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Microfluidic technologies have revolutionized the synthesis of nanocarriers for drug and gene delivery,
providing unparalleled precision and efficiency in the production of therapeutic nanoparticles. This review
highlights recent advancements in microfluidic systems, emphasizing their role in addressing critical chal-
lenges such as poor targeting, low bioavailability, and systemic toxicity associated with conventional deliv-
ery systems. By enabling the controlled production of nanocarriers with customizable size, composition,
and release profiles, microfluidic platforms have represented a powerful tool in improving therapeutic
efficacy and targeting capabilities. Key innovations discussed include the use of droplet microfluidics,
flow-focusing techniques, and the incorporation of stimuli-responsive materials. Additionally, the inte-
gration of Al and machine learning has further enhanced the optimization and scalability of microfluidic
synthesis processes. Nanocarriers represent a transformative approach to overcoming biological barriers
in gene/drug delivery, enabling enhanced targeting, intracellular transport, and therapeutic efficacy, par-
ticularly for challenging conditions like central nervous system disorders and cancer. Despite ongoing
challenges, such as scalability and cost-effectiveness, the future of microfluidic nanocarrier synthesis
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nostics, and personalized medicine. This comprehensive review underscores the transformative role of
microfluidic-based nanocarriers in advancing nanomedicine and highlights the need for continued
rsc.li/nanoscale research and development in this rapidly evolving field.

1. Nanotech nology and microfluidic specificity, low bioavailability of therapeutic agents, and the
. . risk of systemic toxicity, which constrain their clinical
engineering

success.”” These challenges significantly hinder the full thera-
peutic potential of TDS, especially in complex disease settings
where precise drug delivery is crucial. Such limitations under-
score the need for more advanced, precise, and efficient deliv-
ery approaches. To this end, next-generation multifunctional
delivery systems—particularly lipid nanoparticles (LNPs) —
lipid based nanocarrier that designed to encapsulate and
transport therapeutic agents like nucleic acids such as mRNA,
siRNA, and DNA into target cells. Engineered with surface
ligands and responsive elements—are gaining attention for
their ability to address these limitations with improved pre-
cision and functionality.®®

The development of effective therapeutic agents, especially
nucleic acids and proteins, is hindered by complex biological
barriers that limit their bioavailability and therapeutic per-

Therapeutic delivery systems (TDS) like genetic materials and
drugs have revolutionized modern medicine by offering trans-
formative solutions for treating complex diseases such as
cancer, genetic disorders, and infectious diseases."” By
enabling targeted delivery of therapeutic agents, these systems
not only reduce systemic side effects but also improve overall
treatment efficacy, making a significant advancement over tra-
ditional methods.*” Despite these benefits, conventional TDS
continue to face critical challenges, including limited targeting
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chemical properties and leveraging advanced engineering
strategies—such as pH-responsive designs, receptor-mediated
targeting, and biomimetic approaches—nanocarriers can
enhance the solubility, stability, and selective delivery of thera-
peutic payloads. In particular, LNPs with post-formulation
modifications—such as ligand post-insertion and surface
engineering—are increasingly used to fine-tune targeting
efficiency while preserving particle integrity.®'® Although LNPs
are clinically leading nanocarrier systems for RNA and drug
delivery, many other types of nanocarriers (e.g., inorganic
nanoparticles such as silica or iron oxide, gold nanoparticles,
and polymeric nanoparticles) have been extensively studied
preclinically.""™"® Inorganic nanoparticles can be tuned to
have desirable physicochemical properties while maintaining
stability; however, concerns over long-term accumulation, cyto-
toxicity, and clearance have limited their clinical translation.
In particular, gold nanoparticles possess unique optical pro-
perties that enable imaging and photothermal therapy, but
potential immunogenicity, lack of biodegradability, and manu-
facturing constraints limit the widespread therapeutic
application.""® Polymeric nanoparticles can be designed with
structural diversity for versatility while potentially offering con-
trolled release; however, challenges include batch-to-batch
reproducibility, suboptimal transfection efficiency for nucleic
acids, and incomplete safety profiling.">"” This review high-
lights recent innovations in nanocarrier design, focusing on
their ability to overcome critical barriers like the blood-brain
barrier (BBB) and endosomal sequestration, while emphasiz-
ing the need for personalized and disease-specific strategies to
advance clinical translation and improve patient
outcomes."® ™ In response, innovative strategies integrating
nanotechnology and microfluidic platforms have emerged,
offering enhanced precision, efficiency, and scalability in both
drug and gene delivery.”'

