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Rethinking Nanoparticle Therapeutics: Phytochemical Self-Aggregation as a Hidden Driver of Biological Performance 

Abstract

Natural products remain a cornerstone of drug discovery, providing structurally diverse bioactive compounds with significant therapeutic potential. Their incorporation into nanomedicine, either as active pharmaceutical ingredients or functional excipients, has expanded rapidly due to their ability to improve solubility, bioavailability, and targeted delivery. However, a fundamental assumption persists in current research: phytochemicals are typically treated as discrete, chemically uniform, and molecularly dispersed prior to nanoparticle formulation. This reductionist view overlooks the inherent complexity of natural extracts, which exist as multicomponent and dynamically interacting systems.
In this work, we propose a hypothesis that challenges this assumption by introducing the concept of pre-nanoparticle molecular organization (PNMO). We suggest that phytochemicals in crude or semi-purified extracts undergo intrinsic self-aggregation and supramolecular assembly before nanoparticle fabrication. These assemblies are governed by non-covalent interactions, including hydrogen bonding, π–π stacking, hydrophobic forces, and electrostatic interactions, resulting in pre-formed molecular clusters.
We argue that PNMO critically influences key nanoparticle characteristics such as size distribution, morphology, colloidal stability, and drug loading efficiency, as well as downstream biological performance. Neglecting this pre-formulation state may lead to inconsistencies in physicochemical characterization, poor reproducibility, and challenges in quality control. Moreover, PNMO may alter biodistribution, cellular uptake, and therapeutic outcomes, complicating structure–activity relationship analyses.
By integrating principles from supramolecular chemistry and nanomedicine, this review highlights PNMO as an essential yet overlooked design parameter. Its systematic characterization and control may enable more reproducible formulations and facilitate the rational development and clinical translation of phytochemical-based nanotherapeutics.
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1. Introduction
Nanoparticle-based drug delivery systems have profoundly transformed modern pharmaceutical technology, particularly in oncology, by enhancing the solubility of poorly water-soluble drugs, prolonging systemic circulation, enabling both passive and active tumor targeting, and reducing systemic toxicity. Breakthrough developments in cancer nanomedicine—including liposomes, polymeric nanoparticles, and albumin-bound nanocarriers—have demonstrated that nanoscale control over drug delivery can significantly influence pharmacokinetics and the therapeutic index (Peer et al., 2007; Blanco et al., 2015; Ventola, 2017). These advances have established nanotechnology as a cornerstone of contemporary drug development.
In parallel, there has been renewed and growing interest in natural products and plant-derived compounds as sources of anticancer agents and adjuvant therapeutics. Natural products continue to inspire both direct drug candidates and lead structures for semi-synthetic optimization due to their unique structural diversity, stereochemical complexity, and demonstrated biospecificity (Newman et al., 2012; Atasanov et al., 2015). However, many phytochemicals exhibit low oral bioavailability owing to poor water solubility, chemical instability, and rapid metabolism. These limitations have driven increasing efforts to incorporate such compounds into nanoparticle-based delivery systems.
Despite this apparent convergence between nanotechnology and natural product research, a fundamental conceptual mismatch persists. Nanotechnology typically relies on well-defined, controllable, and reproducible molecular building blocks, whereas natural compounds inherently exist as multi-component, chemically dynamic systems. Many phytochemicals undergo spontaneous assembly through non-covalent interactions—such as hydrogen bonding, π–π stacking, hydrophobic interactions, and electrostatic forces—leading to the formation of supramolecular structures and time-dependent aggregation in solution. Although such behaviors are well documented in supramolecular and natural product chemistry, they remain insufficiently integrated into pharmaceutical nanotechnology workflows (Hou et al., 2022; Wang et al., 2022).
Consequently, most current reviews tend to overlook the molecular organization of natural compounds prior to nanoparticle formation, instead emphasizing downstream parameters such as fabrication techniques, surface modification, and targeting strategies. Pre-formulation aggregation states, despite their profound influence on nucleation mechanisms, particle growth, internal architecture, and batch-to-batch reproducibility, are rarely characterized. This review challenges the traditional linear paradigm (molecule → nanoparticle → biological effect) and proposes instead a circular, feedback-driven model in which molecular self-aggregation and supramolecular organization precede, guide, and constrain nanoparticle formation, ultimately determining physicochemical properties and downstream biological performance.
2. Hypothesis
Phytochemicals and glycoalkaloids exhibit a natural tendency to spontaneously aggregate in solution, forming supramolecular clusters that function as “pre-assembled nuclei” during nanoparticle preparation. These structures may govern key parameters such as particle size, heterogeneity, drug loading efficiency, and biological behavior. This hypothesis introduces the concept of Pre-Nanoparticle Molecular Organization (PNMO), defined as the spontaneous, non-covalent assembly of biologically active molecules prior to any external nanotechnological intervention.
3. Physicochemical Basis of Spontaneous Aggregation of Phytochemicals
The spontaneous aggregation of phytochemicals does not arise from a single dominant interaction but rather from the cooperative interplay of multiple weak, non-covalent forces that collectively stabilize supramolecular structures. This phenomenon is particularly evident in amphiphilic and steroidal plant compounds characterized by hydrophobic cores and multiple polar or charged functional groups, such as glycoalkaloids, saponins, and polyphenols. In aqueous or mixed solvent systems, these molecules tend to self-assemble to minimize free energy, leading to the spontaneous formation of dimers, oligomers, or higher-order aggregates, even at relatively low concentrations (Gupta et al., 2025).
From a supramolecular chemistry perspective, such clustering reflects a balance between enthalpic stabilization—arising from hydrogen bonding, π–π interactions, and van der Waals forces—and entropic penalties associated with molecular organization. Importantly, these interactions act synergistically rather than independently; disruption of a single interaction is typically insufficient to destabilize the entire assembly. This cooperative behavior explains the remarkable stability and persistence of phytochemical clusters during pharmaceutical processes, including dilution, solvent exchange, and nanoparticle fabrication. Similar aggregation mechanisms have been widely reported for natural steroids, flavonoids, alkaloids, and glycosylated secondary metabolites (Kurbah et al., 2025; Hajiashrafi et al., 2019; Van Megen et al., 2016; Ahmed et al., 2024; Biedermann et al., 2016).
Steroidal glycoalkaloids, in particular, represent an extreme case of self-aggregation due to the combination of hydrophobic steroidal cores and hydrophilic sugar moieties. Experimental and computational studies have demonstrated that these molecules readily assemble into micelle-like or fibrous structures via hydrophobic collapse of the aglycone core, stabilized by extensive hydrogen-bonding networks among the sugar chains (Milner et al., 2011; Blankemeyer et al., 1998; Delbrouck et al., 2023). These assemblies can reach nanometer to sub-micrometer dimensions, placing them within the size range relevant to nanoparticle nucleation (Table 1).
Table 1. Molecular Forces Driving Phytochemical Self-Aggregation 

