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A B S T R A C T

Microfluidics is an innovative approach for manufacturing nanoparticles in a precise and controllable manner. 
However, the experimental optimization of microfluidic nanoparticle fabrication faces challenges related to the 
intricate interplay of various process parameters within the microscale environment. The integration of exper
iments and computational fluid dynamics (CFD) offers a synergistic approach that allows the researchers to 
validate and optimize theoretical models with real-world experimental models, enhancing the precision of 
nanoparticle synthesis and facilitating the design of more efficient microfluidic systems. This review provides a 
critical analysis of the current state of knowledge on recent advances of numerical investigations for nanoparticle 
synthesis using microfluidic-based methods. In particular, an overview of CFD assisted studies for microfluidic 
production of nanoparticles is presented, whilst their advantages and limitations are discussed. The importance 
of numerical modelling using CFD on the understanding of droplet generation, mixing and reaction mechanisms 
and how these phenomena are associated with nanoparticle nucleation and growth are highlighted. Different 
microfluidic-based approaches to produce uniform nanoparticles are presented and the most promising tech
niques are identified and discussed in detail. Both passive and active mixing microfluidic strategies are 
considered, highlighting their impact on nanoparticle formation. A comparative study of experimental and nu
merical approaches is performed to provide a better understanding of the droplet breakup mechanisms and the 
influence of physicochemical parameters on the size and shape of the produced nanoparticles. The review 
confirms that adoption of CFD simulations can be beneficial to identify critical flow conditions and reaction 
zones, which are essential for controlling the synthesis of nanoparticles. Finally, by systematically integrating 
CFD with experimentation, it will be possible to translate microfluidic nanoparticle synthesis into scalable and 
industrially viable technologies.

1. Introduction

Owing to their novel properties and potential applications, nano
particles (NPs) have attracted increased attention in several fields, with 
the most popular being environmental, biomedicine, and electronics. 
Nanoparticle-based therapeutics become increasingly available to 
healthcare systems, since nanometre-sized particles are exceptional 
candidates as delivery vehicles in pharmaceutical industries, due to the 
subcellular particle size, good biocompatibility, and controlled release 
characteristics [1,2]. The global healthcare nanotechnology market was 
estimated at $316 billion in 2023 and is growing at a CAGR (Compound 
Annual Growth Rate) of 15.1 % to reach $556 billion by the end of 2027 
with a total of 48 nanotechnology-related products being regulatory 

approved and another 299 being in pre-clinical stage [3]. Amongst 
them, lipid nanoparticles (LNPs) loaded with mRNA molecules, have 
already been used in vaccines by Moderna and BioNTech/Pfizer to treat 
diseases, such as acute respiratory syndrome coronavirus 2 (SAR
S-CoV-2) and are already available in the market [4]. Nevertheless, the 
commercialization of nanoparticle- based therapeutics faces major 
challenges such as lack of quality control, efficient product purification, 
scalability, high manufacturing cost, product biocompatibility and 
toxicity, and therapeutic capacity.

The nanoparticles’ structure and composition can significantly vary, 
depending on the materials used, which can be organic (such as lipids 
and polymers) or inorganic (such as silica and gold) [5]. Many studies 
have already extensively reviewed the types of nanoparticles used for 
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drug delivery applications [6–8]; therefore, a detailed discussion of 
these is beyond the scope of the present work. The most commonly used 
synthesis methods include nanoprecipitation, high-shear homogeniza
tion, microemulsion, solvent injection and emulsification-solvent 
evaporation, which have been extensively described for different par
ticle types [6–8]. The synthesis techniques typically involve two 
fundamental steps, i.e., nucleation and growth (Fig. 1A). Various theo
retical frameworks have been developed to describe these processes 
[9–11], including the Classical nucleation and growth theory, the LaMer 
mechanism, the Ostwald ripening and Digestive Ripening, and the 
Finke-Watzky two-step mechanism. Table 1 provides an overview of the 
synthesis methods for polymeric, lipid-based, and inorganic nano
particles, along with the theoretical models that describe their forma
tion. Most of these methods are typically implemented in conventional 
batch systems, where nucleation and growth occur simultaneously [10]. 
The lack of control over the process stages, such as emulsion-solvent 
evaporation (Fig. 1B) during conventional bulk production processes, 
creates problems such as polydispersity, poor reproducibility, and a lack 
of precision in constructing sophisticated structures [12]. In contrast, 
the synthesis of nanoparticles in microfluidic devices via nano
precipitation and emulsification enables decoupling of the nucleation 
and growth steps and accurate manipulation of process parameters. 
Microfluidics has emerged as a new approach to generate reproducible 
nanoparticle formulations and to address the challenges of current batch 
methods. Through increasing the surface area-to-volume ratio by several 
orders of magnitude, microfluidics provides rapid and uniform mass and 
heat transfer rates within the system [13,14]. Microfluidic devices are 
ideal candidates for the preparation of high-quality nanoparticles, 
providing high homogeneity, reproducibility, accurate control of reac
tion conditions, fast mixing, and low reagent consumption, as well as 
simplified fabricating processes [13].

Several review articles summarizing microfluidic methods for 
nanoparticle fabrication have been reported in the literature, providing 
an overview of existing microfluidic systems, and reaction mechanisms 
for the synthesis of various nanocarriers, such as lipid-based, polymer- 
based, protein-based, and inorganic formulations [10,15–29]. High
lighting the importance of microfluidic geometry, these articles describe 
how different microreactor configurations can improve the efficacy of 
drug delivery and generate nanoparticles of uniform size in a 

reproducible manner. These review articles cover issues related with 
microfluidics, such as scale-up and fouling, and emphasize the need to 
accurately control and predict the flow patterns and physicochemical 
properties of the synthesized nanoparticles. Even though the use of 
microfluidics is at an advanced stage for nanoparticle synthesis, more 
insight needs to be provided on micro-scale production to obtain 
well-designed drug delivery systems. One of the most promising tools for 
future approaches is the utilization of numerical simulations, such as 
computational fluid dynamics (CFD) approaches, to optimize nano
particle characteristics.

The current review focuses on the CFD methods applied to optimize 
fluidic conditions in microfluidic systems during nanofabrication. 
Recent advances in the field will be described in detail. The microfluidic 
techniques applied for nanoparticle synthesis will be described and the 
methods used to capture particle nucleation and growth will be 

Fig. 1. (A) Progress of nanoprecipitation and nanoparticle (organic structures) formation represented by the distribution of solute concentration, (B) Batch-based 
production of polymer nanoparticles using emulsion diffusion method, (C) Nanoparticle formation in i) single-phase and ii) multiphase microfluidic systems.

Table 1 
Summary of methods and mechanisms for polymer, lipid and inorganic nano
particle synthesis.