Microfluidic technologies offer promising approaches to
overcome the limitations of conventional TDS by enabling
precise control over fluid dynamics and nanoparticle synthesis
at the nanometer scale.>* >’ These systems allow for the con-
trolled production of therapeutic nanoparticles, such as lipo-
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somes and LNPs, with customizable size, composition, and
release profiles.**° In addition, microfluidic systems facilitate
the generation of nanoparticles with controlled surface pro-
perties, which are crucial for enhancing targeting capabilities
and minimizing off-target effects.*’ Furthermore, microfluidic
platforms support scalable production while maintaining uni-
formity and reproducibility, both critical factors for clinical
translation.** Despite the precise control over particle size,
polydispersity, and encapsulation efficiency that microfluidics
offers, several regulatory and manufacturing hurdles must be
addressed before these systems can achieve widespread clini-
cal adoption. A primary challenge involves compliance with
Good Manufacturing Practice (GMP) standards, which require
robust, reproducible, and scalable production processes.
Regulatory barriers can further complicate clinical translation,
as guidelines are continuously evolving. The U.S. Food and
Drug Administration (FDA) and other global regulatory
agencies require detailed characterization of nanocarrier com-
position, stability, and safety, alongside validated manufactur-
ing protocols. This dynamic regulatory landscape may pose
additional challenges for clinical development planning,
although ongoing collaboration between researchers and regu-
lators aims to establish robust and reliable pharmacopeia.
Nonetheless, current workflows often overlook downstream
processing steps—such as post-insertion of targeting ligands,
dialysis, and surface modification—that significantly impact
nanoparticle performance but are poorly integrated into micro-
fluidic frameworks.'® Comparative analysis and key differences
of microfluidic synthesis and conventional methods rep-
resented in Table 1.3~

By harnessing these advantages, microfluidic platforms
serve as a gold standard for the reproducible and scalable fab-
rication of TDS designed to overcome biological barriers such
as poor tissue penetration and lack of specificity. However,
challenges regarding cost-effectiveness, regulatory compliance,
and adapting to the complex in vivo environment.**°

Microfluidics has long demonstrated versatility and
efficiency in Therapeutics delivery. For instance, as early as
2016, Bottaro et al. explored cost-effective microfluidic systems
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for liposome production, employing T-junction and cross-flow
geometries to optimize liposome size and polydispersity index
(PDI). Their findings demonstrated the ability to fine-tune
liposome properties by adjusting flow rate ratios (FRR) and
total flow rates (TFR), ultimately achieving liposomes with
superior uniformity compared to traditional methods.*’
Similarly, Riewe et al. examined the synthesis of lipid nano-
particles using various micromixers, achieving precise size
control and demonstrating the scalability of microfluidics in
producing nanoparticles essential for poorly soluble drugs.*'
However, it is important to note that the inclusion of targeting
moieties is often achieved via post-insertion techniques rather
than co-formulation, a crucial consideration when evaluating
microfluidic compatibility and design.*” Extending this work,
Leung et al. used microfluidics to encapsulate bacteriophages
for treating antibiotic-resistant bacteria, highlighting improved
encapsulation efficiency and reduced phage inactivation com-
pared to conventional methods.*® Collectively, these examples
reflect the growing potential and adaptability of microfluidic
technology to address some of the longstanding TDS chal-
lenges, including size control and scalability, and highlight its
promise for diverse therapeutic needs.

