is heightened in steatosis; renal monitoring attends to polymer metabolite clearance. Complement
activation-related pseudoallergy is mitigated by alternative stealth and graded infusion[397.
Translation requires manufacturing discipline that links critical quality attributes, size distribution, ligand
density, trigger thresholds, payload ratio, and release kinetics to potency assays reflecting the dual
mechanism[407]. These include reductions in circulating leptin: adiponectin ratios, increases in p-AMPK and
improved microvascular flow in adipose—tumor interfaces, alongside tumor shrinkage or pathway inhibition
markers. Imaging-verified delivery acts as a companion diagnostic to justify dose and schedule[417. Clinical
designs should synchronize nanotherapy with metabolic stabilization through diet, exercise, or pharmacologic
agents to maximize microenvironment receptivity, and should prespecify BMI-aware stratification so that
efficacy in high-BMI cohorts is measured rather than averaged away.

CONCLUSION
Smart nanocarriers for co-delivery of anti-obesity and anticancer agents transform a clinical trade-oft into a
coordinated strategy. By correcting metabolic and inflammatory drivers while simultaneously applying tumor-
directed pressure, dual-action platforms address the coupled biology that links adipose dysfunction to malignant
fitness. Lipid, polymeric, biomimetic, and hybrid constructs supply the structural and chemical diversity needed
to tune localization, sequence, and ratio of exposure; stimuli-responsive logic and targeted ligands align action

This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

Page | 55



with the altered vasculature, matrix, and immune tone of obesity; and embedded imaging ensures that design
intent is realized in vivo. With BMI-aware dosing, corona-informed stealth, and manufacturing frameworks that
tie quality to mechanism, co-delivery can move from conceptual synergy to reproducible benefit, shrinking
tumors while rehabilitating the metabolic terrain that gave rise to them.
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