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The synthesis of nanoparticles (NPs) has garnered significant interest due to their wide-ranging applications
across various emerging industries, including pharmaceuticals, electronics, food engineering, agriculture,
wastewater management, and medicine. Research efforts have focused on controlling key NP
characteristics, such as size, polydispersity, zeta potential, drug release, and encapsulation efficiency, to
meet the demands of these applications. In this review, we explore how microfluidics offers a superior
alternative to conventional physical, chemical, and biological synthesis methods. We discuss various
microfluidic NP manufacturing strategies, broadly classified into passive and active methods. Active
methods utilise external energy sources, such as thermal, electrical, electromagnetic, and acoustic inputs.
In contrast, passive methods do not use external energy sources and instead rely on techniques like
hydrodynamic flow focusing, vortex generation, droplet generation, and chaotic advection. We also
highlight the challenges associated with NP synthesis in microfluidic devices. Finally, we examine the

potential of integrating microfluidics with machine learning algorithms to develop “intelligent microfluidics”
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1. Introduction

The design and synthesis of nanoparticles (NPs) are active
and innovative research areas, garnering significant attention
from numerous academic groups.'” NPs have gained
prominence due to their unique and tuneable properties,*
including thermal and electrical conductivity,”® melting
point,”® and wettability,” along with magnetic,"* catalytic,"*
and optical properties,'”> such as light absorption'® and
scattering.*

“ML-Labs Centre for Research Training, Dublin City University, Ireland.

E-mail: muhammad.saeed3@mail.dcu.ie

b School of Mechanical and Manufacturing Engineering, Dublin City University,
Ireland

¢ Biodesign Europe, Dublin City University, Ireland

@ RAPID Institute, Dublin City University, Ireland

¢ Centre for Medical Engineering Research, School of Mechanical and
Manufacturing Engineering, Dublin City University, Dublin, Ireland

T Advanced Manufacturing Research Centre (I-Form), School of Mechanical and
Manufacturing Engineering, Dublin City University, Dublin, Ireland

& SFI Research Centre for Medical Devices (CURAM), University of Galway, Galway,
Ireland

" Advanced Materials and Bioengineering Research Centre (AMBER), Trinity College
Dublin, Dublin, Ireland

i School of Pharmacy, McClay Research Centre, Medical Biology Centre, Queen's
University Belfast, Belfast, UK

J Department of Mechanical and Manufacturing Engineering, School of Engineering,
Trinity College Dublin, Dublin, Ireland

K Trinity Centre for Biomedical Engineering, Trinity Biomedical Sciences Institute,
Trinity College Dublin, Dublin, Ireland

3060 | Lab Chip, 2025, 25, 3060-3093

Traditionally, NPs are defined as materials ranging from 1
to 1000 nm in length in at least one dimension;'” however,
the preferable diameter range is between 1 and 100 nm.'°
The human body consists of nanostructures that play critical
roles in body functionality. Therefore, artificially synthesised
NPs that can interact with these nanostructures have great
potential for applications in biotechnology and biomedical
engineering. For example some carbon-based NPs are being
used for antimicrobial activities."” Lipid-based NPs are being
employed for several drug delivery applications."®

Several research groups have reviewed different aspects of
NP synthesis'® > including reviews on microfluidics-based
synthesis."®**"*” Building on these reviews, this paper
provides a comprehensive overview of NP synthesis using
microfluidic devices utilizing different active and passive
approaches. Section I introduces the fundamentals of NP
technology, as well as focuses on their potential applications
in medicines. Section II discusses critical factors in assessing
NP performance in biomedical contexts. Section III examines
the advantages and limitations of conventional NP synthesis
and sorting methods, and section IV provides an in-depth
discussion of microfluidic-based NP synthesis.

2. Nanoparticle technology

Nanoparticles can be applied to a diverse range of innovative
applications, such as smart drug delivery systems, solar cells
and environmental sensors. NPs have applications in

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Diverse innovative applications of NPs in contemporary research fields.

biomedical sciences,?® as well as in mechanical,*® food,*°
electronics,® environmental,®**® energy harvesting®® and
aerospace industry.”® Different types of innovative
applications of nanoparticles (NPs) can be seen in Fig. 1.

Due to the excellent mechanical properties that NPs can
offer, they have many applications in coating,***’
lubricants,*® and adhesives.*® Zirconium carbide (ZrC) NPs
have been employed in epoxy-based nanocomposite coatings,
demonstrating enhanced mechanical strength and improved
corrosion resistance for industrial applications.’® NPs have
also proved useful in increasing the mechanical and thermal
properties of fiber reinforced polymer composites.*’ The
performance of metals and polymer matrices also improved
by embedding NPs in them.*” NP technology based on
alumina, titania and carbon has laid the foundation for the
development of desirable coatings.”**°

NPs have revolutionized the food industry in various
ways.*® Silver (Ag), titanium dioxide (TiO,), and zinc oxide
(znO) NPs have been employed in the food packaging
industry.””*® Nanofilms in the form of edible coatings also
came up as an innovative strategy to extend the shelf life of
perishable products and reduce food waste.*” NPs have also
demonstrated potential applications in the field of
electronics.’>”" Copper (Cu) and Ag NPs have been employed
to make high-performance conductive inks for modern
electronic chips®® and flexible printed electronic devices.”
ZnO NPs have been employed for enhancing electron
transport and reducing trap density in P3HT-based hybrid

This journal is © The Royal Society of Chemistry 2025

thin-film transistors, leading to improved carrier mobility,
threshold voltage, and potential use in low-cost non-volatile
memory and sensing applications.>® Graphene-based ZnO
NPs have been employed for developing thermal smart
components with tunable thermal resistance, enabling
efficient temperature regulation and energy conservation,
showing strong potential for integration into thermal
management systems in electronics, spacecraft, and power
batteries.”> NPs also play a vital environmental role in a
variety of ways.”® NPs have been employed for the mitigation
of greenhouse gas emissions because of their ability to
adsorb CO, from industrial processes.>”

NPs can also contribute to emerging technology areas
such as energy harvesting.** Zinc ferrite (ZnFe,0,) NPs have
been employed in wearable nanogenerators as self-powered
sensors.”® They can also be used to store energy at the
nanoscale level.** Silicon (Si) NPs have also been successfully
utilized for improving the energy storage performance of
lithium ion batteries.>

2.1. Nanoparticle technology in medicine

NPs have a wide range of applications in the biomedical
and pharmaceutical industry, including diagnostics,®
magnetic resonance imaging (MRI),*® and drug®>® and
gene delivery.®*® In Fig. 2, different modern applications of
NPs are summarised. NPs enable diagnostics at a precise
level, even at the single-cell and single-molecule levels. NPs

Lab Chip, 2025, 25, 3060-3093 | 3061
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Fig. 2 The expanding role of NPs in biomedical applications and industry that is revolutionising healthcare.

have shown very successful results for diagnosis and
treatment of different type of cancers including breast and
pancreatic  cancer.®”®®®”  Diagnosis and treatment
applications of NPs have been recently expanded to bone
tumor®® and atherosclerosis treatment.®® Magnetic NPs have
been used for enhancing MRI imaging as contrast agents
due to their unique magnetic and physicochemical
properties.”® Positively charged ZnFe,O NPs demonstrated
superior MRI efficacy due to enhanced macrophage affinity,
offering improved diagnosis of carotid atherosclerosis.”*
Lipid-based NPs,”* peptide-based NPs,”® carbon nanotubes’*
and inorganic NPs’> have brought the recent advancements
in smart drug delivery systems. Using NP technology for
drug delivery has a range of advantages, such as improved
biocompatibility, stability, precise targeting and enhanced
biocompatibility.”® In cancer treatment, NPs have
demonstrated greater efficacy and reduced side effects
compared to conventional chemotherapeutic medicines.
They can deliver drugs with high precision within desired
dose parameters and release profiles, as well as protect
drugs from degradation, thereby enabling successful
transport to the target.”””’® NPs have also shown potential
for use in HIV therapy.”” The anti-viral drug Nevirapine,
which is wused for AIDS treatment, can be efficiently
delivered using cellulose acetate butyrate (CAB) NPs.*
Additionally, dietary supplements can be made more
effective through delivery via NPs.*"®> Therapeutics can be
delivered using four methods: (1) dissolution, (2)
encapsulation, (3) entrapment, or (4) attaching to a NP.*
Nanocapsules, which are reservoir-type devices, consist of a
polymer surrounding a cavity where the drug can be
contained In contrast, nanospheres, which are matrix-type

79
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nanodevices, have the drug uniformly dispersed throughout
the structure.®>%

While liposomes are commonly used as a drug delivery
mechanism, they have drawbacks such as low drug
encapsulation efficiency, poor stability in drug loading, and
swift leakage of water-soluble components.®® NPs offer an
alternative that can mitigate these issues, providing specific
advantages in terms of drug loading stability and controlled
release at the target site.®” Research on NP-based drug delivery
systems focuses on targeted drug delivery while reducing
toxicity. Fig. 3 illustrates the application of NPs in a smart drug
delivery system. The major challenges in NP synthesis involve
controlling particle size, surface characteristics, zeta potential,
and the capacity for drug loading and release.®®

3. Assessing the performance of
nanoparticles in drug delivery systems
and other biomedical applications

Various physical and chemical characteristics of NPs determine
their suitability across diverse applications. In the biomedical
field, particle size and surface properties significantly impact
the effectiveness of NPs. For smart drug delivery systems
utilising NPs, as shown in Fig. 3, factors such as drug loading
and release capacity, stability within the body,
biocompatibility, targeting ability, and therapeutic efficacy are
essential. These factors are in addition to typical
considerations like size, shape, and surface properties. This
section highlights five critical factors that significantly
influence NP performance: size, shape, surface properties, drug
loading, and drug release.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Schematic representation of an NP-driven drug delivery system for an advanced therapeutics application.