Type of 
Nanoparticle 
type

Polymer Lipid-based Inorganic

Common 
synthesis 
methods

Nanoprecipitation, 
Emulsification/ 
Solvent 
evaporation, 
Solvent 
displacement

High-shear 
homogenization, 
Microemulsion, 
Solvent injection, 
Ultrasonication

Wet chemical 
synthesis (e.g., sol- 
gel, 
nanoprecipitation), 
thermal 
decomposition

Nucleation 
mechanism

LaMer Crystallisation, 
self-assembly

Lamer mechanism, 
Classical Nucleation 
Theory (CNT)

Growth 
mechanism

Diffusion-limited 
growth

Coalescence Ostwald ripening, 
diffusion

Theoretical 
models

Lamer, Population 
Balance Model 
(PBM), Classical 
Nucleation Theory 
(CNT)

Classical 
Nucleation 
Theory (CNT), 
Population 
Balance Model 
(PBM),

Lifshitz-Slyozov- 
Wagner (LSW) 
model, Classical 
Nucleation Theory 
(CNT), Finke- 
Watzky model

Applications Targeted drug 
delivery, controlled 
drug release

Delivery of mRNA 
and siRNA, Gene 
therapy

Catalysis, 
Biosensors, 
Biomedical Imaging
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provided. Subsequently, the importance of incorporating computational 
methods to analyse nanoparticle formation in microfluidic conditions 
will be highlighted. Overall, this article will provide insights into the 
flow dynamics within microfluidics systems, as predicted by CFD sim
ulations, which enable precise control over nanoparticle synthesis.

Although polymeric, lipid-based, and inorganic nanoparticles are 
often grouped together as drug delivery carriers, their synthesis mech
anisms and CFD modelling requirements differ significantly. Polymeric 
systems are typically prepared through nanoprecipitation or emulsifi
cation, where CFD is mainly used to analyse solvent-antisolvent mixing, 
diffusion-limited growth, and the effects of flow rate ratio on particle 
size distribution [30]. Lipid-based formulations, rely on the 
self-assembly of amphiphilic molecules into bilayers or liposomes, with 
CFD to capture interfacial dynamics and amphiphile packing; coupling 
with population balance models (PBMs) is particularly useful for pre
dicting vesicle size distributions [31]. Inorganic nanoparticles such as 
gold, silica, or iron oxide are generally produced through crystallisation 
or sol-gel reactions, where nucleation and growth are dominated by 
thermodynamic and kinetic factors (e.g., Ostwald ripening) [31]. For 
these systems, CFD resolves concentration and temperature gradients 
that drive supersaturation, while integration with kinetic models pro
vides insight into crystallite size and morphology.

Taken together, this comparison underscores that while microfluidic 
flow control is central across all three classes, the dominant physico
chemical processes, and thus the CFD strategies required, are material- 
specific. This suggests that future CFD studies should tailor model se
lection (e.g., continuum vs multiphase vs coupled CFD-PBM) to the 
nanoparticle type, rather than adopting a one-size-fits-all framework.

2. Microfluidic fabrication of nano-drug delivery systems

2.1. Nucleation and growth modelling

In nanomedicine-based therapy, NPs are used as carriers for deliv
ering drugs, small interfering RNAs (siRNAs), and small molecular 
proteins. Their drug loading efficiency, controllable drug release, 
cellular toxicity, and stability are significantly affected by particle size, 
size distribution, shape, and composition [32]. Nanoparticle synthesis in 
microfluidics is achieved through precipitation from liquid solutions, 
which is described by the classical theory of nucleation and growth [11]. 
This process occurs when one solution, containing monomers, is mixed 
with an antisolvent and causes sudden changes in critical conditions, 
such as concentration or temperature, creating a supersaturated condi
tion [10,11]. Classical nucleation theory (CTN) provided a foundational 
framework for the understanding of crystal nucleation and growth, 
where nucleation is considered to proceed through a single energy 
barrier [33]. The high Gibbs energy of a supersaturated solution triggers 
nucleation, where the monomers form a new structure of low energy 
(nuclei) which is thermodynamically favourable [10]. The total free 
energy (ΔG) in this system, is given by: 

ΔG = 4πr2γ +
4
3

πr3ΔGv (1) 

where γ is the surface energy, r is the radius of a spherical particle and 
ΔGv the crystal-free energy given by: 

ΔGv =
− kBTln(S)

v
(2) 

where kB is the Boltzmann’s constant, S the degree of supersaturation in 
the solution and v its molar volume [9]. The rate of nucleation (dN/dt) 
can be expressed by the Arrhenius equation by: 

dN
dt

= Aexp
[

−
16πγ3ν2

3kB
3T3(lnS)2

]

(3) 

where A is the pre-exponential factor and T is the temperature. Based on 

this equation it is indicated that nucleation depends on the temperature, 
the degree of supersaturation and the interfacial tension [34]. When the 
radius of a nucleus reaches to a critical value, rC, ΔG has a maximum 
value (energy barrier). At this point, the particles start to grow to reduce 
the free energy and reach a stable condition. Subsequently, growth of 
the NPs occurs, where monomers integrate into the surface of the nuclei, 
which may aggregate in case of insufficient stabilization of the formed 
NPs, resulting in further increase of the particle size [10,11]. Based on 
the classical growth theory, the growth of particles depends on the 
monomer’s diffusion (Eq. (4)) to the surface or the surface reaction (Eq. 
(5)) and is modelled by: 

dr
dt

=
Dv
r

(Cb − Cr) (4) 

dr
dt

= kv(Cb − Cr) (5) 

where r is the particle radius, k is the rate of surface reaction, Cb is the 
bulk concentration of monomers within the solution, D is the diffusion 
coefficient and Cr is the solubility of the particle [9].

2.2. Particle tracking and flow visualization in microfluidic systems

The development of microfluidic systems offers a new approach for 
precisely manipulating the manufacturing process and can be used to 
synthesize NPs in a highly controlled and reproducible way [3]. 
Controllable fabrication is enabled through real-time visualisation of the 
flow characteristics through various experimental techniques, such as 1) 
transmitted microscopy, 2) confocal microscopy (CLSM), 3) fluorescent 
microscopy, 4) microscopic particle image velocimetry (micro-PIV), and 
5) Raman spectroscopy [35]. The most used method for focusing on a 
specific area in a micromodel at high resolution is incorporating 
high-speed cameras coupled with transmitted or reflected microscopes 
to capture images and videos of the flow (Fig. 2A). The CLSM and 
micro-PIV methods can be used for fluid and particle velocity mea
surements. The CLSM technique is used for high resolution requirements 
and observed displacements over a length scale less than the optical 
diffraction limit, while the PIV requires the fluid to be tagged with tracer 
particles that illuminate when subjected to a laser source (Fig. 2C). 
Similarly, in fluorescent microscopy, the fluid is dyed with fluorescent 
dye and a light source is utilized to excite the molecules, coupled with a 
digital camera to capture the light (Fig. 2B). However, this method is 
used for concentration measurements of the target analyte. For more 
detailed information on the kinetics, thermodynamics and mass trans
port of chemical structures, the Raman spectroscopy is applied, where 
the vibrational modes of molecules are measured (Fig. 2D). Even though 
these techniques have been widely applied for quantitative and quali
tative analysis of the microfluidic systems, the insights provided are 
limited. This is due to advantaged attributed to each experimental 
technique, such as slow analysis speed, weak detection signals, over
lapping of two imaged fields, excess fluorescence excitation, low sensi
tivity, short optical path length and lack of information for components 
that are out of plane in 2D measurements [36,37].