	Interaction Type
	Molecular Origin
	Effect on Aggregation
	References

	Hydrogen bonding
	Hydroxyl and glycosidic groups
	Stabilization of supramolecular clusters and networks
	(Atasanov et al., 2015; Biedermann et al., 2016)

	Hydrophobic interactions
	Steroidal or aromatic cores
	Formation of hydrophobic cores and micelle-like assemblies
	(Hou et al., 2022; Milner et al., 2011; He et al., 2013)

	π–π stacking
	Conjugated aromatic rings
	Ordered stacking and anisotropic aggregate growth
	(Hajiashrafi et al., 2019; Van Megen et al., 2016; Ahmed et al., 2024; Martinez et al., 2012; Hunter et al., 1990) 

	Van der Waals forces
	Large, planar molecular surfaces
	Aggregate compaction and mechanical stability
	Israelachvili, 2011

	Electrostatic interactions
	Charged or ionizable sugar moieties
	Modulation of aggregate size and sensitivity to pH/ionic strength
	(Milner et al., 2011; Blankemeyer et al., 1998; Nair et al., 2026)



4. From Molecular Clusters to Nanoparticles: A Hidden Continuum
Traditional nanoparticle preparation methods—such as nanoprecipitation, emulsification–solvent evaporation, and ionic gelation—are conceptually grounded in the assumption that the active compound exists as a molecularly dispersed species in the formulation medium prior to nanoparticle formation. Within this classical framework, nanoparticle formation is treated as a bottom-up process in which individual molecules undergo nucleation and growth, primarily governed by external process parameters, including solvent diffusion rate, polymer concentration, surfactant content, mixing intensity, and ionic strength. This assumption underpins most mechanistic models of nanoparticle formation described in the pharmaceutical technology literature and formulation guidelines (Mora-Huertas et al, 2010; Beck-Broichsitter et al., 2012).
However, in practice, this assumption is frequently violated when working with natural products and plant-derived phytochemicals. Accumulating experimental evidence indicates that many phytochemicals do not exist as isolated monomeric species in solution; instead, they form pre-assembled supramolecular aggregates through cooperative non-covalent interactions. These aggregates have been detected using techniques such as dynamic light scattering, NMR diffusion spectroscopy, and various spectroscopic methods. Their hydrodynamic diameters have been reported to range from several tens to several hundred nanometers even before any nanoparticle fabrication step. Such behavior has been particularly documented for polyphenols, alkaloids, saponins, and steroidal glycoalkaloids in aqueous or hydroalcoholic solvent systems commonly employed in nanoparticle preparation (Hou et al., 2022; Oliver et al., 2016).
In light of these findings, nanoparticle formation from phytochemicals should be reconceptualized not as a bottom-up assembly from individual molecules, but rather as a reorganization of pre-existing molecular clusters. These clusters may function as nucleation templates, heterogeneous nuclei, or structural scaffolds during nanoparticle formation, thereby transferring their size, density, and internal organization to the final nanocarrier system. This perspective highlights a critical but often overlooked dimension captured by the concept of Pre-Nanoparticle Molecular Organization (PNMO), wherein the physicochemical properties of the resulting nanoparticles depend not only on production parameters but also on the molecular state of the system prior to formulation (Table 2) (Zeng, 2023).
Table 2. Comparison of Classical Nanoparticle Formation Assumptions and the PNMO Model
	Aspect
	Classical Model
	PNMO-Based Model
	References

	Starting material
	Individual, molecularly dispersed molecules
	Pre-existing supramolecular clusters
	(Hou et al., 2022; Mora-Huertas et al, 2010)

	Size control
	Dominated by processing parameters
	Processing parameters + molecular history
	(Beck-Broichsitter et al., 2012; Zeng, 2023)

	Reproducibility
	High in theory under fixed conditions
	Variable without PNMO characterization
	(Blanco et al., 2015; Desai et al., 2025)

	Biological predictability
	Largely linear correlations
	Non-linear, history-dependent outcomes
	(Peer et al., 2007; Oliver et al., 2016)