3.1. Particle size

The targeting ability and intercellular delivery of drugs in NP-
based drug delivery systems depend highly on the NP size
and the homogeneity of their size distribution.®® Particle size
plays a pivotal role in determining the drug encapsulation
and release efficiency,’® as well as their stability.”’ Numerous
studies have shown that smaller NPs are advantageous for
drug release because they can target a wider range of cancer
cells and exhibit a higher intercellular uptake compared to
larger NPs.”” The smaller NP size also leads to faster drug
release, while larger NPs provide a larger surface area for
phagocytosis.”> However, larger NP can conjugate to a higher
volume of drugs due to the larger surface area.

Experimental verification using the Caco-2 cell line® has
shown that NPs with an average size of 100 nm can exhibit a
two-three-fold improvement in drug uptake compared to
particles that are 1 um and a six-fold increase in drug uptake
than particles of 10 um size.”” The major risk associated with
the small size of NPs is their tendency to aggregate during
storage and transportation.”® NPs with a particle size ranging
from 2 nm to 100 nm can affect cellular signalling processes.
NPs with sizes ranging from 40 nm to 50 nm have been
shown to have the greatest effect, especially inducing
membrane receptors to down-regulate expression levels.
Thus, these NPs can alter downstream signalling and cellular
responses in breast cancer cells.”” The size of NPs can also
induce phagocytosis, where NPs with a size greater than 200
nm are targeted by the body's lymphatic system and ingested,
unlike relatively smaller size NPs.”®

3.2. Nanoparticle morphology

NP morphology or shape also has a significant impact on
their utilisation as a drug delivery agent. Different important

This journal is © The Royal Society of Chemistry 2025

factors, such as cellular uptake, circulation time and
biodistribution, targeting efficiency and immune evasion, are
directly connected with NP morphology.

Investigation on the crucial role of NP morphology and
surface chemistry in drug delivery effectiveness, focusing on
ocular applications, has been performed. It has been found
that the performance of biodegradable block copolymer NPs
in cell uptake, drug release, and diffusion significantly
depended on their shape and surface chemistry, with high
aspect ratio NPs showing enhanced properties.”® In another
study on understanding the impact of NP shape on cellular
transport and drug release, using pair correlation
microscopy, it was discovered that different polymeric-
shaped NPs—namely, micelles, vesicles, rods, and worms
with identical surface chemistries—navigated cellular
barriers at varying rates, thus determining the drug release
site. It was found that rods and worms, unlike micelles and
vesicles, could passively diffuse into the nucleus. Enhancing
nuclear access with a nuclear localisation signal increased
the cytotoxicity of doxorubicin by enabling more drug release
inside the nucleus, affirming the importance of the nuclear
envelope as a critical barrier in drug delivery.'”

3.3. Surface properties

Improving the surface properties of NPs can impact their
performance and stability in vivo for various reasons. When
administrated intravenously, NPs are recognised by the
immune system, and phagocytes in circulation start clearing
them through phagocytosis.'”" To achieve effective targeted
drug delivery, it is important to minimise the opsonisation
and prolong the circulation of NPs in the bloodstream.
Opsonisation refers to the attachment of opsonin protein on
the surface of NPs,'°> which helps the body's homeostasis

Lab Chip, 2025, 25, 3060-3093 | 3063
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Fig. 4 a Schematic depiction of the opsonization process that leads to phagocytosis, b: schematic illustration of the significant role of hydrophilic

coating in enhancing biocompatibility.

system detect and clear NPs.'® Fig. 4a illustrates the

schematic depiction of the opsonisation-based immune
response of the human body. Different techniques can be
used to achieve this, including coating the NPs with a
hydrophilic polymer or surfactant.’®*'®> Fig. 4b defines
how hydrophilic coating helps in the biocompatibility of
the NPs. Another approach is to use some capping agent
for sustained and targeted drug delivery. In this case, NPs
are synthesised with biodegradable copolymers and
hydrophilic components,’®® such as polyethylene oxide,"®”
polyethylene  glycol  (PEG),"®®  polysorbate,’”  and
poloxamer.**°

The potential is the
associated with the surface charge properties of NPs.
The surface charge can come from their core or ligand,
and sometimes, the NP coating also plays an important
role in defining their charge. Oppositely, charged particles
are attracted to the surface of NPs, forming a thin layer
known as the Stern layer. Since human body cell
membranes are negatively charged, positively charged NPs
tend to attach themselves to body cells."'* The penetration
of NPs in the human body and their intracellular uptake
depend on their surface charge. For this reason, the
surface charge of NPs plays a crucial role in their
applications in diagnostics and therapeutics. The electric
potential at the surface boundary of the double layer
ranges from +100 mV to -100 mV.'"® NPs with a zeta
potential exceeding +20 mvV or falling below -20 mV are
resistant to agglomeration and remain stable in solution
due to electrostatic repulsion.’**

zeta primary measurement

111

3.4. Drug loading

The drug loading capacity is an important property in drug
delivery systems using NPs. Inefficient drug loading of
some nanomedicines poses a hurdle for their practical

usage.'*® If drug loading is poor, a greater concentration of

3064 | Lab Chip, 2025, 25, 3060-3093

NPs may be required, resulting in a highly viscous liquid
that can cause issues for in vivo injections."'®''” Efficient
drug loading reduces manufacturing costs.'’® Drug loading
capacity is the ratio of the mass of the drug to the total
mass of NPs with the loaded drug. Encapsulation efficiency
is the ratio of the weight of the drug in the NPs to the
weight of the drug added initially during preparation.'*®
According to experimental data, drug loading and
encapsulation efficiency are highly dependent on the
polymer molecular weight,"?*'*' drug-polymer interaction,
polymer composition,'* and ending functional groups of
the polymer.'>*2

Three different strategies are employed for drug loading
on NPs: (1) pre-loading, (2) co-loading, and (3) post-loading.
Fig. 5 provides a visual representation of these three different
strategies.

e Pre-loading: drug-loaded NPs are fabricated first, followed
by the synthesis of a shell that protects the drug core.'* The
drug loading capacity using this technique is proportional to
the shell thickness."**

e Co-loading: the drug is loaded into the NPs during their

synthesis."*® Covalent bonding plays a pivotal role along with
hydrophobicity, =~ n-n  interactions, and electrostatic
interactions."’

e Post-loading: nanocarriers such as carbon and silica are
synthesised and mixed with the solution of the drug.'*® The
drug is then loaded through various mechanisms such as
entrapment,  hydrophobic  forces, adsorption, and
electrostatic interactions.'®

3.5. Drug release

The drug release capacity is a crucial factor in the
efficiency of NP-based drug delivery systems. Like poor
drug loading, inefficient drug release presents a challenge
for the practical implementation of various nanomedicines.
The drug release efficiency of NPs is also influenced by the

This journal is © The Royal Society of Chemistry 2025
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chosen drug loading strategy. For nanosphere-shaped NPs,
drug release occurs through matrix erosion,"?® while in the
case of nanocapsules, diffusion of the drug through the
polymeric layer controls the drug release.”*® Other
important factors that generally control the drug delivery
are temperature, pH, solubility and desorption of the
drug.131’132

Auxiliary agents such as polyethylene oxide-propylene
oxide (PEO-PPO) can be used to facilitate drug release by
weakening the ionic interactions between the drug and
NP."** Recently, smart NP-based drug delivery systems have
been developed. Aa an emerging area of research, these are
capable of releasing drugs in response to particular
physiological triggers.'**

4. Nanoparticle synthesis

There is a wide range of different methods for NP synthesis,
and the choice of method depends significantly on the
desired properties of the NPs and their intended
applications. Two main categories based on the starting point
of the procedure are: (1) top-down methods and (2) bottom-
up methods. In top-down methods, NPs are synthesised by
the breaking down of their bulk constituents, whereas in

This journal is © The Royal Society of Chemistry 2025

bottom-up methods, atoms are clustered into NPs. Table 1
provides a comprehensive overview of the different NP

synthesis methods with associated advantages and
disadvantages.
Based on the detailed working principles, these

methods can also be categorised into: (1) physical, (2)
chemical, and (3) biological methods. Physical methods of
NP synthesis are typically top-down methods, while
biological methods can be considered as bottom-up
methods. Chemical methods can follow both bottom-up
and top-down approaches. Each method has different
advantages and limitations. Recently, researchers have
focused on the green synthesis of NPs using non-toxic and
environment-friendly  reagents. Most  biological and
chemical synthesis methods are considered green methods,
depending on their compatibility with green chemistry
principles.’®**** In this section, we will briefly discuss
these methods. Fig. 6 gives a comprehensive overview of
different NP synthesis methods. After NP synthesis,
different conventional techniques based on an external
field (e.g., ultracentrifugation and gel electrophoresis) and
sieving  (e.g, chromatography and  nanofiltration)
techniques are employed for NP sorting with desired
characteristics.

Lab Chip, 2025, 25, 3060-3093 | 3065
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Table 1 Comparative analysis of physical, chemical, and biological methods, their benefits, drawbacks, NP synthesis methods, and applications

Synthesis
Category  Advantages Disadvantages method Applications
Physical ~ Free of solvent Abundant waste Laser ablation Au, Mg, and Zn NPs synthesized using the pulsed laser
methods contamination Less economical ablation in liquid (PLAL) method for antibacterial and
Uniform Potential toxicity biocompatible functionalization of dental implant surfaces*?*
monodisperse NPs High energy TeO, NPs synthesized using the top-ablation and
are synthesized consumption bottom-ablation methods for ultrawide band gap (UWBG)
No chemical Difficult extraction applications™*®
purification is procedure Spray pyrolysis ~ NTO NPs for use as high-performance catalyst supports in
required polymer electrolyte fuel cells.**”
Large scale ZnO/Ag hollow NPs for enhanced antibacterial activity and
production visible light-assisted wound healing applications'*®
Magnetron W NPs synthesized using magnetron sputtering combined with
sputtering gas aggregation'*’
ZrC Nps'*?
Ion MoC NPs for energy conversion applications."**
implantation Ag NPs'*?
Inert gas Zn Nps'*®
condensation Bimetallic FeCu for multifunctional magnetic-plasmonic
applications in biosensing’**
High-energy ball Fe dopped ZnO NPs'*®
milling Niobium-doped titanium dioxide NPs'*
Chemical Controllable deposit  Usage of toxic and Precipitation MnO NPs for antimicrobial applications against bacterial and
methods ~ parameters hazardous chemical methods fungal pathogens'*”
Narrower size reagents CF NPs for enhanced biomedical performance'*®
distribution Long synthesis time Sol gel methods Niobium-doped strontium titanate (SrTi;—,Nb,Oz;, STNO) NPs
Economical Limitation in increasing for enhanced photocatalytic degradation of dyes and
technique batch reactors antibiotics under UV-A light irradiation*®
Production of NPs Chemical purification is  Electrochemical Ag NPs for eco-friendly antibacterial applications in food,
with thick coating is  required methods cosmetics, and medicine'*
possible Sometimes need to have Solvothermal Ruthenium-doped CF NPs for enhanced nonlinear optical
a large amount of synthesis absorption in advanced optical limiting applications'®’
surfactants Microemulsion ~ FeO NPs for advanced material applications."*?
methods Au NPs'>?
Biological Biocompatibility and Low yield Plant extract FeO NPs'**
methods environment-friendly Long synthesis time methods Ag Nps'®?
Non-toxic and safe  Limited scalability Microbial ZnO Nps'®
reagents synthesis Ag NPs'>”
Greater stability of Algal and Ag Nps'?®
NPs fungal-mediated Au NPs'*®
Diverse nature of synthesis ZnO Nps'®°
NPs