2.3. Nanoparticle production in single-phase systems

Microfluidics can be classified into single-phase and multiphase 
systems (Fig. 1C) [20]. In single-phase systems, nanoparticles are 
formed through precipitation. This is achieved through molecular 
interdiffusion in laminar flow streams, while chaotic advection can be 
generated to increase the interface between the fluids and improve 
mixing performance [42]. The mixing inside the microdevices can be 
improved either by using external energy (active design) or by creating 
secondary flows through complex geometrical patterns (passive design) 
[43]. Due to their ease of fabrication, passive microdevices have been 
widely used for nanofabrication. Commonly used passive designs 
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include T- or cross-shaped junctions (Fig. 3A and B), where the two 
phases are introduced through side channels to the main structure. Ex
amples of more sophisticated designs include baffle mixers (Fig. 3C), 
which consist of repeated rectangular objects attached to the side walls 
of the channel, and staggered herringbone channels, which consist of 
V-shaped ridges (Fig. 3D). Currently, the majority of the research fo
cuses on the development of microfluidic systems that allow rapid 
production of multifunctional nanoparticles with controllable proper
ties. Therefore, attempts have been made to control the nanoparticle’s 
nucleation and growth by adjusting the mixing time [44]. It has been 
shown that the mixing time is quadratically associated with the channel 
width and the flow rate ratio of the flows [42]. The smallest particle sizes 

with good monodispersity are achieved when the mixing time is shorter 
than the nucleation time of nanoparticles [20]. Taking advantage of the 
small dimensions, microfluidics can greatly reduce the mixing time to 
milliseconds in the nucleation stage of NP synthesis [42].

Many continuous flow-based microfluidic systems have been 
employed to assess the quality of the nanoparticles, specifically their 
size, particle dispersity, and their ability to encapsulate bioactive com
pounds (i.e., encapsulation efficiency). The effects of the most dominant 
variables such as the total flow rate, flow rate ratio, composition of the 
solutions and reaction time on the desired properties have been thor
oughly examined. Easily fabricated conventional structures of passive 
micromixers have been implemented, such as iLiNP devices (invasive 

Fig. 2. Experimental methods for microfluidic flow visualization: (A)High-speed camera image of multiple droplet generation in microfluidic capillary tube [38], (B) 
Experimental setup for Laser Induced Fluorescence (LIF) measurements and images of the plug formed in a 200 μm quartz microchannel [39], (C) Experimental setup 
of Micro-PIV system and obtained velocity/microvortex profiles of two merging microdroplet [40], (D) Experimental setup of micro capillary device in-line with 
optical system and Raman spectra of the organic phase [41].

Fig. 3. Commonly used microfluidic structures for nanoparticle generation in continuous flow (single-phase systems) and segmented flow (multiphase systems).
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lipid nanoparticle device) [45–47], which have a baffle mixer structure 
(Fig. 4A). Other passive designs include Y-shaped and curved or 
serpentine channels (Fig. 4B and C) [48–54], multi-vortex mixers 
(Fig. 4D), novel designs with multiple inlets [55–60], and capillary 
columns (Fig. 4F) [61,62]. In most cases, the nanoparticles generated 
are characterized by low polydispersity index (PDI) (PDI < 0.3) and 
size-tunable properties (< 200 nm), showing high dependence on the 
operating conditions, such as the channel geometry, residence time, and 
flow rates. However, it has not yet been fully understood how these 
operating conditions affect the resulting particle properties. Considering 
the high dose demand for nanoparticles in each therapeutic application 
and the inherent limitation of microfluidic devices to process large 
quantities, more studies should focus on developing scaling up strategies 
to increase the throughput of microfluidic systems, while maintaining 
accurate fluid handling and control. High throughputs (e.g., 320 
mL/min) are achieved either by parallelizing devices (Fig. 4E) or by 
increasing the flow rate under chaotic advection conditions [55,57,59]. 
Recently, Giorello et al. [63], reviewed current microfluidic platforms 
utilized to develop scalable processes and suggested that a combination 
of both parallel devices and high total flow rates would be a promising 
strategy to increase productivity [63].

2.4. Nanoparticle production in multiphase systems

The synthesis of nanoparticles in multiphase systems occurs in 
discrete segments, created by two or more immiscible phases [69]. 
Depending on the interaction between the phases, droplets, slugs, or 
annular flows can be generated. Droplet-based microfluidics has been 
widely used for drug delivery applications, enabling the synthesis of 
highly monodispersed nanoparticles with controlled physicochemical 
properties. The droplets are isolated from each other and the channel 
walls, reducing the risk of channel clogging and improving the 
controllability of heat and mass transfer and reaction kinetics [70]. This 
technique not only enables biomolecule encapsulation into discrete 
droplets but also generates micro-carriers with high drug-loading ca
pacity and sustained drug release, by modifying the internal structure of 
the droplets [71].

Droplet formation depends on the competition of interfacial tension 
and viscous shear stress at the interface of the two phases (Fig. 5A) [20,
72]. The shear stress, associated with the viscosity and the flow rate of 
two phases, determines the size of the droplets [73]. Depending on the 
wettability effects (Fig. 5B), the two phases can be discretised into the 
continuous phase, which is the fluid that completely or partially wets the 
microchannels, and the dispersed phase, which has no contact with the 
walls of the channel. Droplet generation and manipulation in micro
fluidic devices can be either active, requiring an external force, such as 

Fig. 4. (A) 3D view of iLiNP device with 20 baffle mixer designs to prepare 10 nm siRNA-loaded lipid nanoparticles. The device has 200 μm width and 100 μm height 
[64], (B) Staggered Herringbone micromixer (SHM) with a Y-shaped design and sequential regions of the herringbone structure to prepare poly(lactic-co-glycolic 
acid) copolymer (PLGA) nanoparticles [65], (C) PDMS iLiNP device with three inlets with straight structure and long channels [45], (D) Multi-inlet vortex mixer 
(MIVM) with 4 straight inlet channels fabricated with stainless steel. The two inlets of each phase are opposite, and the device is used for encapsulation in liposomes 
[66], (E) Parallelised microfluidic device with ladder design including 4 rows of 32 mixing units and flow resistors. The mixing unit has a staggered herringbone 
structure and is used to produce lipid nanoparticles [67] (F)3D-coaxial-flow microfluidic device consisting of two coaxial glass capillaries used to produce celecoxib 
NPs [68].
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electric, magnetic, or acoustic force, or passive. In the case of passive 
designs, pressure-driven microdroplet generators are implemented, such 
as T- or Y-shaped (Fig. 3E) junctions and flow focusing junctions 
(cross-shaped) (Fig. 3F), integrated in serial and parallel manners, or 
capillary tube microreactors (Fig. 3G) constructed by assembling 
co-axially capillaries into tips with orifices of specific sizes [10,14]. A 
cross-shaped junction provides better control over the generated drop
lets than a T-shaped junction since the dispersed phase is symmetrically 
sandwiched by two streams of the continuous phase [74]. So far, the 
most efficient droplet-based devices for nanoparticle formation are 
chip-based flow focusing and capillary-based devices [12]. Microfluidic 
devices can be made of polymer, providing ease of fabrication, or glass 
which shows limited flexibility in the channel design [74]. However, 
glass devices provide better compatibility with organic solvents 
compared to most of the polymer microchips. Changing the material in 
each microfluidic system can alter the surface wettability, which pro
vides nanoparticles with diverse properties according to their targeted 
therapeutic application.