Innovative microfluidic platforms for gene delivery have
also been developed. For instance, Balbino and colleagues
designed a microfluidic device for producing cationic lipo-
somes and lipoplexes, reducing reagent waste while enabling
scalable production. Their device generated lipoplexes with
sizes ranging from 140 to 250 nm and low PDIs, achieving
transfection efficiencies comparable to bulk synthesis
methods.** Expanding on this progress, Lépez and colleagues
utilized a Periodic Disturbance Mixer (PDM) combined with a
Design of Experiments (DoE) approach to control liposome
characteristics. They succeeded in producing stable liposomes
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with diameters between 52 and 200 nm, attaining mono-
disperse populations under specific FRR and TFR conditions.
Notably, an FRR of 8.56 and TFR of 18 mL h™" resulted in the
smallest liposomes (41 nm), maintaining stability over six
months. The study also demonstrated that zeta potential
remained unaffected by operational parameters, confirming
the robustness and scalability of microfluidic liposome pro-
duction for diverse applications.*®> Obeid et al. further empha-
sized the influence of solvent properties on niosome synthesis
using microfluidic devices, revealing that organic solvent
polarity significantly affects both particle size and encapsula-
tion efficiency, with hydrophilic and hydrophobic drugs
responding differently to these variations.*® It is also impor-
tant to differentiate between commercially available microflui-
dic systems designed for different user profiles. Some commer-
cial microfluidic systems are designed as plug-and-play plat-
forms, targeting users with limited experience in nanoparticle
formulation. These systems prioritize ease of use and rapid
setup, often at the cost of operational flexibility and customiza-
tion. Others are modulable systems tailored for expert users in
LNP formulation or pharmaceutical development, offering fine
control over a wide range of parameters to optimize both
process and product characteristics. This divergence should be
considered when evaluating cost-effectiveness and scalability.
Given this distinction, a universal assessment of cost-effective-
ness becomes challenging. While beginner-friendly systems
currently remain somewhat costly, their simplified architec-
ture—typically comprising a microchip and basic pump
mechanisms—suggests that they are likely to become signifi-
cantly more affordable as market adoption increases.
Therefore, it is crucial to differentiate between these user cases
when evaluating the economic and practical feasibility of
microfluidic technologies in nanocarrier development.'”"*”
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Although prior review articles have thoroughly examined
microfluidic TDS, recent rapid advancements and emerging
challenges necessitate a fresh perspective. Specifically, this
review will focus on the development and challenges of multi-
functional LNPs produced via microfluidic platforms, with
attention to post-insertion techniques, downstream proces-
sing, and ligand-functionalized systems. Moreover, it
addresses outstanding challenges, such as optimizing manu-
facturing costs, ensuring regulatory compliance, and adapting
to complex in vivo environments, that remain inadequately
explored. By examining unresolved issues, such as cost, scal-
ability, and clinical translation, this review aims to illuminate
the transformative role of microfluidic-based nanocarriers,
which enables a highly controllable and scalable strategy for
the rational design of nanomedicine, in advancing drug and
gene delivery systems, helping bridge the gap between labora-
tory innovation and clinical application.

2. Nanocarriers and biological
barriers

The delivery of therapeutic agents, particularly nucleic acids
and proteins, is challenged by biological barriers. These
include enzyme degradation, immune system removal, limited
endothelial passage, and issues with endosomal entrapment
and nuclear entry, all reducing their bioavailability and effec-
tiveness (Fig. 1).*%*°

As Qiu et al. explain, one of the most formidable intracellu-
lar barriers is the endosomal/lysosomal system and strategies
to enhance endosomal escape should be considered.”® Wang
et al. complement this by introducing a pH-responsive peptide
system specifically engineered to enhance endosomal escape,
achieving over 90% transfection efficiency in vitro and
increased in vivo antitumor activity through chirality inversion
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Table 1 Comparative performance of conventional and microfluidic methods in nanoparticle formulation. This table highlights key advantages of the microfluidic swirl mixer over conventional

synthesis techniques in terms of particle size control, polydispersity, reproducibility, scalability, encapsulation efficiency, and mixing mechanism. Data are derived from experimental results and

