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Abstract: Janus nanopatticles (JNPs) are characterized by their non-centrosymmetric geometry and distinct surface chemistries
within a single entity. Unlike conventional isotropic nanomaterials, these anisotropic structures possess two or more spatially
segregated domains, enabling the integration of contrasting properties such as hydrophilicity and hydrophobicity, or magnetism
and plasmonic resonance into a solitary unit. This review explains the current state of JNP development, tracing their evolution
from theoretical postulates to complex, multifunctional agents. The synthesis of these particles has advanced significantly, moving
beyond elementary masking techniques to sophisticated microfluidic and phase-separation methodologies that allow for precise
control over particle shape, aspect ratio, and compartmentalization. Consequently, these materials have demonstrated exceptional
utility in stabilizing Pickering emulsions, functioning as autonomous nanomotors, and facilitating targeted drug delivery systems
where dual-drug loading is required. Moreover, the amphiphilic nature of JNPs has opened new avenues in environmental
remediation and catalytic interface engineering. This review provides the structural versatility of JNPs and evaluates their potential
to resolve challenges in nanomedicine and industrial surface chemistry.

Keywords: Anisotropic colloids; Janus nanoparticles; Interfacial engineering; Microfluidic synthesis; Dual-functional
nanomaterials.

1. Introduction

The field of nanotechnology has traditionally focused on isotropic particles, which exhibit uniform composition and surface
properties. However, the emergence of anisotropic materials has introduced a higher degree of complexity and functionality. Janus
nanoparticles (JNPs), named after the Roman deity of transitions, are defined by their compartmentalized architecture, where two
chemically or physically distinct surfaces coexist on a single particle. This broken symmetry allows for the simultaneous presentation
of contradictory properties, such as combined magnetic and catalytic functions or amphiphilicity, which are unattainable in
homogeneous core-shell structures [1].

The dual nature of JNPs facilitates ditectional interactions and tunable interfacial activities, distinct from traditional colloids. By
modulating factors such as polarity, surface charge, and hydrophobicity, researchers can precisely engineer interactions with
biological systems. This capability is particularly advantageous in biomedicine, where one hemisphere of the particle can be
functionalized with targeting ligands while the opposing hemisphere carries therapeutic agents or imaging probes, thereby enhancing
selectivity and therapeutic efficacy [2]. Beyond biomedicine, the amphiphilic character of JNPs mimics molecular surfactants, making
them superior solid stabilizers for emulsions in pharmaceutical and industrial formulations [3]. Moreover, catalytically active JNPs
act as autonomous NANOMOtors or smart sensors, responding to environmental stimuli to perform complex tasks [4].

The theoretical foundation for particles with asymmetric surfaces was established by Pierre-Gilles de Gennes in 1989. He postulated
that "Janus grains," possessing two hemispheres with different chemical polarities, would exhibit unique behavior at fluid interfaces,
effectively acting as solid surfactants [5]. This theoretical framework was validated experimentally in 1991 when Casagrande and
Veyssié produced the first glass beads with hemispherical hydrophilic and hydrophobic modifications [6]. Since the early 2000s,
advancements in self-assembly and surface engineering have enabled the miniaturization of these concepts to the nanoscale, leading
to the development of multi-generational platforms capable of executing catalytic, magnetic, and biological functions simultaneously

[7]-
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2. Classification
The diversity of JNPs is vast, necessitating classification based on their material composition and geometric configuration.
2.1.1. Compositional V ariants

JNPs are frequently categorized by the nature of their constituent domains. Polymeric JNPs, such as those based on PLGA
(poly(lactic-co-glycolic acid)), are widely utilized for the co-delivery of chemotherapeutics like doxorubicin and paclitaxel, allowing
for synergistic cancer treatment [8]. Inorganic systems, such as Gold-Iron Oxide (Au-Fe3O4) dumbbell structures, combine
plasmonic properties with magnetism, facilitating simultaneous photothermal therapy and magnetic resonance imaging [9]. Hybrid
systems, incorporating both organic and inorganic components like silica-coated silver/iron oxide particles, offer a versatile platform
for thermal therapy and targeted delivery [10].

2.1.2. Morphological Diversity

The geometric shape of the particle dictates its interaction with biological interfaces. Spherical JNPs, such as gold-mesoporous silica
core/shells, ate commonly employed for tracing and treating conditions like idiopathic pulmonary fibrosis [11]. Elongated
structures, including gold-nickel nanorods, have shown efficacy in the non-viral delivery of genetic material due to their enhanced
cellular internalization rates [12]. More complex morphologies include "patchy" particles, where distinct domains are scattered across
the surface, and multi-compartment structures like "handbag" lipid nanoparticles, which are engineered for efficient DNA
condensation and transfection [13].

