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v. Molecular basis of nano-formulations

Introduction to Nanoformulations
Definition and Rationale1.

Nanoformulations are formulations containing active ingredients (small molecules, proteins, nucleic acids,
or other therapeutic/functional entities) encapsulated, adsorbed, or covalently bound within nanoparticles
(1–100 nm).
Motives:  Enhanced  bioavailability,  targeted  delivery,  reduced  toxicity,  controlled  release,  or
improved stability relative to bulk forms.

Typical Nanoformulation Platforms2.
Polymeric Nanoparticles: PLGA, chitosan, PEGylated carriers.
Lipid-based Systems: Liposomes, solid lipid nanoparticles, nanoemulsions.
Inorganic Nanomaterials: Gold or iron oxide nanoparticles, mesoporous silica, quantum dots.
Hybrid  Systems: Combining organic/inorganic components for multifunctional designs (theranostics,
stealth coatings, stimuli-responsive elements).

Molecular Interactions Governing Nanoformulations

Intermolecular Forces and Stability

Van der Waals Forces1.
Weak, short-range attractions between molecules (London dispersion, dipole–dipole, etc.).
Become significant at the nanoscale for colloidal stabilization or aggregation if not balanced by other forces.

Electrostatic Interactions2.
Coulombic attractions or repulsions (e.g., between charged groups on polymeric surfaces or ionic drug
molecules).
Zeta Potential: A key parameter for colloidal stability. Highly charged surfaces often repel each other,
preventing aggregation.

Steric Hindrance and Polymeric Coatings3.
Amphiphilic polymers, PEG chains, or surfactants can provide steric repulsion, forming a “brush” or
“mushroom” layer around nanoparticles.
Critical for preventing particle–particle collisions in solution (colloidal stability).

Hydrogen Bonding4.
Important for interactions with biomolecules (proteins, nucleic acids) and for specific drug–polymer
associations in hydrogels or polymeric micelles.

Hydrophobic Interactions5.
Amphiphilic molecules (lipids, block copolymers) can spontaneously form micelles, vesicles (liposomes), or
other assemblies in aqueous media.
Entropy-driven clustering of hydrophobic segments in the core, while hydrophilic segments interface with
water.

Supramolecular Assembly and Self-Organization

Micelle Formation1.
Critical  Micelle  Concentration (CMC): Above this threshold, amphiphilic molecules aggregate into
micelles, entrapping hydrophobic drugs in the core.
Variable shapes: spherical micelles, wormlike micelles, or vesicles, depending on block copolymer
composition and solvent conditions.

Liposome and Vesicle Formation2.
Phospholipids spontaneously form bilayers with hydrophilic headgroups facing water, hydrophobic tails in
the interior.
Liposomes can encapsulate hydrophilic drugs in their aqueous core and lipophilic drugs in the bilayer
membranes.

Layer-by-Layer (LbL) Assembly3.
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Alternate adsorption of polyelectrolytes with opposite charges leads to multilayer nanofilms or capsules.
Utilized in building responsive nano-coatings, controlling release profiles or sensor surfaces.

Metal and Inorganic Nanoassembly4.
Biological or chemical capping agents coordinate with metal surfaces (e.g., thiols binding Au).
Molecular binding motifs (silane coupling for silica) guide ordered layer formation or doping strategies.

Molecular Design for Targeted and Controlled Delivery

Ligand and Receptor Interactions

Folate, Peptides, Antibodies1.
Grafted to nanoparticle surfaces for receptor-mediated uptake by cancer cells or specific tissues.
Interactions: covalent coupling (e.g., carbodiimide chemistry for amine–carboxyl linkages) or noncovalent
complexation.

Aptamers and Nucleic Acid Hooks2.
Short, structured oligonucleotides with high affinity to particular proteins or cell receptors, enabling “smart”
targeting with minimal immunogenicity.

PEGylation (“Stealth” Coatings)3.
Poly(ethylene glycol) layers reduce opsonization by serum proteins, prolonging circulation half-life.
Minimizes reticuloendothelial system (RES) clearance, enhancing tumor accumulation via EPR (enhanced
permeability and retention) effect.

Stimuli-Responsive Mechanisms

pH-Sensitive1.
Nanocarriers with acid-labile bonds or pH-sensitive polymers degrade or swell in acidic microenvironments
(tumor, intracellular endosomes).
E.g., imidazole-containing or amino-based polymers that protonate below pH 6.5.