Droplet-based microfluidics shows significant benefits compared to 
chaotic mixing by eliminating the need to control complicated flow 
patterns and minimizing dilution, and contamination problems [71]. 
Droplets can be used as microreactors for nanoparticle nucleation and 
growth and their properties (size, uniformity) can be controlled by 
optimizing the microfluidic design, the reagents, and the flow conditions 
[21]. Despite the numerous advantages, studies examining droplet 
generation for therapeutic applications are limited. In most of them, 
passive designs with multiple inlets (Fig. 5C) and capillary-based tubes 
(Fig. 4F) are used to increase productivity, allowing for redesign of the 

tip dimensions in combination with other variables such as the flow rate 
ratio to control the droplet size [75–78]. Even though the droplet 
properties significantly affect the final particle properties, limited in
formation is available regarding the mechanism underlying this process.

2.5. Active microfluidic mixing systems

While Sections 2.3 and 2.4 focused on passive microfluidic systems 
(single and multiphase), recent advances also highlight the role of active 
micromixing strategies, which use external forces to further enhance 
control over nanoparticle synthesis. Common actuation methods include 
acoustic, ultrasonic, electrokinetic, magnetic, and pneumatic forces. 
Although they are generally more effective than passive strategies, the 
need for additional components increases system complexity and cost, 
which can limit practicality and commercial translation [85]. A widely 
used approach is acoustic micromixing based on the inverse piezoelec
tric effect, where electrical signals generate mechanical vibrations. The 
mixing mechanism depends on the applied frequency: at low frequencies 
(<200 kHz), acoustic cavitation occurs, producing turbulence and 
vortices that enhance mixing, while at higher frequencies (>1 MHz), 
cavitation is absent and mixing is promoted by acoustic streaming and 
radiation forces, which disrupt laminar flow [31]. For example, Huang 
et al. (2019) used a PDMS microdevice combining acoustic actuation 
with sharp edges to produce PLGA and chitosan nanoparticles (Fig. 6A) 
[86]. By changing the frequency (~4 kHz) and edge length, they ach
ieved particles of 88.6 nm with a PDI of 0.13. Similarly, Pourabed et al. 
(2022) designed a multilayer microfluidic device consisting of a silicon 
wafer sandwiched betweentwo PDMS layers and bonded to a 

Fig. 5. (A) Forces involved in the droplet formation in a microfluidic flow-focusing junction [79], (B) (1) liquid droplet on a flat surface with the contact angle θγ, 
where γlv is the liquid-vapor interfacial tension, γsl is the solid-liquid interfacial tension and γsv is the solid-vapor interfacial tension [80](2) Double droplet consisting 
of phase A and B with their contact angles θ and interfacial tensions γ [81], (C)PDMS microfluidic device for droplet-based synthesis of polymer nanogels with flow 
focusing junctions [82], (D) a) Three microfluidic capillary tubes co-axially assembled for the preparation of triple emulsions b-d) High speed images of the emulsions 
produced in the first, second and third stage respectively [38], (E) PDMS microfluidic device for synthesis of iron oxide nanoparticles through droplet generation. It 
consists of four inlets. Droplets are produced in a flow focusing X-junction and are carried to the outlet through a meandering channel of 220 mm [83], (F) 
Microfluidic design for PLGA particle synthesis from droplets and solvent extraction method, including a flow focusing junction [84].
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piezoelectric disk (Fig. 6B). In this design, fluids flow from the bottom 
channel through the silicon substrate into the top PDMS layer, where the 
silicon is etched into a circular “lotus” arrangement of sharp edges. 
Operating at high frequency (~680 kHz), this system produced PLGA 
nanoparticles of 52 nm with a PDI of 0.44 [87].

Electrical micromixers represent another class of active devices, 
where embedded electrodes apply DC or AC fields to drive fluid motion. 
Mixing can occur via electrohydrodynamic (EHD) instabilities between 
fluids of different properties, or via AC electrothermal (ACET) effects in 
which local heating generates vortices. Using this approach, [88] syn
thesized cationic, anionic, and neutral liposomes in a PDMS-gold elec
trode system (Fig. 6C) [88]. Neutral DPPC-cholesterol liposomes 
averaged 126.7 ± 0.7 nm, while cationic and anionic liposomes were 
91.8–109.1 nm and of 100.4–114.6 nm, respectively.

Active designs have also been applied for inorganic nanoparticle 
synthesis. Wang et al. [89] synthesized CdS quantum dots using a 
pneumatic microfluidic device with an “S”-shaped mixing chamber and 
vibrating diaphragm driven by compressed nitrogen (Fig. 6D) [89]. 
Incorporating sodium polyphosphate produced smaller and more uni
form quantum dots than conventional co-precipitation under magnetic 
stirring.

Importantly, CFD is increasingly used to model the multiphysics in
teractions underpinning active micromixing, including acoustic 
streaming, electrohydrodynamic instabilities, and thermal gradients. 
Such models enable prediction of optimal actuation frequencies, elec
trode configurations, and device geometries, complementing experi
mental studies. Overall, active microfluidic mixers offer enhanced 
control of particle size and polydispersity compared to passive systems, 
though their performance depends strongly on the actuation method and 
device material.

3. Numerical modelling of microfluidic-assisted nanoparticle 
formation

A thorough understanding of the flow characteristics and transport 
phenomena during nanoparticle growth is necessary to better control 
the process in microfluidic systems. Considering the limitations of the 
current experimental methods used for flow visualisation, 

Computational Fluid Dynamics (CFD) has evolved as a powerful nu
merical tool to offer insights into the flow characteristics in complex 
geometries. It has been widely used to describe and model hydrody
namic and thermal phenomena and consequently to optimize process 
design and operation [30,90]. CFD provides additional information on 
mixing mechanisms and droplet formation which would otherwise 
require advanced experimental studies, such as laser-based optical di
agnostics. Accurate predictions on the concentration, velocity, and 
pressure profiles are used to identify the operating conditions that 
mostly impact the performance of the device and therefore facilitate 
optimal design of each microfluidic system [91–94]. An important 
consideration for translation to industrial practice is the interplay be
tween CFD simulations and experimental validation, particularly for 
process scale-up. While experimental studies remain indispensable for 
validation, CFD allows systematic evaluation of operating conditions 
and device geometries that are difficult to perform experimentally [95,
96]. When combined, these approaches enhance process controllability, 
accelerate optimization, and reduce development costs, thereby facili
tating the translation of microfluidic systems to higher throughputs. This 
integrated strategy creates a predictive framework for scale-up, enabling 
computational pre-screening of designs and operating windows before 
experimental implementation.