4.1. Physical methods

Physical methods employ different kinds of physical
processes to apply high-energy radiation to different types of
energy, such as thermal energy, electrical energy and
mechanical pressure on the material. It results in
condensation, abrasion, evaporation or melting of the
substrate material, which leads towards the synthesis of NPs.
These methods are categorised based on the physical process
used and their impact on the substrate material. Laser
ablation, spray pyrolysis, magnetron sputtering, ion
implantation, inert gas condensation, and high-energy ball
milling are very commonly used physical methods for NP
synthesis.

In the laser ablation method, a laser beam is focused on
the target material, causing laser-induced vaporisation and
condensation, which leads to the synthesis of NPs.'**'®* Gold
(Au), magnesium (Mg), and zinc (Zn) NPs have been

3066 | Lab Chip, 2025, 25, 3060-3093

synthesized using pulsed laser ablation in liquid (PLAL) for
antibacterial and biocompatible functionalization of dental
implant surfaces."*® Mercury iodide (Hgl,) NPs have been
synthesised with size 25-75 nm using laser ablation.'®®
Tellurium dioxide (TeO,) NPs have been synthesized using
the top-ablation and bottom-ablation methods for ultrawide
band gap (UWBG) applications."*® The spray pyrolysis
method involves spraying a precursor material solution using
a nano-porous atomiser on the hot substrate of the
material.'®” This method has been employed to generate
iron-doped TiO, NPs with an average size of 12 nm.'®®
Carbon-based NPs with an average size of 60 nm have also
been prepared by spray pyrolysis.'®® Niobium-doped tin oxide
(NTO) NPs were synthesized using spray flame synthesis for
high-performance catalyst supports in polymer
electrolyte fuel cells."*” ZnO/Ag hollow NPs were synthesized
using a one-step spray pyrolysis method for enhanced
antibacterial activity and visible light-assisted wound healing

use as

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Comprehensive overview of physical, chemical, and biological methods for NP synthesis.

applications.”*® Magnetron sputtering involves subjecting a

target material to high-energy ions, resulting in the ejection
of atoms from the targeted material, and the deposition of
these atoms leads to the synthesis of NPs."”® Tungsten NPs
(W NPs) and Cu NPs with average sizes of 70 nm and 60
nm have also been synthesized using this method."”™'”*
Zirconium nitride (ZrN) NPs were synthesized using reactive
direct current magnetron sputtering in an argon and
nitrogen  atmosphere for environmentally friendly,
annealing-free production of plasmonic nanofluids with
enhanced optoelectronic properties."*® The ion implantation
method is based on principles of ion-solid interactions,
where high-energy ions are bombarded on the substrate
material for NP synthesis."”® Ag NPs and plasmonic-based
NPs have been synthesized using this method."””*'””
Molybdenum carbide (MoC) NPs were synthesized using ion
implantation at room temperature for energy conversion
applications.”' In the inert gas condensation method,
evaporated materials are transported with inert gases, such
as He, Ne, Ar, etc. Liquid nitrogen is used as a cooling
medium for condensation.'”® Highly size-controlled NPs can
be synthesised using this method with particle sizes ranging
from 1-5 nm.'”” Bimetallic FeCu NPs were synthesized
using the inert gas condensation technique for
multifunctional =~ magnetic-plasmonic  applications  in

This journal is © The Royal Society of Chemistry 2025

biosensing.'** NP fabrication using high-energy ball milling

introduces kinetic energy from the moving balls to break
the chemical bonds of the substrate material being
milled."”® Otis and Chin fabricated ZnO NPs and iron
sulphide-based NPs (e.g., FeS and FeS, NPs) using high-
energy ball milling."”*'%

4.2. Chemical methods

Chemical methods for NP synthesis are based on the
chemical reaction between different chemical reagents
under various chemical and physical conditions that
control the physical and chemical properties of NPs.
Precipitation methods, sol-gel methods, electrochemical
methods, solvothermal synthesis methods, and
microemulsion methods are some of the most commonly
used and practically feasible chemical methods for NP
synthesis. Manganese oxide (MnO) NPs were synthesized
using a simple and cost-effective co-precipitation method
for antimicrobial applications against bacterial and fungal
pathogens.'*” Cobalt ferrite (CF) NPs were synthesized
using this method with polyvinyl alcohol modulation for
tunable morphology, magnetic behavior, and enhanced
biomedical performance.’*®  Niobium-doped strontium
titanate (SrTi;—,Nb,Os;, STNO) NPs were synthesized using
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a microwave-assisted sol-gel auto-combustion method for

enhanced photocatalytic degradation of dyes and
antibiotics under UV-A light irradiation.'*’
Electrochemical methods wuse the electrochemical

reaction for NP synthesis. An electric current is passed
between the anode and cathode, which are immersed in
the electrolyte, a solution of precursor material ions.'®
ZnO NPs with a diameter range of 50-100 nm were
synthesised using this method."®® Ag NPs were also
synthesized using an electrochemical method with
Camellia chrysantha flower extract as a green electrolyte,
reducing agent, and stabilizer for eco-friendly antibacterial
applications in food, cosmetics, and medicine."**
Solvothermal synthesis boiling the precursor
material in a closed reaction system that creates a high-
pressure environment, leading to NP synthesis.'®® Iron-
doped tin sulphide NPs (SnS NPs) with supercapacitive
and magnetic properties have also been used.'®
Ruthenium-doped cobalt ferrite NPs were synthesized
using a modified solvothermal method for tunable
magnetic behaviour and enhanced nonlinear optical
absorption in advanced optical limiting applications.'”*
Microemulsion techniques use the concepts of interfacial
chemistry, colloidal science, and thermodynamics for NP
synthesis. This system consists of monodispersed spherical
droplets of two immiscible liquids, depending on the
surfactant.'®® Size-controlled Ag NPs have been made by
using water in an oil microemulsion.'®® Iron oxide (FeO)
NPs were synthesized using a microemulsion-hydrothermal
method for controlled production of nanorods and
nanospheres with tunable size, shape, and magnetic phase
for advanced material applications.'**

involves

4.3. Biological methods

Biological methods for NP synthesis are the result of a
synergistic  interaction between nanotechnology and
nanobiotechnology. These methods utilise extracts from
living organisms—such as algae, fungi, plant extracts,
bacteria, viruses, and yeast—or biomolecules like enzymes to
synthesise NPs. Biological methods are considered to be
green synthesis because they are non-toxic and
environmentally friendly. Biological methods can be
categorised into four sub-categories depending upon the
biological system being used for NP synthesis: (1) plant
extract methods, (2) enzyme-based synthesis, (3) microbial
synthesis, and (4) algal and fungal mediated synthesis.

Plant extract-based methods use plant biomass or plant
extract as reducing, stabilizing, and capping agents, leading
towards the synthesis of a wide array of inorganic NPs
including Au, Ag, TiO,, ZnO, Fe, Cu, Se, and Pd."®” These
reducing agents convert metal ions into metal NPs. Among
the most promising green-synthesized nanoparticles are FeO
NPs which have gained traction for their role in cancer
diagnosis and treatment. Importantly, the utilization of waste
plant materials makes this type of NP synthesis eco-friendly
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by addressing concerns related to resource efficiency and
environmental impact.">*

Biomolecule-based = NP  synthesis  uses  various
biomolecules, such as nucleic acids, viruses, enzymes and
membranes. Biomineralisation'®® and biomimicry™®® are the
foundation phenomena for such synthesis techniques.
Microbial-based synthesis employs different types of
microorganisms, such as bacteria, yeast and actinomycetes,
as bioreactors for NP formation. These microorganisms
convert the metal ions to element metal through their
cellular activities."®® Algal-mediated NP synthesis uses algae's
ability to hyper-accumulate heavy metal ions and their
extraordinary capability to transform these metal ions into
more malleable forms."”" Fungal-mediated NP synthesis uses
various biomolecules produced by fungi, such as enzymes,
polysaccharides, and proteins, as reducing agents, stabilisers
and templates for NP synthesis.'>

4.4. Nanoparticle sorting techniques

While the synthesis is concerned with the fabrication of
NPs, sorting is an essential subsequent step to ensure the
homogeneity and consistency of NPs, especially for their
practical applications. To create batches of NPs with
uniform properties after their synthesis, different sorting
techniques are applied, which separate NPs based on
various physical properties, e.g., size, shape and surface
charge. Several conventional methods have been employed
for NP sorting that range from physical methods, e.g.,
centrifugation and electrophoresis, to sieving techniques,
e.g., chromatography and nanofiltration. Table 2 provides a
comparative the different NP sorting
techniques.

4.4.1. Ultracentrifugation. Ultracentrifugation separates
NPs based on the external centrifugal force created by the
rotation of the centrifuge, with separation based on size and
shape.?”®> NPs dispersed in a mixture of miscible organic
solvents are separated based on different sedimentation
rates. Ultracentrifugation techniques can be divided into two
most widely used subtypes: (1) analytical ultracentrifugation
sedimentation velocity (AUC-SV) and analytical
ultracentrifugation sedimentation equilibrium (AUC-SE).