Failure to recognize and control PNMO introduces significant nonlinearity into the relationship between formulation parameters and performance. Subtle and often unmonitored variations in solvent composition, concentration, storage time, or temperature prior to nanoparticle production can induce substantial changes in aggregate structure. These variations may, in turn, lead to disproportionate effects on particle size distribution, polydispersity, encapsulation efficiency, and biological behavior. This framework provides a mechanistic explanation for the frequently reported inconsistencies in biological outcomes of natural product-based nanopharmaceuticals, even when standardized production protocols are employed (Peer et al., 2007; Blanco et al., 2015; Desai et al., 2025).
5. Effect of PNMO on Nanoparticle Properties
Spontaneously aggregated phytochemicals do not enter nanoparticle formulations as passive, molecularly dispersed species. Instead, they frequently exist as pre-formed supramolecular aggregates that act as heterogeneous nucleation centers during nanoparticle production. From a thermodynamic perspective, these aggregates reduce the energy barrier for nucleation while simultaneously imposing their intrinsic dimensions, shapes, and internal organization on the developing nanoparticles (Yu et al., 2026). Consequently, nanoparticle growth is no longer governed solely by formulation parameters but is also strongly influenced by the size and stability of pre-existing phytochemical aggregates.
When nanoparticles are prepared from crude plant extracts, chemical heterogeneity and the coexistence of multiple aggregation-prone compounds further intensify this phenomenon. Large supramolecular assemblies—typically in the 100–300 nm range—can act as oversized nucleation centers, within which polymers, lipids, or surfactants become concentrated. As a result, the resulting nanoparticles often exhibit increased average size, broad or multimodal size distributions, and elevated polydispersity indices. This behavior has been consistently observed for polyphenols, alkaloids, and steroidal glycoalkaloids, where crude extracts yield significantly larger and less homogeneous nanoparticles compared to purified compounds processed under identical conditions (Hou et al., 2022; Zhu et al., 2022).
In contrast, purified phytochemicals—particularly when pre-treated to disrupt supramolecular assemblies—exhibit lower levels of Pre-Nanoparticle Molecular Organization (PNMO) and more closely align with the assumptions of classical nanoparticle formation theory. Under such conditions, nucleation proceeds more uniformly, resulting in nanoparticles within the optimal sub-200 nm size range, characterized by narrow size distributions and improved colloidal stability. This provides a mechanistic explanation for the frequently observed inferior performance of extract-based nanoparticles in terms of stability, reproducibility, and biopredictability (Blanco et al., 2015; Mora-Huertas et al, 2010).
Drug loading behavior is particularly sensitive to PNMO. In systems with low PNMO, drug incorporation follows relatively predictable compartmentalization and encapsulation mechanisms. In contrast, in systems with high PNMO, a substantial fraction of the active compound may already be sequestered within densely packed supramolecular clusters. This results in irregular loading efficiencies, increased batch-to-batch variability, and nonlinear loading profiles. Such effects are increasingly recognized as significant contributors to the limited translational success of natural product-based nanomedicines (Table 3) (Zhu et al., 2022; Elmowafy et al., 2023).
6. Biological Outcomes in Cancer Treatment
Nanoparticle size, internal architecture, and surface heterogeneity are critical determinants of in vivo biodistribution, tumor penetration, and cellular uptake. Nanoparticles formed under controlled Pre-Nanoparticle Molecular Organization (PNMO) conditions typically fall within the optimal size range (≈50–200 nm), exhibit homogeneous internal drug distribution, and maintain stable surface properties, all of which support prolonged systemic circulation and effective tumor accumulation via the enhanced permeability and retention (EPR) effect (Peer et al., 2007; Blanco et al., 2015).

Table 3. Influence of PNMO on Key Nanoparticle Properties.

	Property
	Low PNMO
	High PNMO
	References

	Particle size
	<200 nm
	>300 nm or multimodal
	(Hou et al., 2022; Mora-Huertas et al, 2010)

	Polydispersity index
	Low (PDI < 0.2)
	High (PDI > 0.3)
	(Beck-Broichsitter et al., 2010; Huang et al., 2022) 

	Drug loading
	Predictable and scalable
	Erratic and history-dependent
	(Hou et al., 2022; Elmowafi et al., 2023)

	Colloidal stability
	High
	Low, aggregation-prone
	(Blanco et al., 2015; Mora-Huertas et al, 2010) 

	Batch reproducibility
	High
	Poor without PNMO control
	(Blanco et al., 2015; Hou et al., 2022; Zhu et al., 2022)


In contrast, PNMO-guided nanoparticles formed under uncontrolled supramolecular aggregation conditions often exceed this optimal size range and display significant structural heterogeneity, resulting in impaired tumor penetration and reduced intratumoral distribution. Excessively large or highly polydisperse nanoparticles are more readily recognized and cleared by the mononuclear phagocyte system, particularly in the liver and spleen, thereby reducing therapeutic efficacy at the tumor site (Wilhelm et al., 2016; Dai et al., 2018).
Cellular internalization is likewise influenced by PNMO. Nanoparticles produced under optimized PNMO conditions typically exhibit uniform surface characteristics that facilitate predictable endocytic uptake pathways. In contrast, uncontrolled PNMO can disrupt receptor-mediated uptake due to heterogeneous surface presentation and disordered drug localization, thereby reducing intracellular transport efficiency and increasing lysosomal sequestration (Albanese et al., 2012; Behzadi et al., 2017).
Importantly, PNMO also affects the balance between therapeutic efficacy and toxicity. Uncontrolled PNMO may lead to off-target accumulation or premature destabilization of nanoparticles, resulting in the release of bioactive phytochemicals at high local concentrations in non-diseased tissues. Such effects increase the risk of cytotoxicity, inflammatory responses, and organ-specific toxicity, particularly in the liver and kidneys. These observations provide a mechanistic explanation for why certain phytochemical-based nanomedicines demonstrate promising in vitro activity yet fail to achieve acceptable safety profiles in vivo (Table 4) (Blanco et al., 2015; Wilhelm et al., 2016).
7. Analytical Tools for Detecting Pre-Nanoparticle Aggregation
Despite its central role in determining nanoparticle formation and performance, Pre-Nanoparticle Molecular Organization (PNMO) is rarely characterized during formulation development. This limitation arises largely because PNMO exists at the interface between molecular and colloidal length scales, rendering it less accessible to conventional analytical techniques that typically focus either on discrete molecular species or fully formed nanoparticles.
Table 4. PNMO-Dependent Biological Outcomes
	Parameter
	Optimized PNMO
	Uncontrolled PNMO
	References