Redox-Responsive2.
Disulfide linkages are stable extracellularly but cleaved intracellularly (high glutathione levels in cytosol).
Trigger release of therapeutic payload inside target cells.

Temperature-, Light-, or Enzyme-Triggered3.
Thermosensitive liposomes for hyperthermia-induced drug release.
Photoactivation of gold nanorods for photothermal therapy or drug liberation.
Enzyme-labile linkers for localized drug release in disease sites with overexpressed enzymes (e.g., matrix
metalloproteinases).

Interplay of Surface Chemistry and Bulk Properties
Core–Shell Engineering1.

Distinct core (metal, semiconductor, polymer) coated by a shell (silica, polymer, lipid) for synergy: e.g.,
magnetic core for imaging + polymer shell for drug loading.
Janus Nanoparticles with dual-faced chemistry facilitating multiple functionalities in one structure.

Encapsulation Efficiency2.
Depends on drug–matrix affinity, hydrophobic/hydrophilic match, polymer chain interactions, and process
variables (solvent, temperature, stirring).
Optimizing the polymer–drug ratio, surfactant type, and preparation technique (emulsion, nanoprecipitation,
spray drying) is crucial.

Nanoporous and Mesoporous Materials3.
e.g., Mesoporous silica nanoparticles (MSNs) with high surface area and tunable pore size.
Surface functional groups (amino, thiol, phosphonate) anchor drugs or enable gating mechanisms (e.g.,
molecular valves responding to pH or redox conditions).
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Interactions with Biological Systems
Protein Corona Formation1.

In physiological fluids, proteins adsorb onto nanoformulations, altering zeta  potential,  size,  and
biorecognition.
Strategies: Pre-coating with stealth polymers or carefully balancing surface hydrophobicity/hydrophilicity to
reduce undesired adsorption.

Cell Uptake Pathways2.
Endocytosis (clathrin-, caveolae-mediated) or micropinocytosis depends on nanoparticle size (often
50–200 nm ideal for many cells), shape, and surface ligands.
Intracellular trafficking can direct nanoformulations to lysosomes, cytosol, or nucleus, influencing
therapeutic outcomes.

Immunocompatibility and Toxicity3.
High surface reactivity can trigger oxidative stress or complement activation if not properly engineered.
Thorough in vitro/in vivo characterization needed—cytocompatibility, hemocompatibility, and biodistribution
studies.

Applications and Future Perspectives
Drug and Gene Delivery1.

Nanoformulations address solubility issues, reduce off-target effects, and enable personalized regimens.
Ongoing research in CRISPR/Cas9 delivery,  siRNA-based therapies, and vaccine nanoformulations
(mRNA, viral vectors).

Diagnostics and Theranostics2.
Multifunctional  probes with imaging tags (fluorescent dyes, radioisotopes, MRI contrast) and therapy
(photothermal, chemo) integrated into one nanoparticle.
Real-time monitoring of drug release or tumor response.

Precision Medicine and Synthetic Biology3.
Designers use rational polymer engineering, biomimetic shells (cell membrane–camouflaged NPs), or
synthetic biology approaches to enhance targeting, stability, and adaptive responses.

Challenges4.
Scalability: Reproducible large-scale production with tight polydispersity control.
Regulatory Approval: Standardizing nano–bio interactions, rigorous toxicity profiles.
Cost-Effectiveness: Balancing complexity with commercial viability.

Concluding Remarks
The molecular basis of nanoformulations centers on carefully orchestrating intermolecular forces, self-assembly
processes, and surface  functionalization to generate stable, efficacious carriers or nanoplatforms. From amphiphilic
polymers forming micelles to metal-based core–shell constructs, each design exploits size-dependent phenomena
(enhanced reactivity, quantum effects, surface plasmon resonance) to achieve targeted and controlled actions.

Balancing  colloidal  stability,  biocompatibility,  and  functional  performance demands an interdisciplinary
approach—spanning materials chemistry, molecular biology, and engineering principles. As nanoformulations mature into
clinical and industrial products, refining their molecular design to meet stringent safety and efficacy standards while
leveraging unique nanoscale advantages remains a forefront challenge and opportunity in nanomedicine, biosensing,
and beyond.
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