In AUC-SV, complete sedimentation of the sample is
achieved using a strong centrifugal field, while AUC-SE is
performed in a comparatively low centrifugal field. Although
both AUC-SV and AUC-SE are applicable to sort NPs into
concentration gradients, AUC-SE has the advantage of
inhibiting any transport as the concentration gradient stays
constant in the equilibrium state.”**% Sorting of Au
nanorods has been performed by employing multiwavelength
analytical ultracentrifugation.>*® Optimal  precursor
concentrations identified by AUC have been used to get well-
dispersed polystyren@ZIF-8 core-shell NPs.>°” Recently,
ultracentrifugation has also been successfully employed for
density-based separation of mRNA-loaded lipid nanoparticles
(LNPs), enabling resolution into subpopulations with distinct

overview of
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Table 2 Comparative overview of different physical and sieving sorting methods, working principles, their advantages and disadvantages

Technique Working principle Advantages Disadvantages NP sorted
Ultracentrifugation Centrifugal force generated Formation of Sample loss Analytical ultracentrifugation
by rotation concentration gradient technique for polystyrene-ZIF-8
core-shell NPs'%?
NPs are separated on the Excellent results for Chances for aggregation are Density-based separation of
basis of size and shape. ordering NPs as richer always high mRNA-loaded lipid NPs
structures (LNPs)'*
Stable and biocompatible Expensive and unapplicable
NP synthesis for commercial use due to the
requirement for specialized
equipment
NP morphology becomes
tedious due to irreversible
agglomeration or
accumulation
Gel External electric field Multiple runs in parallel  Batch-limited technique due to Slab gel electrophoresis
electrophoresis through a porous gel the requirement of multiple technique for TiO, NPs'>®
steps
NP separation based on Long time required for sample DNA-assisted electrophoresis
size, shape, charge and separation technique for NPs'®®
exact number of attached
polymer chains
Sample retrieval is very
complicated
Chromatography  Sieving technique High separation efficiency Long time requirement Bed chromatography
technique for sorting of
magnetic NPs'®”
NPs are separated in a Very few chances for NP Multiple sample preparation Size exclusion chromatography
mobile phase through a agglomeration and for metal-based NPs'%®
stationary phase accumulation
NPs are separated on the No sample loss Specialised beads, antibodies ~ Optical chromatography
basis of size, shape and and buffers for separation technique using 3D-printed
surface properties microfluidic devices for
particle separation’®®
Less expensive technique
Nanofiltration Sieving technique based on  Fast, small amount of Clogging of nanofiltration Graphene oxide nanofiltration

membrane filtration

NPs are separated on the
basis of size and shape

solvent required, and can
be scaled up for
commercialisation

membrane

Physiochemical reactions
between membrane and NPs
NP morphology becomes
tedious

membrane for Ag NPs**

Supramolecular membrane for
NP separation based on size*”!

biophysical and functional properties, including differences
in in vivo protein expression.'**

Despite its widespread use for NP sorting,
ultracentrifugation has several limitations that make it less
efficient. Separation is based on a density gradient, and
achieving a prerequisite density gradient is necessary to
achieve higher-quality separation at the nanoscale.
Additionally, sample loss is inevitable during the purification
process, as large gravity force exposure to particles can result
in aggregation. Furthermore, specialised equipment
requirements make it impractical for large-scale industry
use‘208,209

4.4.2. Gel electrophoresis. Gel electrophoresis (Gel-EP) is a
technique that uses electric fields to sort NPs. The NPs are
propelled by a voltage gradient through a gel that contains
small pores. Gel-EP sorts the NPs according to size, shape,
charge, and the number of polymer chains attached.*'’'?

This journal is © The Royal Society of Chemistry 2025

Gel-EP and pH control have been used to differentiate and
separate nanospheres with identical sizes but varying anionic
surface charges.””® Recent advancements have highlighted
the use of DNA as a programmable and biocompatible tool to
assist NP separation by modulating their physical properties
—such as size, charge, and mass enhancing Gel-EP's
specificity and control.'”® Moreover, genome-wide genetic
screening has revealed that NPs interact with multiple
cellular receptors, such as LDLR, SCARB1, and heparan
sulfate, offering new insights into NP behavior and potential
adaptations for separation strategies.”™*

Gel-EP allows parallel runs on the same gel, providing a
significant advantage over other conventional techniques for
NP synthesis, such as ultracentrifugation, chromatography,
and nanofiltration. This advantage is particularly important
for mechanism understanding and optimising conditions.”*®
Recently, Gel-EP has been wused to purify photon-
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upconversion NPs for large-scale analogue and digital
bioassays.*'® However, this technique is batch-limited and
requires multiple steps, making it time-consuming and
challenging for sample retrieval.””

4.4.3. Sieving techniques. In sieving techniques, physical
holes or barriers in the form of membranes or columns are
used for NP separation. The two most commonly used sieving
techniques are (1) chromatography and (2) nanofiltration.

Chromatography.  This technique achieves sample
separation through a stationary phase suspended in a mobile
solvent phase. The rate of separation is determined by the
particle's partitioning speed through the stationary phase.
There are several different types of chromatography for NP
synthesis, such as ion-exchange chromatography,
exclusion  chromatography,  high-performance
chromatography, and affinity chromatography.

A novel magnetic chromatography method has been
employed for efficient and large-scale sorting of magnetic
NPs.>*® pitkanen provided an extensive review of size-
exclusion chromatographic separation and characterisation
of noble metal-based NPs and quantum dots.*"’

Incorporating recent advances in lab on a chip
technologies, 3D-printed microfluidic devices have been used
to perform optical chromatography for the separation of
micron-sized particles based on size and refractive index.
These devices, integrated with single-mode optical fibers and
designed with hydrodynamic focusing features, demonstrate
efficient optofluidic trapping and sorting capabilities,
pointing to a promising future for combining
chromatography with additive microfluidic platforms.'®® This
technique can deliver high separation efficiency, but it is
time-consuming and requires multiple preparation steps.
Additionally, separation requires specialised beads and
buffers.>*

Nanofiltration. This sieving technique for NP synthesis
uses a filtration membrane, and different membrane
materials have been synthesised and used for nanofiltration.
NPs that are smaller than a particular cut-off size of the
nanofilter's pores are allowed to pass through. Yang
examined the impact of silver NP size on the nanofiltration
performance of graphene oxide/sAG composite membranes,
finding the optimal NP size for water flux and dye
rejection.”® A robust, reusable  nanostructured
supramolecular membrane has been developed by Krieg,
which is capable of size-selective separation of metal and
semiconductor-based NPs, utilising the strength of
hydrophobic interactions and the reversible nature of
noncovalent bonds for easy disassembly, cleaning, and
reassembly.***

Recent advancements in membrane design further
enhance this technique's performance. A study demonstrated
the development of a polyethersulfone-based nanofiltration
membrane functionalised with green-synthesised copper
phosphide (Cu,P) NPs, which achieved a 98.72% pesticide
rejection rate and significantly improved water flux and
antifouling properties, showcasing potential for agricultural

size-
liquid
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waste water treatement.”>® Additionally, incorporation of
calcium carbonate (CaCO;) NPs into thin-film nanocomposite
membranes has proven to overcome the traditional trade-off

between permeability and selectivity. The resulting
membranes demonstrated 1.7-fold higher permeability
compared to conventional TFC membranes while

maintaining high salt rejection.>**

Nanofiltration is considered a fast technique for NP
sorting and requires minimal solvent volume. It can be
scaled for industrial applications to sort large samples.
However, filtration membranes can become easily clogged,
leading to particle aggregation and decreased sorting
efficiency. Multiple steps are required to sort samples with
different particle sizes.

Observing the data presented in Tables 1 and 2 which
depicts different NP synthesis and sorting methods, and
in light of the critical performance parameters of NPs for
drug delivery systems outlined in section 2, it becomes
clear that addressing the shortcomings of traditional NP
synthesis and sorting techniques 1is of paramount
importance. The concept of an optimal NP synthesis
method would ideally allow for facile control of output
properties such as size, shape, and surface characteristics
while maintaining a minimal usage of reagents. Such a
method would not only be economically efficient but also
environmentally friendly. Microfluidics is a notable
technique for making NPs with particular attributes. It
offers a better way of creating and sorting NPs compared
to other traditional techniques. The following section
provides a comprehensive explanation of NP creation
based on microfluidics.

5. Microfluidics

Microfluidics involves the design and fabrication of devices
with various geometries of chambers and microchannels for
precise control, processing, or manipulation of very small
volumes of fluids (10° to 107'® 1).>*>**° It can reduce and
eliminate many of the limitations of conventional
techniques, such as sample loss, long duration, and large
volume requirement, and can offer better control on NP
characteristics, e.g., size, morphology and surface properties,
as well as better separation resolution.?’® It falls into the
chemical synthesis category as it mostly uses the
nanoprecipitation principle that dissolved in water-miscible
solvents, hydrophobic solutes precipitate when mixed with
antisolvents.”®*”**”**% Fig. 7 depicts a simple illustration of
the microfluidic-based NP synthesis. Different reacting
reagents are manipulated in microchannels that lead towards
their mixing in a controlled way, which results in the
synthesis of NPs. Different types of flow systems can be
involved in the microfluidic chip for NP synthesis i.e. single
phase flow system, gas liquid flow system, and liquid-liquid
flow system.>® Table 3 provides a brief overview of the
benefits and drawbacks of NP synthesis using microfluidic-
based technology.

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 Schematic diagram of NP synthesis in a microfluidic channel.