[ Janus Nanoparticles (JNPs) ]

Synthesis Methods

Target Morphologies

Masking / Deshading Microfluidics

(High precision, surface only)

Phase Separation

(Scalable, thermodynamic) (High control, monodisperse)

Spherical ~ Dumbbell Patchy
Figure 1. Classification and Methods of Preparation for Janus Nanoparticles

Table 1. Classification of Janus Nanoparticles based on Composition and Morphology

Classification Sub-Type Description Typical Material Primary
Category Combinations Applications

Polymeric Both hemisphetes composed of | PLGA / PCL, PS / | Dual-drug delivery,
distinct polymers with different PMMA controlled release.
solubilities or functionalities.

Inorganic Composed entirely of inorganic Au / FesO4, Au / Imaging,

Compositional materials (metals, oxides). TiO; photothermal therapy,
catalysis.
Hybrid (Organic- Integrates a soft polymer domain | Silica / PS, Au / Stimuli-responsive
Inorganic) with a hard inorganic domain. PNIPAM gating, emulsion
stabilization.

Spherical/Biphasic A single sphere divided into two | Silica / Gold half- | Optical sensing,
distinct hemispheres. shells SERS.

Dumbbell/Snowman | Two distinct spheres joined ata | Fe3O4 / Au, Ag / Magnetic separation,

. small interface; one lobe may be | Se dual-functional
Morphological ) b

arger. probes.

Patchy/Raspbetty One main core with multiple PS core / Silica Colloidal sutfactants,
smaller domains or patches on patches self-assembly building
the surface. blocks.
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3. Methods of Synthesis

The fabrication of JNPs requires precise control over symmetry breaking. The synthesis strategies are generally categorized into
masking, phase separation, and self-assembly techniques, each offering different degrees of scalability and structural control.

3.1. Masking

Masking, or "deshading," is a top-down approach where one hemisphere of a nanoparticle is protected while the exposed surface
undergoes chemical modification.

3.1.1. Substrate-Assisted and Encapsulation Masking

In substrate-assisted methods, a monolayer of particles is immobilized on a planar surface (e.g., a glass slide). A functional material,
such as a metal or polymer, is then vapor-deposited onto the exposed upper hemispheres. Upon release from the substrate, the
particles exhibit two distinct faces [14]. Alternatively, encapsulation masking involves partially embedding nanoparticles within a
polymer or gel matrix. The exposed surface is chemically treated, and the masking matrix is subsequently dissolved to release the
JNPs [15].

3.1.2. Pickering Emulsion Masking

A scalable variation of masking utilizes Pickering emulsions, where nanoparticles naturally segregate at the interface of two
immiscible liquids (oil and water) to stabilize the emulsion. The phase interface acts as a dynamic mask; reagents dissolved in one
phase react only with the hemisphere facing that phase, creating hydrophilic-hydrophobic asymmetry ideal for self-assembly
applications [16].

Table 2. Comparison of Synthetic Methods for Janus Nanoparticles

Synthetic Mechanism of Asymmetry Advantages Limitations
Strategy Generation

Masking / Physical protection of one High precision in surface Low throughput; difficult to scale

Deshading hemisphere (via planar substrates or modification; distinct separation | up; limited to surface
particle monolayers) during surface of functional groups. modification rather than bulk
modification. composition changes.

Pickering Particles trapped at liquid-liquid Scalable; utilizes thermodynamic | Restricted to particles that can

Emulsion interfaces (oil/watet) block one face | self-assembly; cost-effective. stabilize specific emulsions;
from the reactant phase. potential for patticle aggregation.

Phase Thermodynamic segregation of Can generate complex internal Requires precise control over

Separation incompatible components within a morphologies; suitable for kinetics and thermodynamics;
single droplet during solvent polymeric and hybrid particles. sensitive to processing conditions.
evaporation or polymerization.

Microfluidics Laminar flow of immiscible Exceptional control over Complex setup; lower throughput
precursor streams solidified rapidly particle size, monodispersity, compared to bulk methods;
within micro-droplets. and compartment ratio; requires specialized equipment.

continuous production.

Surface Heterogeneous nucleation and High yield; effective for Limited to specific material

Nucleation growth of a secondary material ona | inorganic heterostructures (e.g., | combinations with compatible
pre-formed seed particle. dumbbells). lattice parameters.