The most common numerical methods used in CFD studies are the 
finite element method (FEM) and finite volume method (FVM) [97]. In 
the case of immiscible two-phase systems, models such as the volume of 
fluid method (VOF), the level-set method (LSM), the Lattice-Boltzmann 
method (LBM) and the phase field method are adopted [97]. The VOF 
and LSM methods solve the Navier-Stokes equations for macroscopic 
variables, such as velocity, pressure, and density to capture the interface 
between different fluids [98]. These two models are based on the 
sharp-interface assumption, where the interface between the different 
fluids is considered of zero thickness [99]. While the VOF method, is 
described by transport equations of the mass fraction function in a 
specified volume, the LS method applies free-surface boundary condi
tions and uses the function φ [100]. This function expresses the distance 
from the interface and takes negative values in one phase and positive 
values in the second phase, with 0 being the value at the interface [101]. 
Even though the LS method makes it easier to incorporate surface 

Fig. 6. (A) Schematic of the acoustofluidic synthesis device, consisting of a PDMS microchannel with multiple sharp-edge structures, a glass slide, and an acoustic 
transducer [86], (B)) Schematic of the microfluidic device with the piezoelectric disk and top view of Lotus shaped structure [87], (C) a) Schematic of the device 
geometry, electrode configuration, and voltage excitation. The outer electrodes were driven at the same amplitude (V) and frequency (ω), with the centre electrode at 
a 180◦ phase shift (b) Fluorescent images at the dashed line showing laminar streams of DI water and Rhodamine B dyed ethanol with voltage off and on [88], (D) 
Experimental setup of pneumatic micromixing system [89].
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tension, it is not mass-conservative. For that reason, it has recently 
become common to combine both VOF and LS methods (Coupled Level 
Set and Volume of Fluid). On the other hand, the LBM describes the 
dynamics of particle distribution confined to a regular space-time lattice 
according to Boltzmann kinetic equations [97]. Unlike the VOF and LS 
methods, in the LBM analysis, the interface is not tracked explicitly but 
results from the thermodynamic foundation of the method [102]. The 
phase field model is based on the idea that the interface between two 
fluids is a layer of finite thickness rather than a sharp discontinuity. In 
both LBM and phase-field methods, a high numerical resolution is 
necessary to model real interface thickness [99].

The majority of the CFD work on microfluidics is dated after 2010, 
where several research groups have applied CFD simulations in their 
studies to examine flow patterns that are affected by fluid properties (e. 
g., viscosity, surface tension, and density), channel geometry, and 
operating conditions (flow rates and flow rate ratio) during nanoparticle 
formation in microfluidic systems for drug delivery applications. Some 
groups focused the numerical analysis on the investigation of the 
optimal geometric design for improved mixing efficiency [83,103,104], 
whilst others studied the characterization of the mixing intensity and 
droplet generation mechanism during nanoparticle formation [66–72]. 
The CFD results were generally in good agreement with experimental 
work (<10 % deviation) and enabled the development of models used 
for the selection of optimal operating parameters of the microfluidic 
platforms [104]. A summary of the CFD-assisted studies focusing on 
microfluidic nanofabrication is presented in Table 2.

Coupled with computational fluid dynamics (CFD), the Population 
Balance Model (PBM) has become a powerful tool for simulating lipid 
and polymer nanoparticle formation in microfluidic systems. PBMs are 
formulated using balance equations that track the evolution of the 
particle size distribution (PSD) accounting for key phenomena such as 
nucleation, growth and aggregation [105]. Common numerical methods 
for solving PBMs within CFD frameworks include the class method (CM), 
quadrature method of moments (QMOM), and the direct quadrature 
method of moments (DQMOM) [106]. The CM discretizes the particle 
size domain into a finite number of size classes and solves the governing 
equations for each class, providing a detailed PSD but at a high 
computational cost. QMOM approximates the PSD using a finite set of 
moments and the associated quadrature weights, offering computational 
efficiency but without direct access to the full distribution. DQMOM, an 
extension of QMOM, enables more accurate tracking of PSD evolution, 
especially in the presence of complex phenomena like aggregation. By 
combining CFD with PBM solvers, it becomes possible to analyse critical 
fields within the mixing zone, such as mass fraction gradients, mixing 
time, local supersaturation, and mean particle size, which are essential 
for understanding and predicting nanoparticle precipitation dynamics. 
Several numerical studies have successfully employed these coupled 
methods to provide insights on how operating conditions affect super
saturation profiles and ultimately control nucleation and growth in 
microfluidic systems [105,107–112].

While the numerical methods discussed above have been extensively 
applied to drug delivery, CFD modelling of nanoparticle behaviour is 
equally relevant in other fields where microdevice optimization and 
precise control are required. For example, in environmental engineer
ing, CFD has been used to study nanoparticle aggregation, dispersion, 
and transport in nanofluids, where enhanced thermal conductivity im
proves heat transfer and reduces energy consumption [113,114]. In 
groundwater remediation, nanoparticles such as zerovalent iron or 
metal oxides have been employed for contaminant adsorption, and CFD 
simulations have provided valuable insights into their dispersion in 
porous media and interactions with pollutants [115]. These examples 
show that the same modelling approaches that guide drug delivery can 
be generalized to environmental nanotechnology, underscoring the 
broad applicability of CFD in tailoring nanoparticle performance across 
diverse domains.

3.1. CFD analysis of single-phase systems

CFD simulations provide a convenient procedure to examine and 
correlate changes in the micromixing process to the size and distribution 

Table 2 
CFD-assisted literature for microfluidic production of nanoparticles.

CFD analysis Microfluidic part 
simulated

Year Ref

Effect of fluid properties in mixing 
efficiency

Flow focusing three-inlet 
device (mixing based)

2011 [93]

Selection of optimal micromixer 
design

T-junctions (mixing 
based)

2011 [104]

Effect of micromixing mechanism in 
the particle size

Novel 3D micromixer 
design

2012 [116]

Effect of process parameters 
(velocity profile, biomass 
concentration, temperature) in 
size distribution

T-junction (mixing 
based)

2012 [117]

Effect of the complex interplay 
between molecular and fluid 
dynamic properties of 
precipitating species

Flow focusing Y-junction 
(mixing-based)

2012 [118]

Analysis of mixing process in the 
vicinity of microfluidic orifice

Co-flow capillary device 
(mixing-based)

2014 [119]

Validation of experiments Co-flow capillary device 
(mixing-based)

2015 [30]

Characterization of fluid pattern in 
microfluidic device

Co-flow capillary device 
(mixing-based)

2015 [44]

Analysis of the hydrodynamic 
process and its implication for the 
polymeric NPs formation

Y-, T- & cross junction 
(droplet-based O/W)

2016 [96]

Effect of the fluid flow properties 
isosurface of zein NP coacervation.