literature cited in the study
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Fig. 1 Microfluidic contributions to overcome biological barriers for nanocarrier delivery. The figure illustrates the key biological barriers encoun-
tered by nanocarriers at systemic, extracellular, and intracellular levels, along with the specific microfluidic technologies and strategies employed to
address each barrier. The left side depicts the barriers (e.g., immune clearance, blood-brain barrier, lysosomal degradation), while the right side high-
lights the corresponding microfluidic contributions, such as controlled size and shape, targeted functionalization, and precise encapsulation of pay-
loads. This integrated approach demonstrates how microfluidics enables tailored solutions to enhance nanocarrier efficacy across various biological

challenges.

and modular peptide design.>! Additionally, Passos Gibson
et al. emphasize the importance and application of reliable
high-throughput assays to study endosomal escape in LNP
systems, noting that mechanistic gaps hinder optimization
and clinical translation Targeting endosomal escape represent
an interesting idea that focused on development of a novel
class of cationic switchable lipids designed for efficient siRNA
delivery, leveraging a pH-triggered conformational switch that
activates in the acidic environment of endosomes. Cationic
switchable lipids disrupt the LNP structure in response to
acidic pH, enhancing endosomal escape and cytoplasmic
release of siRNA. Among the tested candidates, lipid 3 showed
the most effective gene silencing. This study underscores the
potential of pH-responsive lipid systems for improving nucleic
acid delivery.”” Tabatabaei and et al., found that co-encapsulat-
ing miR-181a and melphalan in lipid nanoparticles signifi-
cantly boosts treatment efficacy for retinoblastoma. This study
presents a LNP-based co-delivery system for miR-181a and mel-
phalan to treat vitreous-seeded retinoblastoma. The cationic
switchable LNPs (171 nm, 93-98% encapsulation efficiency,
from DSPC and DSPE-PEG2000 lipids) enable efficient cellular
uptake and endosomal escape, delivering both agents directly
into retinoblastoma cells. miR-181a acts as a tumor suppressor
by downregulating anti-apoptotic Bcl-2 and anti-proliferative
MAPK1, while upregulating pro-apoptotic BAX. Melphalan pro-
vides direct cytotoxic DNA damage. Co-encapsulation creates a
synergistic effect: miR-181a sensitizes cancer cells to melpha-
lan, allowing lower drug doses and reducing toxicity. In vitro

23826 | Nanoscale, 2025, 17, 23822-23853

and in vivo results show significantly enhanced tumor cell
death, with 72% reduction in viable tumor cells in a rat model
compared to controls. This co-delivery strategy improves thera-
peutic efficacy and offers a promising approach for treating
advanced retinoblastoma.>

By precisely controlling nanocarriers physicochemical
characteristics—such as particle size, surface charge, and
material composition—nanocarriers can improve the solubility
of therapeutic agents, extend their presence in systemic circu-
lation, and promote selective accumulation in target tissues.
Additionally, these carriers enhance intracellular transport
mechanisms.**

Various engineered nanocarrier systems, including lipid-
based nanoparticles, polymeric assemblies, and inorganic
structures, have shown strong potential to navigate the biologi-
cal milieu with high specificity. Beyond merely shielding thera-
peutic cargo from enzymatic degradation, these carriers
actively interact with cellular processes, enabling more
efficient transport to intracellular compartments and even to
the nucleus when necessary.>>>® Nuclear-targeting strategies
using nuclear localization signals (NLSs) modified nano-
particles have been comprehensively reviewed before.’”®
Moreover, Li et al. highlight how nanoparticles, once in bio-
logical fluids, form a protein corona (PC) that significantly
affects their fate. While traditionally considered a hindrance,
the PC can be engineered to enhance circulation time and cel-
lular uptake using ‘de-opsonins’ such as albumin, transferrin,
and apolipoproteins.”® Nakamura et al. explored the impact of

This journal is © The Royal Society of Chemistry 2025
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size and surface charge on the lymphatic transport of LNPs.
Their findings showed that 30 nm, negatively charged nano-
particles efficiently reached lymph nodes and penetrated
deeper regions, emphasizing the importance of both physical
dimensions and surface chemistry in targeted delivery.*
These findings reinforce the importance of precisely engineer-
ing LNPs for targeted delivery, especially when post-formu-
lation surface modifications are required to enhance biodistri-
bution profiles.®!