	Tumor accumulation
	Enhanced
	Reduced
	(Peer et al., 2007; Wilhelm et al., 2016)

	RES uptake
	Low
	High
	(Blanco et al., 2015; Dai et al., 2018)

	Cellular internalization
	Efficient
	Impaired
	(Albanese et al., 2012; Behzadi et al., 2017)

	Off-target toxicity
	Minimal
	Elevated
	(Blanco et al., 2015; Wilhelm et al., 2016)


Nevertheless, several established physicochemical methods can be adapted to detect early-stage aggregation and supramolecular organization of phytochemicals prior to nanoparticle production (Table 5).
Dynamic light scattering (DLS) is one of the most widely used techniques for detecting Pre-Nanoparticle Molecular Organization (PNMO), as it rapidly provides hydrodynamic size distributions of aggregates in solution. DLS is particularly sensitive to the presence of large supramolecular clusters and can reveal concentration- or solvent-dependent aggregation behavior. However, its high sensitivity to dust particles and its bias toward larger scatterers limit its ability to accurately resolve highly polydisperse or weakly interacting systems.
Table 5. Techniques for PNMO Characterization

	Technique
	Information Provided
	Limitation
	References

	Dynamic light scattering (DLS)
	Hydrodynamic aggregate size and distribution
	Highly sensitive to dust and large scatterers
	(Stetefeld et al., 2015)

	Cryo-TEM
	Aggregate morphology and internal structure
	High cost, low throughput, specialist skills
	(Dubochet et al., 1988; Manaia et al., 2017)

	NMR diffusion (DOSY)
	Molecular association and aggregation state
	Complex analysis; purity requirements
	(Morris et al., 1992; Claridge, 2016)

	UV–Vis spectroscopy
	Self-association and stacking trends (spectral shifts, band shapes)
	Indirect and largely qualitative
	(Kuciauskas et al., 2009; Ishigaki et al., 2017)

	Zeta potential
	Surface charge behavior and colloidal stability
	Not structure-specific
	(Mora-Huertas et al., 2010; Hunter, 1981)