3.2. Phase-Separation Techniques

Phase separation relies on the thermodynamic segregation of incompatible components within a single droplet or particle during
solidification. This method is particulatly effective for generating dumbbell or snowman-like morphologies [17].

3.2.1. Seeded Emulsion Polymerization

This technique involves the polymerization of a monomer in the presence of a pre-formed seed partticle. As the second polymer
grows, thermodynamic immiscibility and interfacial tension drive the phase separation, resulting in a protrusion of the new polymer
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domain from the seed. The final morphology is governed by the cross-linking density and the ratio of the seed to the monomer
[18].

3.3. Surface-Nucleation and Self-Assembly

Surface nucleation involves the heterogeneous growth of a secondary material on a seed nanoparticle without the use of physical
masks. For instance, the nucleation of magnetic iron oxide on gold seeds yields dumbbell-shaped Au-Fe;O4 heterostructures. This
approach is highly reproducible and allows for the synthesis of hybrid silica-polystyrene particles with high yields [19]. In this
bottom-up approach, patticles are induced to assemble into specific clusters using "ratchet-like" templates or lithographically
fabricated wells. Capillary forces during solvent evaporation align the patticles, which can then be chemically fused or modified to
create stable snowman or raspberry-like assemblies [20].

3.4. Microfluidic Fabrication

Microfluidics offers superior control over particle size distribution and anisotropy. By manipulating laminar flows of immiscible
fluids within microchannels, droplets containing different precursors are generated. The rapid solidification of these parallel streams
triggered by UV polymerization or chemical cross-linking results in Janus particles with sharply defined interfaces. For example, co-
flows of polyethylene glycol diacrylate (PEGDA) and magnetic precursors have been successfully employed to create uniform,
magnetically responsive JNPs [21].

4. Physicochemical Characterization and Evaluation

The successful deployment of Janus nanoparticles (JNPs) in practical scenarios relies heavily on a rigorous assessment of their
structural integrity, chemical asymmetry, and functional performance. A suite of advanced analytical techniques is employed to verify
the "Janus" character specifically the segregation of distinct domains and to evaluate their efficacy in targeted applications.

4.1. Morphological and Structural Evaluation

The primary confirmation of Janus morphology is achieved through high-resolution imaging. Scanning Electron Microscopy (SEM)
is utilized to visualize the surface topography and particle uniformity, typically revealing spherical or anisotropic structures with
smooth surface textures. However, discerning the phase separation often requires Transmission Electron Microscopy (TEM), which
provides contrast based on electron density differences between the materials. TEM imaging effectively delineates the internal
architecture, clearly showing the distinct hemispheres or domains such as a metallic half contrasting with a polymeric half thereby
confirming that the particles are true Janus structures rather than core-shell or homogeneous blends [22].

4.2. Surface Chemistry and Composition

Verifying the chemical distinctness of the two faces is critical. Energy-Dispersive X-ray Spectroscopy (EDX) allows for elemental
mapping, demonstrating the spatial segregation of elements (e.g., gold on one side, iron oxide on the other) and confirming
successful integration without random alloying [23].

Table 3. Analytical Techniques for Structural and Functional Evaluation

Analytical Technique Property Analyzed Significance in JNP Characterization
TEM / HR-TEM Internal structure and Differentiates between core-shell and true Janus architectures;
phase contrast. visualizes lattice fringes at the interface.
SEM Surface topography and Assesses particle size uniformity, shape anisotropy, and surface
morphology. texture.
EDX / EDS Mapping Elemental distribution. Confirms spatial segregation of elements (e.g., Fe signal distinct
from Au signal) across the particle.
XPS Surface chemical state. Identifies specific functional groups (e.g., -COOH vs. -NH2)
localized on different hemispheres.
Contact Angle / Intetfacial | Wettability / Quantifies the hydrophilic/hydrophobic balance, critical for
Tension Amphiphilicity. emulsion stabilization applications.
Zeta Potential Surface charge. Determines colloidal stability and effective surface charge in
suspension.
VSM (Vibrating Sample Magnetic saturation. Evaluates the magnetic response of iron-oxide domains for MRI
Magnetometry) and magnetic separation potential.
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To probe the surface bonding states, X-ray Photoelectron Spectroscopy (XPS) is employed. XPS provides detailed information on
the chemical environment of the surface elements, validating the presence of specific functional groups or ligands attached to
respective hemispheres [24]. Moreover, Fourier Transform Infrared Spectroscopy (FTIR) identifies characteristic vibrational peaks
associated with the disparate chemical moieties, such as hydrophobic alkyl chains on one face and hydrophilic carboxyl groups on
the other, offering spectral evidence of the patticle's dual nature [25].