The incorporation of nanotechnology into precision medi-
cine has initiated a fundamental transformation in the devel-
opment of personalized therapeutic approaches. Through
advances in nanoparticle bio interface engineering, research-
ers have been able to design intelligent nanocarriers that can
sense and adapt to the distinct physiological conditions
associated with specific diseases and patient populations.
These smart systems offer the potential for more selective and
effective treatment by aligning drug delivery with individual
biological profiles.>® For instance, Liu, J.-p., et al. examine
smart nanoparticles that respond to tumor-specific cues like
acidic pH or matrix metalloproteinases (MMPs), thereby
achieving precise drug release in resistant tumors.®®> Fukuta
and Kogure further present a biomimetic approach, develop-
ing leukocyte-mimicking liposomes capable of -crossing
inflamed endothelium by intermembrane protein transfer,
improving drug accumulation in tumor tissue.®® Xiong et al.,
engineered ATP-responsive tumor targeted LNPs for targeted
siRNA delivery against melanoma. Using a microfluidic chip-
based approach, siRNA targeting the undruggable MITF onco-
gene was efficiently encapsulated within LNPs. The PBA
ligands enabled dual tumor targeting via sialic acid reco-
gnition and ATP-triggered intracellular siRNA release.
Additionally, LNPs accumulated passively in tumor tissue
through the enhanced permeability and retention (EPR) effect.
The combined targeting and controlled release significantly
improved in vivo gene silencing and anti-tumor efficacy in mel-
anoma models. This platform exemplifies a promising strategy
to overcome extrahepatic delivery challenges and enhance the
therapeutic potential of RNAi-based cancer treatments.®*

Even so, ongoing innovations in nanoparticle engineering,
coupled with a deeper understanding of biological delivery
barriers, are expected to significantly improve therapeutic out-
comes and expand the clinical utility of nanomedicine. The
treatment of central nervous system (CNS) disorders continues
to pose significant challenges, largely because of the stringent
and highly selective properties of the blood-brain barrier
(BBB). Although the BBB plays a critical role in preserving the
brain’s internal environment and ensuring neuronal stability,
it also acts as a major obstacle to the delivery of therapeutic
agents. This barrier restricts the passage of most drugs, includ-
ing those targeting neurodegenerative conditions and brain
malignancies, thereby limiting their therapeutic efficacy
within the CNS.

Sadat Razavi et al. provide a focused review on organic
nanoparticles such as chitosan-based carriers, liposomes, and
lipid nanoparticles, designed to cross the BBB via receptor-
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mediated transcytosis and paracellular modulation. They
emphasize the importance of surface functionalization—
through ligand attachment or charge tuning—and the strategic
use of disease-induced BBB disruptions to enhance delivery in
conditions like Alzheimer’s, Parkinson’s, and glioblastoma.
These systems also offer high biocompatibility and controlled
drug release, supporting clinical translation.®® Expanding the
landscape, Kulkarni et al. examine both invasive and non-inva-
sive methods. They categorize nanocarriers, and highlight the
critical role of surface modifications in determining both BBB
permeability and therapeutic specificity, emphasizing the
potential of multifunctional nanoparticles to carry multiple
drug payloads while maintaining structural integrity.*®
Incorporating targeting ligands such as peptides or antibodies
can further improve specificity to target cells or tissues,
demonstrating the potential of microfluidic systems to
produce nanocarriers with enhanced functionality and safety.
The related study developed peptide-functionalized lipid nano-
particles (LNPs) for targeted systemic mRNA delivery to the
brain, addressing the challenge of blood-brain barrier (BBB)
penetration. Using a microfluidic mixing system, LNPs were
synthesized and functionalized with brain-targeting peptides
(RVG29, T7, AP2, mApoE), which significantly enhanced neuro-
nal transfection and minimized hepatic uptake. Among these,
RVG29-LNPs showed the highest efficiency, demonstrating the
potential of peptide-mediated functionalization for brain-
specific mRNA delivery.®”