Cryogenic transmission electron microscopy (cryo-TEM) enables direct visualization of phytochemical aggregates in their native aqueous state, allowing detailed characterization of aggregate morphology, internal structure, and heterogeneity. This technique has proven effective in identifying micelle-like, fibrillar, and amorphous assemblies in various soft matter and nanocarrier systems. Nevertheless, its application is constrained by high cost, low throughput, and the requirement for specialized expertise (Dubochet et al., 1988; Manaia et al., 2017).
Diffusion-ordered spectroscopy nuclear magnetic resonance (DOSY-NMR) provides molecular-level insight into self-assembly processes by measuring diffusion coefficients associated with aggregate size and intermolecular interactions in solution. It is particularly useful for distinguishing monomeric species from oligomeric forms and for investigating reversible aggregation phenomena. However, the technique generally requires high sample purity and sophisticated data interpretation, which limits its routine application in complex crude extracts (Morris et al., 1992; Claridge, 2016).
Ultraviolet–visible (UV–Vis) spectroscopy can be employed to indirectly probe PNMO in aromatic phytochemicals through changes in absorbance intensity, spectral shifts, and band broadening associated with π–π stacking and excitonic coupling. Many chromophoric systems, including porphyrins and carotenoids, exhibit characteristic hypochromic or bathochromic shifts, as well as peak sharpening or broadening upon self-assembly, providing a useful spectroscopic signature of aggregation. While this method is rapid and cost-effective, it typically yields only qualitative or semi-quantitative information and should therefore be complemented by other analytical techniques (Kuciauskas et al., 2009; Ishigaki et al., 2017).
Finally, zeta potential measurements provide insight into the surface charge characteristics of phytochemical aggregates and their sensitivity to pH and ionic strength. Although zeta potential does not directly reveal aggregate structure, variations in surface charge can indicate aggregation, charge redistribution, or destabilization processes associated with PNMO. In nanoparticle formulation, zeta potential is routinely used as an indicator of colloidal stability; values greater than +30 mV or less than –30 mV are generally associated with reduced aggregation tendencies (Mora-Huertas et al., 2010; Hunter, 1981).
8. A Novel Design Strategy: Nanoparticle Engineering Guided by PNMO
We propose that control of Pre-Nanoparticle Molecular Organization (PNMO) should be explicitly incorporated as an upstream design parameter in nanoparticle formulation development, rather than being treated as incidental or overlooked. By deliberately modulating the supramolecular organization of phytochemicals prior to nanoparticle formation, it becomes possible to decouple molecular aggregation behavior from nanoparticle growth kinetics, thereby improving predictability, reproducibility, and rational control over final particle properties. This perspective reframes nanoparticle engineering as a two-stage process: (i) control of molecular organization, followed by (ii) nanostructure formation.
One of the most direct approaches to PNMO modulation is solvent polarity tuning, in which solvent composition is adjusted to weaken hydrophobic interactions and π–π stacking that stabilize phytochemical aggregates. For example, the controlled incorporation of auxiliary solvents such as ethanol in aqueous systems has been shown to significantly reduce aggregate size in polyphenols such as curcumin, thereby providing more homogeneous and controllable nucleation conditions for nanoparticle formation (Pereira et al., 2022; Manasa et al., 2023).
Enzymatic modification represents a more targeted strategy, particularly for glycosylated phytochemicals such as saponins and glycoalkaloids. Partial removal or selective addition of sugar moieties can modulate steric hindrance and intermolecular hydrogen-bonding networks, thereby regulating aggregation behavior and promoting more uniform nanoparticle formation. Enzymatic approaches offer additional advantages, including high selectivity and mild reaction conditions, as demonstrated in the modification of curcuminoids to enhance their formulation properties (Milner et al., 2011; Rachmawati et al., 2013).
Cyclodextrin complexation provides a supramolecular strategy for transient molecular isolation by encapsulating hydrophobic regions of phytochemicals within the cyclodextrin cavity. This “molecular shielding” approach effectively protects aggregation-prone domains, increases apparent solubility, and prevents premature self-assembly. Cyclodextrin-assisted formulations have been widely reported to enhance the reproducibility, stability, and drug loading efficiency of natural product-based nanocarriers (Table 6) (Loftsson et al., 2010; Gadade et al., 2020; Gao et al., 2025).
Table 6. PNMO Control Strategies

	Strategy
	Mechanism
	Expected Outcome
	References

	Solvent Polarity Tuning
	Disruption of hydrophobic cores and π–π stacking
	Smaller, less stable aggregates; improved uniformity
	(Pereira et al., 2022; Manasa et al., 2023)

	Enzymatic Modification
	Alteration of steric hindrance and hydrogen bonding
	More uniform nanoparticles; controlled aggregation
	(Milner et al., 2011; Rachmawati et al., 2013)

	Cyclodextrin Complexation
	Transient molecular isolation of hydrophobic domains
	Improved drug loading and reproducibility; reduced aggregation
	(Loftsson et al., 2010; Gadade et al., 2020)

	Sequential Filtration
	Physical removal of large supramolecular clusters
	Narrower starting size distribution; improved batch consistency
	(Mora-Huertas et al., 2010)