Table 3 Advantages and disadvantages of microfluidic devices
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Nanoparticles at the Outlet

Advantages

Limitations

Very highly reproductive synthesis technique®*’
Reagent consumption is lower than in other techniques
Easy to control experimental parameters e.g. flow
Rate, pH, temperature, and concentration of reagents
Less time consumption

Easy to commercialise the production®*’

233,234

In a microfluidic system, different factors, such as fluidic
resistivity, fluidic diffusivity, and viscosity, play important
roles in performance rather than just dominant inertial
force, as in the case of typical macrofluidic-based flow
systems.”****” Due to the relatively low velocity combined
with the small-scale hydraulic diameter, a low Reynolds
number (Re) causes intrinsic laminar flow within the
microfluidic channels. Molecular diffusion and advection
are two different phenomena responsible for the mass
transfer. In molecular diffusion, molecules migrate across
the fluidic interface, while in advection, mass is directly
carried by fluid flow.>*® Usually, molecular diffusion is the
main mechanism for mixing, as laminar flows make mixing
particularly difficult due to convective mass transfer in the
flow direction.*®® Mixing is promoted by using different
methods, typically by manipulating the flow-through
channel geometry or external disturbances.**® According to
these methods, microfluidic-based technology is divided
into two categories: (1) passive methods without external
sources and (2) active methods requiring external sources.
The mixing process is considered to be the most critical
step for producing NPs with desired physical and chemical
characteristics.>*’  Microfluidic ~ systems  have been
increasingly investigated as methods to efficiently tune
mixing. With exact control of parameters such as fluid
concentration ratio, flow rates, and temperature, the ability
to rapidly mix fluids in a homogeneous environment can be

This journal is © The Royal Society of Chemistry 2025

Sometimes fouling and channel clogging®*°
Diffusion of NPs in PDMS matrix**'
Not fully automated chip formation®?

improved, resulting in improved product quality.***>** Well-
controlled tunability of the nucleation rate, homogeneity
and physicochemical characteristics of NPs can be achieved
by systematically screening the parameters used for
micromixing in microfluidic devices.>**>**

As this precise control of NP properties requires a
continuous repetition of experiments to tune the flow
parameters accordingly, which leads to the waste of time and
resources, currently, microfluidic systems are being integrated
with artificial intelligence.**® Deep learning and machine
learning algorithms, artificial neural networks (ANN), and
advanced graphics processing units (GPU) have led to very
rapid structured data analysis to predict accurate complex
outputs.>”” Combining microfluidic chips with data-
acquisition instrumentation, along with multimodal
monitoring, can lead to advances in the field of online sensing
of NP properties.?*¢:248

5.1. Passive microfluidics

Passive microfluidic (PM) chips operate on the principle that
embedded micromixers function without any external sources
to aid the mixing process.>*’

This type of chip is particularly suitable for fabricating
NPs that are sensitive to external factors, such as thermal,
acoustic, and electromagnetic conditions. Various geometries
and techniques are employed to enhance the mixing of initial
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Table 4 NPs synthesis by different passive microfluidic techniques
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Passive microfluidic

method NP synthesised

Hydrodynamic flow

focusing 251

Liposomal NPs for cancer therapy

PEG-PLGA NPs for controlled drug delivery synthesized using a sudden expansion microreactor*>°

Hybrid NPs for enhancing blood flow and heat transport in stenosed arteries®>>

Micro vortices
ZnO NPs using spiral microfluidic reactor
Chaotic advection

Salicylic acid-functionalized Fe;0, core-shell NPs for applications in biomedicine and environmental remediation®**
254

CuO NPs for enhanced antimicrobial and antioxidant activities*>®

Cationic and stealth liposomes for high-throughput nanomedicine production synthesized using a 3D multihelical

chaotic-advection microfluidic device**®

Droplet-based methods

Calcium peroxide (CP)-based oxygen-releasing microgels for tissue engineering applications®’

Synthetic cells such as liposomes, polymersomes, and coacervate microdroplets for biomimetic and biomedical

applications®*®

Cell-encapsulating microcarriers for tissue engineering and regenerative medicine**®

fluids in passive microfluidics, making it a cost-effective and
efficient alternative to active microfluidic chips.

Four main methods are commonly used to enhance
mixing in passive microfluidic systems: hydrodynamic flow
focusing, vortex methods, chaotic advection, and droplet-
based methods. Table 4 provides examples of NP synthesis
using these different passive approaches.

5.1.1. Hydrodynamic flow focusing. In hydrodynamic flow
focusing (HFF), a core fluid in the centre of the channel is
sheathed by the fluid flowing along the sides to convert it
into a narrow stream (Fig. 8). There is always a very high flow
rate ratio (FRR), typically greater than 10, between the sheath
flow and central flow. A higher surface-to-volume ratio at the
core-sheath fluid interface and a higher concentration
gradient can be achieved with an increase in FRR. It also
leads to the compression of the core fluid flow due to the low
flow rate, which becomes responsible for a significant
reduction in the time required for mixing because of the
reduction of the required diffusion length. This improves the
quality and homogeneity of NPs, especially when they are
being synthesised by a bottom-up approach like
nanoprecipitation.”®® Isolation of the precipitation in
microchannel walls is a challenge for efficient mixing in 2D
flow focusing. 3D HFF provides a solution to this problem
whereby the central flow provides horizontal and vertical flow
focusing.

5.1.1.1. Coaxial tube micromixers. Two concentric capillary
tubes are used in this type of micromixer, which is
connected at the central flow terminal. The inner capillary
tube controls the central flow, while the outer tube
facilitates the sheathed or side flow (Fig. 8c). The central
flow size and pattern can be controlled by different
parameters, such as tube geometry, fluid physical properties
and FRR.>®® As the FRR is directly proportional to the flow
rate of the sheath flow, the flow in the central layer
becomes narrower and narrower, leading to the formation
of jetting flow. High-throughput coaxial tube micromixers
have been used for siRNA-polyelectrolyte polyplex NP
synthesis.>®> Au and Ag NPs have also been synthesized by
hydrodynamic flow focusing in coaxial tubes. The properties

3072 | Lab Chip, 2025, 25, 3060-3093

of these NPs can be tuned by controlling the mixing by
varying the diameters of co-axial tubes.>®®

5.1.1.2. Chip-based hydrodynamic flow focusing. Chip-based
flow synthesis is a cost-effective method due to its ease of
mass manufacturability. Chip reactors are primarily
fabricated wusing different techniques, such as soft-
lithography and replica modelling. Integrating additional
on-chip functions, including electrochemical and optical
sensors, as well as microheaters, is also possible.?** 2D HFF
in microfluidic systems is achieved through a horizontally
focused central flow.**® The most straightforward design
involves a core flow sheathed by two side fluid streams.>®®
Using this geometry, mixing can be made highly efficient,
with a mixing time of less than 50 ps. The sheath-flow
channel can have different orientations and be tilted to a
different inlet angle other than 90° to ensure stability in the
flow profile. 3D HFF can further improve the size
uniformity of the NPs by applying both horizontal and
vertical focusing at the same time (Fig. 8d). Different
techniques are used to make the 3D HFF system more
economical by reducing the number of layers. This method
is highly effective, fast, and economical as it does not
require complex fabrication techniques other than soft
lithography.>*”>®

Using 3D HFF, PLGA- PEG NPs with a size range of
50-150 nm have been successfully synthesised. HFF-based
microfluidic systems are capable of providing a robust
production rate for NP synthesis up to 288 mg h™* using
a single device, compared to conventional microfluidic
devices without HFF.**’ Doxorubicin (DOX/PCL) NPs with
a uniform size range of 120-320 nm with high drug
encapsulation efficiency between 48% and 87% have been
achieved using an HFF microfluidic device. Additionally,
the production process can result in highly stable
encapsulation efficiency of the DOX drug, as the release
profile of DOX/PCL NPs was sustained for 10 days at
pH 7.4.%7°

5.1.2. Vortices. Microvortices address the inefficiency of
slow diffusive mixing and the generation of undesirable
waste, such as polymer aggregates. Specific microstructures

This journal is © The Royal Society of Chemistry 2025
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diagram of 3D flow focusing, A: particles; B: sheath flow for vertical flow focusing; C and D: sheath flows for horizontal focusing adapted from

Copyright (2009) Royal Society of Chemistry.

and microchannel geometries lead to the formation of
mixing-enhancing vortices. These microvortices can be 2D
or 3D and have practical applications in NP synthesis with
desired characteristics. Anisotropic flow resistance can be
induced by placing ridges in microchannels with an
oblique angle. This anisotropic flow resistance generates
secondary flow across the cross-section of the microchannel
(Fig. 9a). To increase the surface-to-volume ratio and
concentration gradient, ridges are normally arranged in a
herringbone pattern. Based on theoretical and experimental
data, it can be concluded that the mixing length is far less
in cases of 2D vortices compared to diffusive mixing length
without a vortex.””* Microvortices form at the curved or
sudden expansion of microchannels due to mismatching
velocity in different portions of the fluid when the Re
number exceeds 1. The Re number, a dimensionless
quantity in fluid mechanics, represents the ratio of inertial
forces to viscous forces within a fluid flow. This indicates

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Schematic diagrams of a) single and b) double lamination-based HFF; c) schematic diagram of coaxial tube-based HFF; d) schematic
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that fluid inertia is more significant than viscous forces
when Re > 1. As the Re number increases, indicating a
greater dominance of inertia over viscosity, the vortices
become more intense.””?