Ahlawat et al. mentioned that nanoparticles like carbon
dots and peptide-conjugated carriers can exploit multiple path-
ways, reducing off-target toxicity and counteract metabolic
degradation.®® Xie et al. emphasize using disease-specific BBB
changes in stroke, glioblastoma, and Alzheimer’s to adjust
nanocarrier properties for optimized biodistribution.®’
However, despite promising results in preclinical studies, the
translation of these technologies into clinical practice remains
limited, mostly due to differences in nanoparticle behavior
across species, as well as the variability among human
patients.*®

3. Microfluidic for controlled
synthesis

Microfluidic technology, a multidisciplinary field bridging
chemistry, physics, biology, and engineering, has emerged as a
powerful tool for synthesizing nanocarriers with unparalleled
precision and efficiency.”® By facilitating fluid manipulation in
micrometer-scale channels, microfluidics establishes laminar
flow conditions that enable highly controlled mixing and reac-
tions-conditions crucial for the size, uniformity, and function-
ality of nanoparticles.”””* These attributes directly influence
their therapeutic efficacy, cellular uptake, and drug release
kinetics. Consequently, microfluidic systems can produce
highly monodisperse nanoparticle populations, critical for
maintaining consistent performance in clinical settings.”*
This level of control helps overcome the shortcomings of tra-
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ditional bulk methods, which often yield heterogeneous nano-
particles with inconsistent properties, positioning microflui-
dics as a powerful tool—among several emerging methods—
for producing uniform, reproducible, and scalable nano-
carriers tailored to specific applications.”>”® Moreover, these
systems offer compatibility with post-formulation processes,
such as surface ligand insertion and downstream modifi-
cation, which are essential for engineering multifunctional
LNPs for advanced targeting and stimuli responsiveness.'®””
Among various platforms, droplet microfluidics and flow-
focusing techniques are most extensively utilized for nano-
carrier fabrication.”®”® Droplet microfluidics generates emul-
sions by forming droplets of immiscible fluids at microfluidic
junctions, thereby allowing precise control over particle size
and composition (Fig. 2).5®" This method is particularly well
suited for encapsulating therapeutic agents in lipid-based
nanoparticles, such as liposomes and LNPs.*? By tuning
droplet size and interfacial tension, droplet microfluidics
enables high-throughput synthesis of nanoparticles with
uniform sizes, an essential feature for consistent drug deliv-
ery.®® Flow focusing, on the other hand, employs a central
liquid stream that is hydrodynamically focused by outer
streams, resulting in the formation of monodisperse nano-
particles. While droplet microfluidics excels in achieving par-
ticle uniformity, its scalability and throughput are often

A Microfluidic microdroplet genereator

Qil

Carrier + Plasmids e ©©

Monodispersity
microdroplet/bubbles
Oil

Microfluidic continuous flow

Carrier

Carrier

Fig. 2 Microfluidic approaches for nanocarrier synthesis. (A) Schematic
representation of a microfluidic microdroplet generator. This method
involves the formation of monodisperse microdroplets/bubbles by
encapsulating a solution containing carriers and genetic materials within
an immiscible oil phase. The uniform size and composition of these dro-
plets enable precise control over nanocarrier synthesis. (B) Illustration of
a microfluidic continuous flow system. In this approach, carriers and
plasmids are introduced into separate channels and mixed in a con-
trolled manner to facilitate the synthesis of nanocarriers. The continu-
ous flow design allows for scalable and reproducible production of
nanocarriers with high efficiency. Reprinted with permission from ref.
81, Copyright (2022) Royal Society of Chemistry.
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limited. Conversely, flow-focusing systems are more suitable
for large-scale production but may compromise particle
uniformity.®*® Recent advancements in flow-focusing
designs, such as the use of multiple microchannels and
enhanced fluid dynamics, have helped address these limit-
ations, enabling higher throughput without sacrificing
uniformity.%®