Finally, sequential filtration or size-exclusion pretreatment can be employed to physically remove large supramolecular clusters prior to nanoparticle preparation. Although this approach does not directly modify the underlying molecular aggregation mechanisms, it narrows the size distribution of the starting material and eliminates excessively large nucleation centers, thereby improving batch consistency and the scalability of processes such as nanoprecipitation (Mora-Huertas et al., 2010).
9. Implications from a Regulatory Science and Reproducibility Perspective
The neglect of Pre-Nanoparticle Molecular Organization (PNMO) may provide a mechanistic explanation for why a substantial proportion of natural product-based nanomedicines fail to progress to clinical application despite promising preclinical efficacy. Current regulatory evaluation frameworks place considerable emphasis on chemical identity, purity, and the physicochemical properties of the final nanoparticle formulation, yet they largely overlook the molecular aggregation state of bioactive compounds prior to nanoparticle production. This gap is particularly critical for phytochemical-based systems, in which supramolecular self-assembly is intrinsic, dynamic, and highly sensitive to processing history.
Existing regulatory paradigms in nanomedicine primarily focus on end-product critical quality attributes (CQAs), such as particle size, polydispersity, surface charge, and drug loading. While these parameters are essential, they represent only a static snapshot of the final formulation and fail to capture the upstream molecular processes governing nanoparticle nucleation and growth. As a result, formulations that meet nominal specifications for size and composition may still exhibit unpredictable in vivo behavior, inconsistent pharmacokinetics, or unanticipated toxicity profiles—phenomena that are frequently reported for natural product-based nanocarriers (Table 7) (Blanco et al., 2015; Wilhelm et al., 2016).
Table 7. PNMO as a Missing Regulatory Parameter

	Regulatory Aspect
	Current Status
	PNMO-Based Recommendation
	References

	Raw Material Control
	Chemical identity and purity
	Chemical identity + aggregation state characterization
	Zhu et al., 2022; Halamoda-Kenzaoui et al., 2019)

	Quality Attributes
	Final particle size and PDI
	Particle size + pre-particle (PNMO) size and state
	(Blanco et al., 2015; Wilhelm et al., 2016)

	Batch Validation
	End-product testing
	Inclusion of process controls and aggregation history
	(Mora-Huertas et al., 2010; FDA, 2011)


Incorporating PNMO into regulatory assessment would enable a more process-oriented evaluation of nanomedical quality. Expanding raw material characterization to include aggregation state and supramolecular organization would allow both regulators and manufacturers to better control batch-to-batch variability and establish more robust correlations between formulation parameters and clinical performance. Importantly, such an approach aligns with emerging regulatory science initiatives that emphasize manufacturing history, Quality by Design (QbD), and risk-based assessment in the development of complex pharmaceutical products (Halamoda-Kenzaoui et al., 2019; FDA, 2011).
Therefore, recognizing PNMO as a regulatory parameter should not be viewed as an additional burden, but rather as a logical extension of existing quality frameworks for natural product-based nanomedicines—particularly given that molecular self-organization is the rule rather than the exception in such systems.
10. Future Trends and Testable Predictions
This hypothesis generates a series of clear, falsifiable, and experimentally testable predictions that distinguish the PNMO framework from conventional formulation paradigms. First, intentional modulation or disruption of PNMO prior to nanoparticle production—through strategies such as solvent conditioning, supramolecular fragmentation, or molecular isolation—should result in a statistically significant reduction in nanoparticle size variability and polydispersity across independent batches, even when downstream processing parameters are held constant. Failure to observe such effects would directly challenge the proposed role of PNMO in nanoparticle nucleation.
Second, PNMO profiles determined at the pre-formulation stage are expected to quantitatively correlate with in vivo biodistribution patterns, including tumor accumulation efficiency, uptake by the mononuclear phagocyte system, and organ-specific clearance. Specifically, formulations derived from low-PNMO states should exhibit prolonged circulation times and enhanced tumor penetration, whereas high-PNMO-derived nanoparticles are expected to undergo rapid sequestration in the liver and spleen. These correlations can be directly evaluated using established imaging, pharmacokinetic, and tissue distribution methodologies.