Another  inertia-based  mixing  strategy is  the
introduction of secondary flow along the curved
microchannels. A Dean vortex is generated due to the
difference in inertia because of the parabolic velocity
profile, which leads towards fast central flow and slow
side flow. Dean vortices typically manifest as a pair of
oppositely rotating vortices, which direct outwards at the
centre of the microchannel while inwards near the bottom
and top walls. Due to the intrinsic helical chirality in 3D
vortices, self-assembly of molecules and hydrodynamic
chiral effects are also exerted.”’* The difference in flow

velocities between the microchamber and the main
channel creates laminar vortices (counterclockwise/
clockwise) in the opposite microchamber.?”> Microvortices
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Fig. 9 a) Schematic diagram of secondary flow in a microchannel; b) schematic cross-sectional view of a three-inlet microfluidic system used for
the synthesis of lipid—-polymer hybrid NPs with the help of microvortices adapted with permission from?”3 Copyright (2012) American Chemical

Society.
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Fig. 10 Schematic diagram of different shaped microchannels for better mixing a) zig-zag b) square c) serpentine shaped microchannels.

can deliver productivity 1000 higher compared to simple
diffusion-based mixing in the case of lipid-polymer NP
synthesis. An efficient microfluidic platform for NP
synthesis based on microvortices was proposed. It was
suggested that the NP size can be controlled by regulating
the mixing through microvortices (Fig. 9b).*”* D
microvortice-based microfluidic  platforms have been
employed for the synthesis of homogenous PLGA NPs with
tunable properties.*”®

5.1.3. Chaotic advection. Stretching and folding of
fluid that leads towards chaotic advection can also be
used in the microchannels to enhance mixing.?”’
Different kinds of geometries, e.g. spiral, zigzag and
serpentine, can be used to create chaotic advection that
leads towards the synthesis of NPs.””*?%° Fig. 10 shows
zig zag, square and serpentine-shaped channels that can
lead towards better mixing. Chaotic advection can also be
achieved by modifying the microchannel walls with
obstacles to disrupt the flow. Mixing, in the case of
staggered obstructions, is 5% higher than symmetric

3074 | Lab Chip, 2025, 25, 3060-3093

obstructions due to the cross-stream velocity component.
The efficiency of mixing is directly proportional to the
number of obstructions because of the increased
residence time in the region of obstruction. Obstructions
with large widths and depths can lead to a large turn of
the flow, generating higher secondary flow and leading to
a higher mixing efficiency. Radial baffles can also be
introduced in the curved-shaped microchannels to
enhance mixing. Baffled-based microfluidic chips have
been developed for the synthesis of silica NPs.*®»*%> The
chaotic advection principle can be combined with a split-
and-recombine principle for enhanced mixing. Efficient
mixing can be achieved over a large range of Re numbers
with the help of 3D convoluted channels.*®** Combining a
zig-zag channel path with a split-and-recombine
arrangement can lead to multiple mixing mechanisms,
including twisting, splitting, recombining, vortices and
transversal flows, and chaotic advection. This type of
arrangement can deliver 90% mixing efficiency with a
flow of 20 < Re < 0.9.>*
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Modifications in the microchannel wall are a very well-
established technique for chaotic advection creation when
the flow is laminar with a low Re number. Incorporating
slanted grooves and staggered herringbone grooves is
commonly used for modifying a microchannel wall, which
leads to transversal secondary flow. The stretching of fluidic
elements occurs in a transverse direction due to the inclined
orientation of the grooves about the channels. This increase
in fluid interface enhances mixing through diffusion.
Herringbone pattern-shaped microfluidic devices also provide
a very controllable and reproducible NP synthesis platform.
3D printing of herringbone patterns is also proposed for
lipid-polymer hybrid NP synthesis.>*®

5.1.4. Droplet-based methods. These methods are highly
efficlent and require low volume for screening and
analysis.”®® Multiple droplets are generated, which act as
individual reaction units. Droplet-based methods can work
under extreme conditions at high temperatures and in the
presence of aggressive reagents. Highly reproducible and
homogenous NPs with controllable size can be synthesised
using this method.”®” 1t is considered the most robust
fabrication method as it can synthesise drug carriers with
advanced features, such as multifunctionality and size
tunability. Multiple-step synthesis of NPs with a millisecond
timescale can also be performed using the droplet-based
microfluidics method.”®®  Three different kinds of
microfluidic structures are used to generate droplets: (1)

Tube 1 Tube 2
with with
Fluid A Fluid B

'

Tube 3
with
Fluid C
Droplet
generation at the
intersection of
coaxial tubes
(a)

View Article Online
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cross-flowing, (2) co-flowing, and (3) flow-focusing. Fig. 11
provides a schematic depiction of these three different
methods.

1. Cross-flowing is based on a T-junction with two
channels intersecting at a crossing angle of 90°. From the
side of the microchannel, a discrete phase is introduced into
an already running continuous phase. There can be different
orientations for the introduction of side flow, leading to
increased shear stress and accumulated pressure, converting
the discrete phase into droplets. Research has been done on
the dynamic behaviours of droplet formation in microfluidic
cross-junction devices using a two-dimensional numerical
model. It has been reported that the junction angle and
viscosity ratio significantly influence the droplet size and
frequency of generation, and these insights could be pivotal
for NP synthesis.*®’

2. In co-flowing, the discrete and continuous phases
are in a parallel manner and wuse either coaxial
microchannel geometries or 3D configurations of tapered
cylindrical capillaries that are inserted coaxially into
rectangular or cylindrical capillaries. Investigation has
been performed on the synthesis of Ag NPs in a coaxial
flow reactor, finding that factors such as the flow rate of
reagents and concentrations of trisodium citrate and silver
nitrate played significant roles in reducing the NP size
and dispersity, thereby affecting the resulting properties of
the NPs.>*°

Fluid 2 with
higher density e.g.

Sﬂimfoﬂ

\

Main N \ 3

Fluid "

Fluid 2 with
higher density e.g.
silicon oil
(b)
©

Fig. 11 a) Co axial tubes, b) hydrodynamic flow focusing, and c) cross-flow based droplet generation in microfluidic devices for NP synthesis.
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3. In a focusing structure, the discrete phase is
compressed into a thin stream surrounded by the continuous
phase at the inlet intersection. At the downstream, due to
interfacial instability, it subsequently breaks up into
droplets.>®"*** Droplets have been used from flow-focusing
structures for Au NP synthesis, and it found that NPs with
smaller sizes can be synthesised compared to co-flowing and
cross-flowing structures.>*?

5.2. Active microfluidics

External sources are involved in active microfluidic devices
along with different channel geometries for NP synthesis.
These external sources are mainly used to control the
mixing of reagents that leads towards the generation of
NPs with specific properties. In this section, six different
types of active microfluidic devices have been discussed
(Fig. 13). Table 5 summarises these six different active
microfluidic approaches with some examples of synthesised
NPs.

5.2.1. Centrifugal microfluidics. Centrifugal microfluidics
use centrifugal force to accomplish different unit
operations such as mixing, aliquoting and switching. In
this type of microfluidic-based method, intrinsic forces play
a vital role in the accomplishment of the process
mechanism. Pseudo-forces are those inertial body forces
acting on fluids or particles in rotating systems. In
centrifugal microfluidics, they arise from the centripetal
acceleration of the rotor and are, therefore, easily
controllable. Pseudo-forces comprise the centrifugal force
(F.), Coriolis force (Fc,), and Euler force (F).**> Fig. 12a
depicts different forces in such a kind of microfluidic
system. With the help of these forces, parallel batch-type

Table 5 NP synthesis by different active microfluidic approaches
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microreactors can be constructed to synthesise multiple
NPs on a single device. The simplicity and automatability
of this approach can lead to high throughput NP synthesis.
To better understand the process, normally, an imaging
system is accompanied by the centrifugal stand. Fig. 12b
shows a centrifugal microfluidic system with an integrated
camera and light sources. A novel high-throughput
synthetic platform was developed for producing diverse Au
NPs using an innovative centrifugal microfluidic device and
an automatic workstation, enabling 60 different reactions
in a single run without human interference. The system
efficiently varies NP morphologies via ascorbic acid
dilution,  optimizing  for  surface-enhanced Raman
spectroscopy, while a portable workstation ensures an
automated, cost-effective, and efficient NP synthesis
process.*® Centrifugal microfluidics are also employed for
the synthesis of Pd-Au-Pt core-shell NPs. Leveraging
unique microchannel design and passive valve structures,
the platform can simultaneously perform 60 different
reactions. By varying the ratio of Au to Pt in the catalyst,
they showed that an Au/Pt ratio of 0.5 resulted in the most
effective catalyst for H,O, production.**”

5.2.2. Pressure-driven microfluidics. In these microfluidic
devices, NP synthesis is achieved by controlling and enhancing
mixing through pulsatile flows, distinct from passive methods.
Unlike passive techniques, which rely on inherent properties
like diffusion, capillary action, or gravity for fluid movement,
this approach uses integrated planar micropumps to actively
create pulsatile flow. These micropumps, acting as external
pressure sources, generate rhythmic, pulsating fluid movements
that effectively mix the components, a key factor in NP
synthesis. This active method centred on pulsatile flows offers
more precise control over fluid dynamics compared to passive

Active approach ~ Working principle

NP synthesised

Centrifugal Centrifugal force, along with other pseudo intrinsic forces e.g.
microfluidics Coriolis force and Euler force

Pressure Pulsatile flow with the help of micropumps and microvalves
microfluidics

Thermal Thermal energy with the help of electrothermal effects, heat films
microfluidics and thermal bubbles

Electromagnetic ~ Electromagnetic field by employing a permanent magnet, integrated
microfluidics electrodes, electromagnets and magnetic stirrers

Acoustic Acoustic waves with the help of oscillatory microbubbles, sharp-edge
microfluidics structures, including oscillatory thin membranes, acoustic resonators,

and acoustic metamaterials
Electrically-driven
microfluidics

electroosmosis

3076 | Lab Chip, 2025, 25, 3060-3093

Electro-hydrodynamic (EHD), and electro-kinetic instability (EKI) with
the methods e.g. electrophoresis, dielectrophoresis, and

Au NP-based colorimetric sensor for
enantioselective detection of r-tryptophan®**

Cu hydride NPs for antitumor therapy®®
Finger-operated pumping based microfluidic
system for PLGA NP and liposome synthesis®*®
Microfluidic microreactor device with integrated
heaters for temperature assisted synthesis of Au
NPSZQ7

Ag NP-loaded alginate fibres for durable
antibacterial application*®

Magnetic carbon dot (M-CD) NPs for intelligent
fluorescence/colorimetric detection of
tetracycline®’

Chiral plasmonic Au NPs for rapid cancer exosome
isolation and analysis®*

Au NPs with the help of vibrating sharp-tip acoustic
mixing®**

Liposome NPs for cancer drug delivery®**
Chitosan NPs for effective oral drug delivery and
bone tissue regeneration®®?