T-junction & Flow 
focused design (droplet- 
based)

2017 [120]

Analysis of the concentration and 
velocity fields in the microfluidic 
domain

Mixing in sequential 
capillary devices

2017 [90]

Effect of geometry on the 
characteristics of pressure drop 
and flow field

Y-shaped micromixers 2018 [121]

Calculation of mixing time 3D co-axial flow focusing 
(mixing-based)

2019 [68]

Effect of flow rate on nanoparticle 
size

Flow focusing junction- 
Droplet based

2019 [122]

Influence of channel height on 
mixing performance within the 
droplets

Internal mixing of 
droplets in flow focusing 
X-junction

2020 [83]

Selection of optimal mixing 
efficiency conditions

T-shaped micromixer 
(mixing-based)

2021 [123]

Analysis of droplet generation 
mechanism

Mixing inside droplets in 
3D capillary device

2021 [124]

Selection of optimal microfluidic 
device for controllable 
nanoparticle synthesis

Y-junction including 
baffle structure (mixing- 
based)

2021 [125]

Prediction of nanoparticle size and 
PDI

Micromixer with a wire 
coil

2021 [126]

Selection of optimal geometry design 
for fouling prevention

3D flow focusing device 
(mixing-based)

2022 [103]

Effect of process parameters on 
droplet generation and droplet 
characteristics

2D-Flow focusing device- 
droplet generation

2022 [127]

Analysis of fluid mixing behaviour Multi-inlet vortex mixer 2022 [66]
Effect of physicochemical 

parameters on nanoparticle size 
and homogeneity

Vortex mixer 2022 [128]

Selection of optimal microdevice 2D &3D passive 
micromixers

2022 [94]

Analysis of nanoparticle formation 
from micro-droplets

Capillary device (droplet- 
based)

2022 [129]

Prediction of droplet formation Flow focusing device 
(droplet-based)

2022 [130]

Effect of process parameters on 
particle size

T-junction (mixing- 
based)

2023 [131]

Analysis of device performance 
(droplet and particle formulation)

3D nozzle-focused 
microchannel (droplet- 
based)

2023 [132]
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of the produced nanoparticles. In single-phase systems polymeric 
nanoparticles are typically produced by nanoprecipitation, which is 
governed by mutual solvent diffusion and the transport of solute mole
cules from the organic phase toward the interface [30]. Accordingly, 
CFD simulations must resolve mass transfer and solvent diffusion to 
capture the physicochemical drivers of particle formation. By contrast, 
lipid-based nanoparticles are formed by self-assembly, where rapid 
mixing of amphiphilic molecules leads to spontaneous organisation into 
stable bilayer vesicular structures [31]. Indications of how rapidly the 
molecules diffuse can be provided through mass fraction profiles along 
the microchannels, revealing optimum conditions in which mixing oc
curs [93]. So far, CFD has enabled the quantification of mixing dynamics 
e.g., velocity and shear stress profiles, mixing time, mass transfer be
tween fluids, and detailed analysis of mixing conditions. Additionally, it 
has revealed improved mixing grades in configurations that induce 
secondary flows, such as curved channels or channels with multiple 
inlets [104]. Therefore, researchers have used this information to 
associate different operating conditions with the size of nanoparticles 

obtained, based on the degree of mixing achieved [96]. In the case of 
inorganic nanoparticles, such as gold or silica, precipitation or reduction 
reactions within microdevices dominate. Consequently, CFD simula
tions must be coupled with reaction kinetics and PBM to capture 
nucleation, growth, and Ostwald ripening dynamics [31].

3.1.1. Hydrodynamic control of nanoparticle formation
Typically, the control of the formation of nanoparticles is done by 

changing the growth conditions. This is feasible through changes in the 
micromixer geometry and by the adjustment of the mixing time. CFD has 
provided useful information on their effects on nanoparticle nucleation 
and growth. Kimura et al. (2021) suggested the creation of 3D secondary 
flows in iLiNP devices, to achieve homogenous and slow rate solvent 
dilution [125]. Using CFD simulations, they analysed the solvent dilu
tion in both 2D and 3D devices (Fig. 7A) and revealed that secondary 
flows only appear in the 3D device, which provides preferable dilution 
conditions to enable control of the nanoparticles’ size. Similarly, Kim 
et al. [128] attempted to control the microvortices generated during 

Fig. 7. (A) Ethanol dilution process in 2D and 3D iLiNP devices, visualised by contour plots of concentration at cross sections of the Y-junction at different moments. 
Colours represent the concentration of ethanol and the blue shows that the mass fraction of ethanol is zero [125], (B) Microvortex patterns in 3D flow focusing device 
for diverse Reynolds numbers obtained from both CFD and microscopic images along with the respective nanoparticle sizes produced [128], (C) Contour plots of 
velocity magnitude and turbulent kinetic energy from CFD results, in a CIJR (top) and Tee-mixer (bottom) for R = 1 and aqueous phase flow rate 20 ml/min [104], 
(D) Comparison of mixing efficiency in three types of Multi-vortex mixers through contour plots of solvent mass fraction (Flow rate ratio of the continuous to 
dispersed phase is equal to 3) [66], (E) Distribution of velocity for different flow rate ratios in a co-flow microfluidic device. The black lines are the streamlines, the 
red and yellow lines represent the areas of nanoparticles’ nucleation and growth composed of two different types of polymers [30], (F) Contour plots of velocity 
profiles in three different types of micromixers used for magnetite nanoparticle synthesis [94].
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nanoparticle growth by changing the flow rates, to obtain uniform-sized 
NPs [128]. They revealed that the formation of NPs relies on 
well-developed microvortices. Insufficient inertial forces, which are 
characterised by low Reynolds Numbers (Re=30), lead to underdevel
oped microvortex (Fig. 7B). This causes insufficient mixing, wide 
nanoparticle size distribution, and larger particle sizes, explained by 
polymer aggregation. Based on the assumption that better mixing con
ditions induce the formation of smaller particles, Lince F. et al. (2011), 
compared the efficiency of a confined impinging jet reactor (CIJR) and a 
T-mixer [104]. They developed contour plots of velocity magnitude, 
turbulent kinetic energy, turbulent intensity, mean mixture fraction, and 
mixture fraction variance (Fig. 7C), and they showed that CIJRs are 
more efficient in converting the pressure drop into turbulence, resulting 
in smaller-sized particles. On the contrary, Zheng et al. [66], recently 
suggested that even though different degrees of mixing were achieved in 
three microvortex mixers with different inlet geometries, it had no sig
nificant impact on the final product size and distribution [66]. During 
their study, they used planar concentration contour plots within the 
mixing devices for various total flow rates (Fig. 7D) and reported that 
even though, in all the mixers, the efficiency increased with increasing 
total flow rate, a zigzag geometry performed better than a straight and 
herringbone configuration. It has been also observed that channels with 
higher surface-to-volume ratio (smaller diameter) have better heat 
transfer rates [117]. The rapid mass and heat transfer rates lead to 
improved mixing efficiency, allowing the generation of narrower size 
distribution. However, a larger surface-to-volume ratio can lead to 
stronger interfacial effects between the wall and the fluids, which results 
in larger particle size and wider distribution of the nanoparticles [117].