4.3. Amphiphilicity

The behavior of JNPs in suspension is governed by their size and surface charge. Dynamic Light Scattering (DLS) is used to
determine the hydrodynamic diameter and polydispersity index, with low values indicating a monodisperse population suitable for
consistent biological behavior [26]. Zeta potential measurements assess the surface charge magnitude; a high absolute value suggests
strong electrostatic repulsion, ensuring long-term colloidal stability and preventing aggregation in aqueous media [27]. A defining
feature of JNPs is their amphiphilicity, which is evaluated through contact angle measurements and interfacial tension analysis.
These tests quantify the wettability of each hemisphere, confirming the coexistence of hydrophilic and hydrophobic regions. This
unique dual-wettability drives the particles to self-assemble at oil-water interfaces, a property fundamental to their use as emulsion
stabilizers [28].

4.4. Pharmaceutical Evaluation

For JNPs designed for therapeutic and diagnostic roles, functional assessment is paramount. UV-Visible spectroscopy is employed
to characterize the optical properties, such as the plasmon resonance of metallic domains, while magnetization studies utilizing
Vibrating Sample Magnetometry (VSM) measure the superparamagnetic response of magnetic domains, which is essential for MRI
guidance and magnetic separation [29, 30]. In drug delivery contexts, the loading capacity and encapsulation efficiency are quantified
using High-Performance Liquid Chromatography (HPLC) and fluorescence spectroscopy. The asymmetric surface chemistry often
provides multiple binding sites, resulting in high loading efficiencies. In vitro drug release assays, conducted under physiological
conditions, typically reveal controlled release profiles fitting zero-order or Higuchi kinetics demonstrating the potential for sustained
therapeutic action [31, 32].

5. Multifunctional Applications

The inherent asymmetry of JNPs allows for the decoupling of functions, enabling a single particle to perform tasks that would
otherwise require multiple separate agents. This versatility has catalyzed innovations across medicine, environmental science, and
industry.

5.1. Biomedical Applications and Theranostics

In the realm of oncology, JNPs serve as sophisticated vehicles for combination therapy. For instance, polymer-metal hybrid particles
can co-deliver chemotherapeutic agents like doxorubicin while simultaneously acting as photothermal agents upon near-infrared
irradiation, attacking tumors via distinct mechanisms [33]. Beyond cancer, glucose-responsive JNPs functionalized with enzymes
like glucose oxidase have been developed for diabetes management, offering a dynamic mechanism for insulin release in response
to blood sugar levels [34]. In neurology, dopamine-loaded JNPs have demonstrated the capacity to cross the blood-brain barrier,
providing a novel approach for treating Parkinson’s disease [35]. Furthermore, antimicrobial formulations utilizing vancomycin-
loaded JNPs have shown enhanced efficacy in penetrating bacterial biofilms, addressing resistant infections [36].

Targeting
Surface Ligands / Antibodies

Domain A: Therapy Domain B: Diagnostics

Inorganic (Au/Fe304)
MRI Contrast / Photothermal Heat

Hydrophobic Polymer

Controlled Drug Release (Chemo)

Bifunctional JNP

Figure 2. Theranostic Applications of Bifunctional JNPs
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The concept of "theranostics" the integration of therapy and diagnostics is perfectly embodied by JNPs. Gold-iron oxide hybrids,
for example, facilitate simultaneous Magnetic Resonance Imaging (MRI) and drug delivery, allowing clinicians to monitor drug
accumulation in real-time [37]. Additionally, dual-mode imaging probes, combining fluorescence and magnetic signals, have been

engineered to improve the resolution and accuracy of tumor detection [38].