Ag NPs for scalable nanofabrication and advanced
functional coatings®**

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 a) Pseudo-forces acting in centrifugal microfluidics. Centrifugal force (F.) always acts radially outward, the Coriolis force (Fco) acts
perpendicular to both » and the fluid velocity and the Euler force (Fg) is proportional to the angular acceleration. b) Centrifugal microfluidic system.

techniques.’®® This pulsatile flow assists in stretching and
folding the fluid, resulting in a high mixing index in the
microchannel.’® Two micropumps have been employed to
increase mixing which led to the generation of Fe,O; NPs within
15 minutes.>'® AuNPs are also been synthesized by coupling two
piezoelectric micropumps with a Y-shaped
microchanne This type of microfluidic system provides a

valveless
1 311

platform for very size-controlled NP synthesis. Software-based

approaches have also been used to optimise pulsatile flow in
312

pressure-driven micromixers.” - Velocity pumping can also be

Pressure driven Microfluidics

employed to disrupt the fluid flow and increase the contact area.
Pulsatile pressure in microchannels can also be generated
through a constant input of water head pressure.**?

5.2.3. Thermally-driven microfluidics.
effects,®** thermal bubbles,**® and increased diffusion
316 can be used to improve mixing by adding
thermal energy. Alternative current-based electrothermal
(ACET) effects, using staggered electrodes, have been used to
enhance mixing in microfluidic chips. To optimise NP
synthesis, a sequential micromixing platform has been

Electrothermal

coefficient

U

Thermally driven Microfluidics for

for NPs synthesis NPs synthesis
il
Active @ @

Centrifugal Microfluidics for
NPs synthesis

J

Electromagnetically driven
Microfluidics for NPs synthesis

Microfluidics for

/ NPs synthesis \

Electrically driven Microfluidics
for NPs synthesis

Acoustically-driven Microfluidics
for NPs synthesis

Fig. 13 Schematic description of NP generation in different passive and active microfluidic devices.
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developed using ACET. By adjusting the volume of each fluid
and the AC voltage, they achieved a highly controlled
synthesis process, resulting in NPs with improved dispersion,
morphological control, and regular shapes. This method
provided a promising alternative for complex chemical and
biochemical reactions.*”” Film heaters at the base of
microchannels can also be used in conjunction with
alternating current (AC) electrodes, for further enhanced
mixing efficiency. Experimental investigations have shown
that combining film heaters with AC electrodes can lead to a
mixing efficiency of 90%, compared to 87% mixing efficiency
by internal Joule heat without film heaters.*’® AuNPs have
been synthesized by integrating an induced graphene (LIG)
heater with a microfluidic chip. The LIG heaters are thin,
flexible and inexpensive and have shown a wide temperature
range, reaching a maximum of 589 °C with 15% laser power
and 5.5% scanning speed.’'® Recent research on thermally-
driven microheaters indicates that asymmetrically placed
microheaters result in significantly greater mixing due to
secondary crossflow and asymmetric vortex created by the
bubble collapse, compared to symmetrically arranged
microheaters along the downstream of the centre plane of Y-
320 Microheaters, along with thermal sensors,
can also be fabricated inside microchannels by injecting
conductive materials into the channels.**!

5.2.4. Electromagnetically driven microfluidics. Magnetic
field-based micromixers can be categorised into four types
based on their working principles: (1) permanent magnet
(PM), (2) integrated electrodes, (3) electromagnetic and (4)
microstirrers. PM-based micromixers offer advantages such
as flexible design, simple operating principles and the
absence of special integration within microfluidic platforms.
Mixing can also be enhanced by using a permanent magnet
rotating with magnetic microbeads orbiting around NiFe
discs. These orbiting microbeads result in fast mixing at low
Re numbers.*”® However, there are certain drawbacks
associated with PMs and electromagnets, as they tend to be
bulky and generate harmful heating effects on biological
samples. The usage of microfluidic devices consisting of two
layers with microfabricated magnets can address these
drawbacks.*** Mixing efficiency of approx 99% can be
achieved in the case of ferrofluid and deionised water by
combining a uniform magnetic field with horizontally
arranged microwires. Mixing is enhanced due to the
introduction of eddies, whose impact is directly proportional
to the number of microwires.**’ The mixing index also
increases when the magnet is placed closer to the
microchannel with a sinusoidal-shaped channel wall instead
of straight channels.*** Magnetic stirrers can also be used to
enhance mixing, particularly with fluids that exhibit
viscosities at low rotational velocities.*** Magnetically
actuated cilia, which typically consist of superparamagnetic
or ferromagnetic particles dispersed in magnetically non-
activated materials such as PDMS, also contribute to
enhancing the mixing.**>**> Recently, shape-programable
cilia have been introduced in microfluidics, demonstrating

micromixers.
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excellent improvement in mixing efficiency.**® Magnetic
microneedles in microchannels have been used for the
synthesis of chitosan NPs. Magnetic microactuators in a
PDMS microfluidic chip placed on a magnetic stirrer have
been used to increase mixing efficiency for the synthesis of
penicillin-loaded titanium oxide NPs.**’

5.2.5. Acoustically-driven microfluidics. Acoustofluidics,
which combines microfluidics and acoustics, is an emerging
research field with a wide range of applications. Acoustic
streaming in a microfluidic disc is induced by the interaction
between the solid and fluid in the viscous flow, resulting in
time-averaged nonlinear dynamics.*****° Acoustic streaming
offers unique benefits, as it can be manipulated with six
degrees of freedom, making it versatile.>*® Additionally, due
to its contactless nature, it is considered biocompatible.**!
Acoustic streaming can be highly precise, as waves can be
applied in a highly controllable manner. Various mechanisms
can be used to generate acoustic streaming. Microbubbles
can be energised by applying acoustic waves, and the mixing
time is directly proportional to the number of energised
bubbles.***  Oscillatory = microbubbles can  generate
microstreaming vortices, which can be used to increase
mixing in microchannels at very low Re numbers.**®> The
resonance frequency (F) can be applied to actuate the
microbubble increases as the bubble size decreases.*** Sharp-
edge structures, including oscillatory thin membranes, can
be used to generate an acoustic field similar to microbubbles,
enhancing mixing and pumping along the microchannels.**?
Rapid mixing for the synthesis of organic NPs has been
achieved using acoustic streaming at the boundaries by
coupling the energised bubbles with sharp edges.**® A
silicon-based oscillator positioned between two
microchannels has been used to generate DNA NPs.**” PLGA-
PEG NPs have been synthesised by using acoustofluidic discs
and demonstrated that high throughput, small size, and
uniformity are achieved as compared to the conventional
vortex-based microfluidic device.***

5.2.6. Electrically-driven microfluidics. Electrically-driven
micromixers are based on the principles of electro-
hydrodynamics (EHD)**® and electro-kinetic instability
(EKI).**° These micromixers use sources of AC or DC to
mobilise electrically charged fluid and disturb the fluidic
interface.*®®  Methods such as electrophoresis,®*
electroosmosis,® and dielectrophoresis®*® may be used in
such types of micromixers. An external electric field is
applied to generate electro-thermal vortices, which increase
mixing efficiency by enhancing convective diffusion.*** DC
voltage has also been used to generate in-plane vortices,
resulting in improved mixing efficiency.>>> EHD microfluidic
devices based on the nanoprecipitation process have been
proven highly efficient for NP synthesis.*® Electrophoresis,
which is the movement of non-conductive and conductive
particles in response to an external electrical field applied to
an electrolyte solution, can be used to increase mixing rates.
The use of conductive particles in the presence of a circular
conductive particle and an applied external electric field

This journal is © The Royal Society of Chemistry 2025
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induces vortices around the particle, enhancing mixing.**”
Electroosmotic flow can also be used for efficient mixing in
microfluidic devices as it effectively pumps fluids without the
need for additional mechanical pumping mechanisms.**?
Electroosmotic micromixers have successfully synthesised
gold NPs.**®

Dielectrophoresis is the movement of neutral particles caused
by an AC electric field. Bilateral motion of particles occurs due to
the formation of a dipole moment between electrodes, resulting
in stretching and folding of fluids and chaotic advection, thereby
increasing the mixing index. Similar to electrophoresis-based
micromixers, dielectrophoresis-based micromixers can employ
conductive particles to enhance mixing.

Recent advancement in microfluidics for NP synthesis

3D printed microfluidics. The convergence of 3D printing
and microfluidic technologies has opened new frontiers in
the controlled synthesis of NPs. These 3D printed
microfluidic chips enabled the production of liposome MPs
with tunable sizes and high stability by optimizing flow
parameters such as the total flow rate and flow rate ratio.**’
3D printed microreactors were also integrated with a UV-vis
diagnostic system. It enabled droplet-based, high-throughput
screening of Au nanoparticle synthesis. This system analysed
over 1000 droplets in under an hour, demonstrating how 3D
printed setups can rapidly optimize synthesis conditions
through automation and multivariate analysis.*®

Further advancing the field, hybrid systems combining 3D
printing with micromilling techniques were established. It has
enabled the design of impinging jet reactors (FIJRs) which offer
superior mixing, temperature control, and scalability. These
platforms have successfully produced colloidal Ag and FeO NPs
with  controlled during operation,
highlighting their robustness and fouling resistance.*®
Moreover, microfluidic chips fabricated for drug-loaded
polymeric NP synthesis such as PLGA loaded with pentamidine
demonstrated the potential of 3D printed systems to precisely
tune formulation characteristics for biomedical applications.
By adjusting flow rates and surfactant concentrations,
researchers achieved monodisperse nanoparticles with
therapeutic relevance and consistent performance.*®®

sizes continuous

Table 6 Advanced and hybrid microfluidic systems
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Altogether, these examples underscore the growing role of 3D
printed microfluidic systems as versatile, scalable, and high-
precision tools for nanoparticle synthesis in both industrial
and biomedical domains (Table 6).

Modular microfluidics. Modular microfluidic systems have
emerged as a transformative platform for the precise and
scalable synthesis of NPs. Their small reaction volumes and
excellent control over fluid dynamics enable highly tunable
reaction environments, particularly useful in the production of
functional nanomaterials. Recent advancements have shown the
strength of microfluidics in fabricating metal
electrocatalysts with tailored morphologies and electrochemical
properties, offering better control over nucleation, growth, and
reaction enhancement mechanisms.**® These systems allow for
efficient parameter optimization, real-time control, and
continuous operation key features for ensuring reproducibility
and structural precision in nanoparticle production. The
modularity of microfluidic setups further supports easy
integration and reconfiguration of components, making them
suitable for adapting to various synthesis protocols.