3.1.2. Effect of microfluidic mixing on particle nucleation and growth
Planar concentration profiles and plots of velocity fields allow spatial 

resolution of the fluid’s distribution and homogenization. Fluid flow 
patterns can be evaluated and provide a qualitative reference of the 
location or the incremental volume in a microchannel, in which nucle
ation occurs [68,83,119]. Capretto et al. [93] analysed the correlation 
between the process hydrodynamics and the formation of polymeric 
micelles [93]. Having detected experimentally the critical concentration 
of a solvent at which nanoparticles start to form, they ran CFD simula
tions to find the exact positions where this occurs. This was possible by 
obtaining mass fraction profiles along the simulated microchannels 
which reveal the solutions’ compositions during the mixing process. 
They revealed that larger nanoparticles can be formed with an increase 
in either mixing time or polymer initial concentration, which results to 
slower diffusion and mixing. In their subsequent work, they revealed 
some interesting findings on the distinction of two regions on flow 
focusing devices [118]. The first region located at the channel junction 
was described by rapid convective-diffusive mixing, whilst the second 
region was observed downstream of the channel junction, which showed 
limited mixing due to the molecular diffusion in the direction normal to 
the streamlines. These findings were further analyzed by Jaouhari et al. 
(2020), who employed coupled CFD and PBM simulations to investigate 
the nucleation and growth of organic nanoparticles under turbulent 
conditions in microreactors. Their study demonstrated that reducing the 
mixing time by decreasing the fluid flow rates, can lead to insufficient 
mixing, which, in turn, can influence the degree of supersaturation and 
favor particle growth over nucleation leading to broader particle size 
distributions [112]. Similarly, Othman et al. (2015) performed a 3D CFD 
analysis to obtain concentration profiles and identify the regions, where 
nanoparticles begin to form based on the solubility of polymers in the 
aqueous phase [30]. Their simulations revealed that variations in flow 
rate ratio between the two phases significantly affect these nucleation 
zones (Fig. 7E). At lower flow rate ratios, the formation of vortices was 
observed, which can trap particles and impact their residence time and 
growth. These findings align with the observations of Casado et al. 
(2024), who reported that at low mixing rates, induced by high flow rate 
ratios, particle synthesis occurs in a small volume at the fluids’ interface 

[105]. In contrast, at higher mixing rates, mixing is more homogeneous 
and nucleation occurs throughout the entire reaction volume, leading to 
the formation of particles with smaller sizes. Significant information 
about the behaviour of the nanoparticles formed inside a microchannel 
can be also provided through velocity and shear rate profiles [133]. 
Recently, Florez et al. (2022) applied this methodology and revealed 
areas of dead volume along sharp corners that cause nanoparticle 
accumulation in both 2D and 3D micromixer configurations (Fig. 7F), 
which resulted in inefficient mixing of reagents for the 2D devices. 
Although areas of dead volume also appeared in the 3D design, changes 
in the flow direction promoted the interaction between the reacting 
species, while the shear rate values were higher than the 2D devices, 
leading to smaller particle sizes with narrow size distribution [94].

3.2. CFD analysis of multiphase systems

Multiphase systems have received increased attention for nano
particle synthesis, as a promising alternative to improve the perfor
mance of single-phase systems [97]. Amongst the flow patterns 
generated from the interaction of immiscible fluids (annular flow, slug 
flow, droplet flow), droplet flow is mostly desired to increase the 
interfacial area and the mixing efficiency inside the droplet and produce 
uniform particles [97]. Recently, CFD simulations have been conducted 
to provide a better understanding of the droplet breakup mechanism and 
the physicochemical parameters that affect their size and shape [134]. 
Attempts have also been made to create predictive models of the droplet 
length and generation rate [135]. Some of the most common method
ologies applied include the modelling of surface tension, the study of 
pressure and velocity profiles near the interface of the two phases, and 
the investigation of the internal motion of the droplets [129]. Although 
droplet formation mechanism in microfluidic conditions has been 
extensively studied, both numerically and experimentally, there is 
limited understanding of how droplet characteristics affect the proper
ties of the obtained nanoparticles.

3.2.1. Droplet formation mechanisms
One of the most used mixing configurations in microfluidics is the T- 

junction structure, where the droplets can form into three regimes of 
flow: 1) Squeezing, 2) Dripping and 3) Jetting (Fig. 8A). During the 
squeezing regime, which is characterized by low Capillary numbers 
(describing the competition between viscous stresses, acting to elongate 
the interface, and surface tension attempting to minimize the surface 
area), the shear force created by the continuous phase is much smaller 
than the interfacial force. In this case, the dispersed phase gradually 
moves through the microfluidic junction and almost completely blocks 
the junction outlet, which leads to increased pressure and subsequent 
droplet formation. In the dripping regime, the shear force overcomes the 
interfacial tension, with the Ca number being high enough, and the 
droplet breaks up before the dispersed phase blocks the channel [95]. At 
even higher flow rates of the dispersed and continuous phases, where the 
Ca number is further increased, a liquid jet is formed, and the droplet 
breakup occurs far from the impingement point in the downstream of 
the channel [71,136]. Another configuration used for the formation of 
droplets is the co-axial flow devices (Fig. 3F); within this configuration 
viscous stresses that are created when the two phases come in contact 
cause the interface to stretch and finally break to form droplets [137]. In 
this case, the droplet generation is observed in the dripping or jetting 
regime. In flow focusing designs, the break-up of the droplet is achieved 
by squeezing the dispersed phase into a narrow stream surrounded by 
the continuous phase, providing the most stable emulsions, due to the 
symmetrical shearing [137]. The droplet formation in these channels is 
characterized by squeezing, dripping, or jetting regimes, while it has 
been observed numerically that decreasing the interfacial tension results 
in transition from dripping to jetting regime (Fig. 8B) [134].
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Fig. 8. (A) Micrographs of droplet formation in different regimes using a microfluidic T-junction [138], (B) CFD images of droplet formation in microfluidic flow 
focusing device on the dripping (left) and jetting (right) regime for Ca numbers of 0.025 and 0.041 respectively. The flow rate ratio of the continuous to the dispersed 
phase was constant and equal to 2 with the flow rate of continuous phase being 400 μL/min [134].

Fig. 9. (A) Droplet formation in capillary device for polymer nanoparticle synthesis represented by contours of volume fraction. The red colours show that the 
volume fraction of the dispersed phase is equal to 1 and the blue that it is equal to 0. The velocity of the dispersed phase is constant at 0.001 m/s and the velocity of 
the continuous phase is a)0.05 m/s, b) 0.1 m/s, c) 0.15 m/s, d) 0.2 m/s and e) 0.3 m/s [129], (B) CFD results of the velocity field during droplet formation in flow 
focusing structure for velocities of continuous and dispersed phase equal to 0.132 m/s and 0.04 m/s respectively [143], (C) CFD images showing the effect of 
interfacial tension, expressed by Capillary number, on the droplet shape. The flow rate ratio of the continuous to the dispersed phase was constant and equal to 2 with 
the flow rate of continuous phase being 400 μL/min [134].
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3.2.2. Numerical simulations of droplet formation
Numerical simulations can help to increase our understanding of the 

droplet formation mechanisms, revealing local information about pres
sure and shear forces competing with interfacial tension during the 
formation stage. CFD results have been reported to provide more ac
curate estimations of droplet size than existing theoretical models, 
allowing the development of surrogate models for the prediction of 
droplet characteristics by performing CFD simulations [129,135]. 
Analysis of CFD simulations allows the determination of the effect of 
various geometrical and physicochemical parameters on the final 
droplet features, including the droplet generation rate and size [127]. 
For instance, Bariki et al. (2022), used contours of volume fraction to 
quantify the effect of the dispersed and continuous phase flow rate on 
the droplet size and developed a numerical model for accurate estima
tion of droplet size in terms of the capillary numbers of the two phases 
(Fig. 9A) [129]. They reported that by increasing continuous phase 
velocity, the droplet size decreases due to the increasing shear force 
overcoming the interfacial force, and more fine particles are produced. 
During simulations of droplet generation, results have shown that the 
more viscous fluid (dispersed phase) is detached from the walls and is 
pulled by the less viscous fluid (continuous phase) increasing the 
surface-to-volume ratio of the contact interface. As a result, fast mixing 
and high shear stress occur, leading to smaller and less polydisperse 
nanoparticles [96].