State 1: Circulation

Drug Encapsulated

State 2: Release

-®
Stimulus 4
£0
— — ] O !
pH Changef Heat / Enzyme b o e
e w

Payload Release

Figure 3. Stimuli-Responsive Drug Release

Table 4. Biomedical Applications of Janus Nanoparticles

Therapeutic JNP Architecture Mechanism of Action Benefit
Area
Oncology PLGA-based Selective loading of hydrophobic (e.g., Synergistic cytotoxicity; mitigation of
(Chemotherapy) Polymer Hybrid Paclitaxel) and hydrophilic (e.g., multi-drug resistance (MDR).
Doxorubicin) drugs in separate
compartments.
Oncology Gold-Iron Oxide Magnetic guidance to tumor site followed | Localized tumor ablation with minimal
(Photothermal) (Au-Fe;O,) by NIR irradiation heating via the gold damage to healthy tissue; "theranostic”
domain. potential.
Diabetes Silica-Polymer Enzyme-catalyzed reaction creates a Autonomous, closed-loop insulin
Management with Glucose localized pH change that triggers insulin delivery responding to real-time
Oxidase release from the polymer domain. glucose levels.
Bio-Imaging Magnetic- Integration of superparamagnetic iron High-resolution, multi-modal imaging
Fluorescent oxide (MRI contrast) with fluorescent combining deep tissue penetration
Hybrid dyes or quantum dots. (MRI) with cellular sensitivity
(fluorescence).
Antimicrobial Ag-Silica Silver ions release for bactericidal action Enhanced biofilm penetration and
Therapy combined with antibiotic loading in reduced likelihood of bacterial
mesoporous silica. resistance.

5.2. Biosensing and Diagnostic Applications

The dual surfaces of JNPs are ideal for multiplexed sensing. Gold-silica J]NPs have been designed to detect cancer biomarkers, such
as Carcinoembryonic Antigen (CEA), by amplifying optical signals through their anisotropic structure [39]. In the emerging field of
wearable technology, magnetic-polymer JNPs embedded within electrochemical sensors enable the non-invasive monitoring of
physiological metabolites like glucose and lactate in sweat, paving the way for personalized health tracking [40].

5.3. Environmental Remediation and Industrial Utility

JNPs are increasingly recognized for their potential in sustainable technologies. In environmental remediation, magnetic silica-oxide
JNPs act as "nanocleaners," efficiently separating oils and dyes from wastewater due to their amphiphilic character, and can be
magnetically recovered for reuse [41]. In agriculture, polymer-silica hybrids facilitate the controlled release of agrochemicals,
ensuring that fertilizers are delivered to crops efficiently, thereby reducing runoff and environmental toxicity [42].

Industrial applications also benefit from the catalytic prowess of JNPs. Platinum-silica particles, for instance, stabilize emulsions
while simultaneously catalyzing chemical reactions at the interface, a process known as interfacial catalysis which significantly
enhances reaction rates and selectivity [43]. Moreover, in the energy sector, carbon-metal oxide JNPs are being explored as anode
materials for lithium-ion batteries, where their unique geometry improves ion diffusion and structural stability during charge-
discharge cycles [44].

Ajay Ratnam Mulaparthy et al 101



Journal of Pharma Insights and Research, 2025, 03(06), 096-103

Table 5. Environmental and Industrial Applications of Janus Nanoparticles

Application Function Mechanism Impact
Field
Water Pollutant Amphiphilic magnetic particles adsorb organic | Efficient removal of contaminants with
Remediation | Removal pollutants (oils/dyes) on hydrophobic face and | easy magnetic recovery and recyclability
disperse in water via hydrophilic face. of the adsorbent.
Catalysis Interfacial JNPs stabilize emulsions (Pickering effect) significantly increased reaction rates and
Catalysis while presenting catalytic sites (e.g., Pd, Pt) selectivity due to increased interfacial
directly at the reaction interface. area.
Agriculture Agrochemical Stimuli-responsive JNPs encapsulate fertilizers | Precision release based on soil pH or
Delivery or pesticides. moisture, reducing runoff and
environmental toxicity.
Energy Li-ion Battery Heterostructured oxides (e.g., SnOz / C) Improved cycling stability and specific
Storage Anodes provide varying conductivity and volume capacity by accommodating volume
expansion buffers. changes during lithiation.
Smart Self-Stratifying | Amphiphilic JNPs spontaneously align at Creation of surfaces with specific
Coatings Films surfaces during coating drying. wettability (e.g., anti-fogging or self-
cleaning) in a single application step.

6. Conclusion

Janus nanoparticles constitute a transformative class of nanomaterials, distinguished by their ability to integrate contradictory
properties within a single architectural unit. The evolution of fabrication techniques, from basic masking to precise microfluidic
assembly, has enabled the production of JNPs with tunable shapes, sizes, and compositions. Their physicochemical duality translates
into exceptional performance in targeted drug delivery, multimodal imaging, and interfacial catalysis. While challenges remain in
scaling up production and ensuring long-term biocompatibility, JNP research points toward a future where these "two-faced"
particles solve complex problems in healthcare and sustainable industry, fulfilling the promise of smart, responsive nanotechnology.
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