In drug delivery, modular microfluidics has proven equally
impactful. Hydrodynamic focusing within continuous-flow
microfluidic chips, such as PLA-based devices, enables the
single-step synthesis of lipid nanoparticles under uniform
conditions, resulting in consistent particle sizes (<200 nm)
ideal for biomedical applications.*®* This streamlined
approach not only enhances efficiency but also supports
rapid parameter screening for formulation development.
Additionally, microfluidic cartridge-based mixers (MCF) have
enabled scalable and purification-free layer-by-layer (LbL)
surface modification of NPs, essential for targeted and
controlled drug delivery. These modular systems facilitate
robust electrostatic assembly on diverse NP cores without the
need for excess materials or laborious post-processing.’®®
Overall, modular microfluidic systems stand out as powerful,
flexible, and scalable platforms for engineering next-
generation nanoparticles across both therapeutic and
catalytic domains (Table 6).

Intelligent microfluidics. Intelligent microfluidics has
emerged as an advanced approach for the design and

nano-

Microfluidic
technologies NPs synthesised
3D printed Ag NPs synthesized through high throughput continuous flow using a 3D helical microfluidic chip for enhanced
microfluidics flow-boiling heat transfer in electronic chip®**
Liposomal NPs synthesized for drug delivery applications using UV LCD 3D-printed microfluidic chips®*?
Modular Si NPs synthesized for photonic crystal applications®**
microfluidics PLGA nanoparticles (33-180 nm) synthesized for drug and vaccine delivery using a low-cost, modular capillary-based
microfluidic system®*®
Intelligent Coupling of machine learning with microfluidics for NP synthesis using RSM-differential evolution and RSM-NSGA-II
microfluidics enabled multi-objective optimization of micromixer design for enhanced mixing efficiency and energy reduction®*®

Intelligent microfluidics for PLGA nanoparticle synthesis using TGAN-augmented datasets and predictive models such as
decision tree, random forest, and deep neural networks enabled accurate NP size prediction and identification of key

synthesis parameters®*’

Au NPs synthesized for multiplexed point-of-care detection of cysteamine using an Al-enhanced lab-on-a-disc (AI-LOAD)

system®>®

This journal is © The Royal Society of Chemistry 2025

Lab Chip, 2025, 25, 3060-3093 | 3079


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc00194c

Open Access Article. Published on 06 May 2025. Downloaded on 6/14/2026 10:36:32 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical review

synthesis of NPs by leveraging artificial intelligence (AI),
machine learning (ML), and computational modeling
(Table 6). This integration of AI techniques into microfluidic
platforms allows enhanced control over NP characteristics
such as size, shape, surface charge, drug loading and release
efficiency parameters critical for applications in drug
delivery, biosensing, gene therapy, and diagnostics.

Recent advances include the application of data-driven
surrogate modelling and multi-objective optimization to refine
micromixer geometries, leading to more energy-efficient NP
synthesis. These systems have demonstrated over 80%
reduction in pressure drop and a 20% improvement in mixing
efficiency at low Reynolds numbers, significantly improving
the scalability and reproducibility of particle fabrication for
hydrogel engineering and therapeutic delivery systems.*>®

Machine learning algorithms—such as decision trees,
random forests, and deep neural networks—have been
employed for predicting and tuning the properties of
polymeric NPs. PLGA NPs have been modelled to achieve
high prediction accuracy in particle size and zeta potential,
with ensemble models like BAG-SVR and BAG-PR
outperforming traditional regressors.*>”2%¢

The convergence of Al with microfluidics is further evident in
the development of systems which integrates experimental
microfluidic data with random forest models to predict
nanomedicine attributes, including hydrodynamic diameter,
polydispersity index, and encapsulation efficiency. This
framework accelerates formulation development by enabling
user-defined design of NP systems.*® Similarly,
modelling combined with Latin hypercube sampling and data
assimilation has been successfully applied to the synthesis of Ag
nanoparticles, facilitating precise control over size prediction
and hydrodynamic conditions in microfluidic environments.*®”

The potential of intelligent microfluidics also extends into
diagnostic platforms. The Al-enhanced lab-on-a-disc (AI-LOAD)
system exemplifies this innovation, utilizing Au nanoparticles
and ML-based pattern recognition to enable multiplexed, rapid
colorimetric detection of cysteamine and structurally similar
biothiols from minimal whole blood volumes.**”® The
integration of AI and additive manufacturing has enabled real-
time tracking of droplets in droplet microfluidics by Al-
assisted fluid simulations, and the fabrication of complex
three-dimensional microfluidic architectures. This leads
towards more accurate modeling of multiphase flows and
designing more efficient microfluidic devices.**®

Moreover, Al-assisted formulation strategies are advancing the
design of smart, stimuli-responsive polymeric NPs capable of
controlled and targeted drug release. These innovations, rooted in
modern polymer chemistry and enabled by predictive modelling,
offer new opportunities for personalized nanomedicine.**

inverse

6. Current challenges and future
prospects

Although microfluidic  platforms provide a superior
alternative for NP synthesis, there are still a few challenges
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that need to be addressed to make microfluidic-based NP
synthesis more efficient. These challenges range from the
usage of the conventional world to chip connectors for
connectivity of microfluidic devices with the reagents’
reservoirs and tubing to the automation of the whole
synthesis process based on machine learning-based
predictive models. Further research in microfluidic systems
aims to automate testing, reduce user intervention to
minimise human error and increase NP replicability in
production.

Microfluidic platforms are primarily operated manually,
but there is a growing trend towards coupling microfluidics
with machine learning and optical probing. This integration
holds the potential for intelligent microfluidic devices,
revolutionising  nanomaterials, drug discovery, and
developmental biology. Integration of microfluidics with
artificial intelligence can be a breakthrough in the field of NP
synthesis with highly controlled desired properties. As
evident from the literature, controllable synthesis of NPs is
an area of great research interest, and this can enhance the
application of NPs, especially in the field of smart drug
delivery systems. To improve NP synthesis in microfluidics,
there is a need to investigate further the impact of mixing
parameters in microchannels on the properties of NPs. More
control during the mixing can easily lead towards better
control of NP properties. Machine learning has been coupled
with microfluidic based synthesis of PLGA NPs to study the
influence of different reaction parameters.’’® PLGA NP
production has also been optimized by combining design of
experiment and machine learning.*”’ A tabular generative
adversarial network has also been employed to predict NP
size in microfluidics.®”” These machine learning based
predictive models for NP properties have laid the foundation
for online sensing and automation of microfluidic based NP
production.

The widespread adoption of microfluidic devices has been
hindered by the high-cost and single-use nature of
microfluidic  connectors.  Different researchers have
introduced a variety of different types of microfluidic
connectors to address these challenges.’”**”® Universal and
versatile magnetic microfluidic connectors have also been
introduced.*”* Along with magnetic connectors, fast plug and
play mechanical connectors have also been developed for
efficient connections.’’®> Other than connecting the
microfluidic devices with the reservoir syringes, the overall
handling and use of microfluidic devices with such small
dimensions is also not an easy task. The micrometric scale
size of microchannels makes it difficult to clean channels
and often leads towards clogging. For instance, there are not
enough suitable standards for microfluidic accessories, such
as connectors, micropumps, and microvalves. This leads to
issues such as misalignment, blockage, leakage, degradation,
and dimensional errors. Furthermore, accurate methods for
real-time flow rate fluctuation measurement, specifically for
passive microfluidic devices where flow rate is critical, are
lacking. This additional equipment, such as temperature

This journal is © The Royal Society of Chemistry 2025
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sensors, ultrasound systems, magnetic fields and automated
syringe pumps, adds an extra cost to the microfluidic-based
NP synthesis system. Scalability of NP synthesis through
microfluidics is also the main industrial challenge. These
systems are typically characterised by very small reaction
volumes and low flow rates, which results in very limited NP
throughput. Complex fluid dynamics and control systems
involved in microfluidic devices can be difficult to replicate
and maintain while working with large volumes. Integrating
microfluidic ~ systems into  existing pharmaceutical
manufacturing processes and infrastructures can also be very
challenging. Adapting and aligning this technology with
current NP synthesis systems, quality control standards, and

regulatory  requirements ~ may  require  significant
modifications to the production setup and additional
validation.?”®

Different strategies have been used to overcome this
challenge for scaling up the NP synthesis in microfluidics.
Scaled-up synthesis of hollow Au NPs using both batch and
microfluidic approaches has been investigated. It has been
found that the microfluidic approach offers a 10-fold increase
in the throughput of hollow Au NPs with the same desirable
features by increasing the diameter and length of the
microchannels.’”” A more appealing and practical approach,
rather than increasing channel size, which can impair heat
and mass transfer, is parallelisation, where multiple
microfluidic reactors are operated simultaneously on a single
microfluidic chip. A scalable parallelised microfluidic device
featuring an array of 128 mixing channels was employed for
lipid-based NPs. This innovative device incorporated an array
of staggered herringbone micromixer channels and flow
resistors to operate simultaneously. This approach resulted
in a 100-fold throughput of lipid-based NPs compared to
single microfluidic channels without compromising the
desired properties of the lipid-based NPs.>’® In recent years,
there has been a significant increase in potential microfluidic
devices, as reflected in the rising number of patent
submissions to the US Food and Drug Administration.
However, the lack of regulation and standardisation in
microfluidic-based platform design has impeded the
commercial success of these devices.

This gap has created a strong demand for universally
accessible tools and software to evaluate microfluidic devices
consistently. The microfluidic research community faces the
challenge of establishing well-defined standards, which are
essential for facilitating communication among various
microfluidic professionals (i.e., academics, researchers, and
industry) throughout different stages of product
development. Addressing this challenge is crucial for
mitigating a wide range of problems.

Overall, microfluidic technology revolutionises NP
synthesis by overcoming the limitations of conventional
methods—reducing sample loss, streamlining lengthy
procedures, and eliminating the need for costly, multi-step
equipment. By enabling precise control over NP
characteristics, microfluidic platforms pave the way for highly

This journal is © The Royal Society of Chemistry 2025
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efficient and targeted drug delivery systems, setting new
standards in biomedical applications.
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