Third, formulations that explicitly account for PNMO are anticipated to demonstrate improved clinical and manufacturing reproducibility, characterized by reduced batch-to-batch variability in critical quality attributes, more predictable pharmacokinetics, and narrower therapeutic windows. Over extended production timelines, such formulations should exhibit greater robustness to minor variations in raw material sources, extraction conditions, or solvent history. This outcome would directly address a major barrier to the clinical translation of natural product-based nanomedicines.
Collectively, validation of these predictions would provide strong evidence that PNMO functions as a causal, upstream determinant of nanoparticle performance rather than a secondary or correlative phenomenon. Conversely, failure to systematically observe these outcomes would necessitate revision or rejection of the PNMO hypothesis, underscoring its scientific rigor and suitability for experimental validation.
11. Conclusion
This review introduces Pre-Nanoparticle Molecular Organization (PNMO) as a previously underrecognized yet fundamentally important conceptual bridge between natural product chemistry and nanomedical performance. By shifting focus upstream—from fully formed nanoparticles to the molecular and supramolecular states that precede them—the PNMO framework provides a unifying explanation for many longstanding challenges in phytochemical-based nanomedicine, including poor reproducibility, unpredictable toxicity, and limited clinical translation.
Natural products are inherently complex and dynamic systems whose biological behavior cannot be fully understood by considering only isolated molecular structures. Phytochemicals frequently exist as self-assembling supramolecular entities in solution, stabilized by cooperative non-covalent interactions that persist throughout formulation processes and actively influence nanoparticle nucleation, growth, and internal architecture. By explicitly incorporating these phenomena, the PNMO framework challenges the prevailing reductionist paradigm in pharmaceutical nanotechnology, which assumes that molecules enter nanoparticle formation as discrete and well-defined units.
Importantly, PNMO reframes nanoparticle engineering as a two-tiered design problem, in which control over supramolecular organization is as critical as control over formulation parameters. This perspective provides a mechanistic basis for understanding why chemically identical phytochemicals can yield nanoparticles with markedly different physicochemical properties and biological outcomes depending on solvent history, extraction methods, or pretreatment conditions. It also explains why crude extracts, despite their therapeutic potential, often produce nanocarriers with lower stability and less predictable in vivo performance compared to formulations based on purified compounds.
From a translational standpoint, recognition and control of PNMO have significant implications for reproducibility, safety, and regulatory science. The PNMO framework offers a rational explanation for the frequent disconnect between promising in vitro results and disappointing clinical outcomes observed in natural product-based nanomedicines. Integrating PNMO characterization and control into formulation design and quality strategies could reduce batch variability, improve pharmacokinetic predictability, and enhance therapeutic performance—key requirements for successful clinical translation.
Beyond phytochemical systems, PNMO may represent a broadly applicable principle in pharmaceutical science. Many modern drug candidates, including biologics, peptides, and amphiphilic small molecules, exhibit self-assembly behaviors that can similarly influence nanocarrier formation and function. Accordingly, PNMO may serve as a generalizable framework across diverse classes of complex drug products.
In this context, controlling molecular self-assembly prior to nanoparticle formation should be regarded not merely as a technical optimization, but as a conceptual shift in how natural products are integrated into nanotherapeutic systems. By linking molecular organization, nanoscale structure, and biological outcome, the PNMO framework opens new avenues for rational nanomedicine design, promotes interdisciplinary collaboration, and supports the development of more robust, predictable, and clinically translatable natural product-based nanotherapies.