3.2.3. From microfluidic droplet to particle formation
Nanoparticle size has been associated with the formation and 

manipulation of droplets that act as independent microreactors for 
nanoparticle production [42]. During emulsification, particles start to 
form after the organic solvent of the dispersed phase diffuses in the 
antisolvent of the continuous phase, reaching supersaturated condition 
inside the droplet as the concentration of the dissolved material in
creases. In that case, the residence time of the droplet, from the for
mation to the outlet of the channel, is considered as the overall duration 
of the precipitation process [83]. Thus, it is important to reveal complex 
flow patterns and mixing phenomena inside the droplets to get infor
mation about nanoparticle growth. Some investigations have used op
tical experimental techniques, such as Particle Image Velocimetry (PIV), 
to reveal these patterns [139–141]. However, these techniques face 
many limitations, such as difficulties in discriminating the two phases, 
and deflection of the light rays [142]. As a result, CFD simulations have 
been performed to examine multiphase flows. Lan et al. (2014) simu
lated the droplet formation in a flow focusing geometry and they re
ported that in the early stages of the formation, there is strong 
circulation inside the droplet, because of the shear stress associated with 
the flow rate of the continuous phase. However, at the later stage there 
was no circulation and the velocity of the droplet significantly increased 
(Fig. 9B) [100]. Recirculation phenomena inside the droplets can be 
controlled through adjustments in the fluids’ properties and velocities. 
For example, Sontti et al. (2020) reported that an increase in continuous 
phase viscosity causes an increase in the velocity magnitude inside the 
droplet [134]. They also described changes in the droplet shape for 
different values of Ca number. They found that when the Ca is increased 
by increasing the flow rates, the droplet shape changes from plug to near 
spherical (Fig. 9C). However, Ježková et al. (2022) claimed that, even 
though the reduction of the droplets’ size and the distance between them 
are important parameters for NP growth, the high pressure created by 
increasing the flow rates increases the mechanical stress acting on the 
assembling nanoparticles and should be considered [130].

3.2.4. Two reagent droplet formation: mixing inside droplets
Apart from providing a homogenous environment for nanoparticle 

nucleation and growth, droplets can be used as microreactors, allowing 
the controllable mixing of two or more reagents inside them for nano
particle fabrication. Benyahia et al. (2021) used a capillary device and 
showed that improved mixing efficiency inside the droplets results in 

smaller mean particle size [124]. The mixing efficiency was quantified 
by calculating differences in the local concentration of a material at a 
specific time, over the whole droplet surface area, from the initial and 
final (in case of fully mixed streams) concentration. They proved 
numerically that smaller droplets offer better mixing, due to improved 
chaotic advection in a smaller volume of fluid [124]. Furthermore, the 
numerical model revealed a recirculation area at the wall of the injection 
capillary orifice tip, which affects the reaction rate and yield (Fig. 10A). 
This is attributed to changes in the residence time of the reagents and a 
degree of premixing achieved. For instance, low flow rates of dispersed 
phase result in low velocities in the recirculation area and bigger 
droplets. Thus, the residence time of one of the streams is increased and 
the mixing efficiency is poor, resulting in larger particles. Kaspar et al. 
(2019) made a similar observation, claiming that these recirculation 
areas accelerate the homogenization of the reagents prior to droplet 
formation [122]. In their subsequent work, after having characterized 
the mixing process inside the droplet along the chosen microchannel 
(Fig. 10B), they investigated the effect of the channel height on the 
synthesis of nanoparticles [83]. They observed that increasing channel 
height can produce larger droplets, however, the nanoparticles pro
duced are more uniform (Fig. 10C). This was explained by the longer 
premixing period [83].

4. Future perspective

Most microfluidic-assisted drug delivery systems are at pre-clinical 
stage, and they require further investigations. Advanced drug delivery 
systems require careful design and optimization of existing and novel 
microfluidic platforms, including several steps for efficient nano- 
formulation. For example, multi-step, automated microfluidic designs, 
integrating real-time characterization techniques need to be developed. 
These techniques, such as dynamic light scattering (DLS) allow direct 
monitoring of any change in the nanoparticle formation by optimizing 
the microfluidic parameters [10]. Furthermore, automated systems need 
to be integrated in microfluidic platforms to provide rapid screening of 
nanoparticles and allow optimization without redesigning the process.

Adoption of CFD simulations could be beneficial to predict nano
particle properties by reducing the experimental cost and allowing the 
redesign and optimization of several microfluidic configurations. For 
example, the geometries of co-axial capillary devices (tip diameters, 
distance between capillaries, shape of the tips) can be further investi
gated to provide optimum hydrodynamic conditions and generate uni
form nanoparticles of specific size [124]. Insight should be given on the 
nanoparticle production via emulsification to fully characterize mixing 
phenomena inside the droplets and their stability. A better under
standing of the effect of various process parameters (pressure, temper
ature, flow rate ratio, concentration) through CFD analysis can lead to 
the development of surrogate models, which predict nanoparticle 
characteristics and enable the selection of optimum parameters for the 
formation of the desired product.

5. Conclusions

Recent progress in the fabrication of complex microfluidic systems 
has enabled the preparation of multifunctional nanoparticles with uni
form size and morphology for advanced drug delivery applications. 
Optimizing production process can provide better control of nano
particles with desired properties and increased encapsulation efficiency 
of bioactive molecules. Considering the benefits of microfluidics in drug 
delivery applications, the existing microfluidic devices and methods 
used for nanoparticle synthesis are reported. While passive devices 
dominate current practice, active mixers incorporating acoustic, elec
trokinetic, and pneumatic actuation offer powerful means to tune NP 
properties. CFD modelling offers a powerful tool for optimizing micro
fluidic devices, ensuring efficient nanoparticle synthesis. The impor
tance of CFD analysis is depicted by reporting recent observations in 
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mixing phenomena and droplet generation in microchannels, as they 
can provide significant insight on the fluidic environment during 
nanoparticle formation. When coupled with PBMs, this approach en
ables thorough understanding and predictive capability of nanoparticle 
nucleation and growth, thereby leading to optimal design of geometry 
and process parameters of the microfluidic system. Beyond drug de
livery, the CFD approaches discussed here are broadly applicable to 
other nanoparticle domains such as environmental remediation, and 
their integration with experimental validation is expected to be pivotal 
in addressing scale-up challenges for industrial translation.
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