Highlights
· Natural products continue to play a central role in drug discovery, offering structurally diverse bioactive compounds with strong therapeutic potential for nanomedicine applications. 
· Phytochemicals are conventionally assumed to exist as chemically uniform and molecularly dispersed entities before nanoparticle formulation, which may oversimplify their actual behavior. 
· The study introduces the novel concept of Pre-Nanoparticle Molecular Organization (PNMO), proposing that phytochemicals undergo intrinsic self-aggregation and supramolecular assembly prior to nanoparticle fabrication. 
· These pre-formed molecular assemblies are driven by non-covalent interactions, including hydrogen bonding, π–π stacking, hydrophobic interactions, and electrostatic forces. 
· PNMO significantly impacts nanoparticle properties, including size distribution, morphology, colloidal stability, and drug loading efficiency. 
· Ignoring PNMO may result in poor reproducibility, inconsistencies in physicochemical characterization, and quality control challenges during formulation development. 
· PNMO may also influence biological performance, affecting biodistribution, cellular uptake, therapeutic efficacy, and complicating structure–activity relationship analyses. 
· The review identifies PNMO as an overlooked but critical design parameter, emphasizing that its systematic characterization could improve formulation reproducibility and accelerate the clinical translation of phytochemical-based nanotherapeutics.
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5. Integrating Supramolecular Chemistry and Nanomedicine: PNMO as a Design Parameter
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Take-Home Message: Pre-nanoparticle molecular organization (PNMO) is an essential yet overlooked design parameter.
Its systematic characterization and control enable more reproducible formulations and facilitate the rational development
and clinical translation of phytochemical-based nanotherapeutics.