Other advanced platforms, including centrifugal microflui-
dics, herringbone mixers, and vortex-based systems, offer
specialized capabilities that cater to different nanocarrier
requirements, expanding the possibilities for synthesis
optimization.®”’ %" These systems are particularly relevant for
manufacturing LNPs intended for RNA-based therapies, where
batch-to-batch consistency and control over biophysical pro-
perties are essential for regulatory approval and -clinical
translation.”>"’

Recent advancements underscore the potential of microflui-
dic systems to enhance nanocarrier production. Ahn et al., for
instance, utilized a polydimethylsiloxane (PDMS) microfluidic
device to generate LNPs with precise size control by adjusting
the flow rate of the continuous phase and the diameter of the
micro-orifice. Their findings revealed that smaller nano-
particles exhibited higher cellular uptake, although this also
increased toxicity.”? Similarly, Han and colleagues developed a
Microfluid Vortex Focusing (MVF) system that combined
hydrodynamic focusing with vortex mixing, enabling high-
throughput liposome production at over 20 grams per hour
(Fig. 3). The system yielded liposomes with adjustable sizes
(27-100 nm) while maintaining precise control over their
characteristics.”® Such scalability is particularly advantageous
for clinical and industrial applications, as it balances large-
scale production demands with strict requirements for nano-
particles quality. However, integration of post-synthesis steps
such as targeting ligand grafting or PEGylation remains under-
explored in these scalable systems, presenting a key area for
innovation.”*

Another noteworthy innovation is the solvent-free method
introduced by Kulkarni et al., which enables siRNA encapsula-
tion in LNPs without the use of ethanol. By employing single-
phase and two-phase mixing techniques, the authors success-
fully generated nucleic acid-loaded LNPs with potential appli-
cations in personalized medicine.’®

The integration of auxiliary techniques into microfluidic
systems has further expanded their capabilities. Kotoucek
et al. examined the role of lipid membrane fluidity, influenced
by cholesterol content, affects liposome size in herringbone
mixers. Their work showed that increased bilayer fluidity led
to smaller liposomes, whereas higher cholesterol concen-
trations, particularly in unsaturated lipids, resulted in larger
particles.”® Owing to their unique microstructural patterns,
herringbone mixers facilitate effective mixing and enhance the
synthesis of liposomes with controlled membrane character-
istics, making them ideal for liposome-based TDS. Bolze and
colleagues introduced ultrasound-assisted antisolvent precipi-
tation, achieving particle sizes as small as 26 nm, though per-
sistent challenges such as fouling and leakage remain.”’

This journal is © The Royal Society of Chemistry 2025
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Complementing these efforts, Petersen highlighted that opti-
mizing microfluidic mixing parameters significantly enhances
in vivo delivery efficiency compared to manual mixing.’®
Ultrasound-assisted microfluidics presents an especially prom-
ising approach for refining particle size and enhancing the
encapsulation efficiency of hydrophobic drugs, which are often
difficult to formulate using conventional methods.
Additionally, Kastner et al. employed multivariate data ana-
lysis to evaluate the relationship between flow parameters and
nanoparticle characteristics. They demonstrated that higher
FRRs produced smaller liposomes but also increased PDI,
while TFRs had minimal influence on particle size or transfec-
tion efficiency.’® These findings emphasize the importance of
optimizing flow parameters not only to control nanoparticle

This journal is © The Royal Society of Chemistry 2025

size but also to ensure homogeneity, both of which are critical
for ensuring consistent therapeutic performance. Notably,
such optimization becomes even more critical in the context of
multifunctional nanoparticles, where changes in particle size
or distribution can affect the efficiency of ligand presentation
and subsequent targeting accuracy.'®

Despite these advances, unresolved challenges such as
fouling, scalability, and the complexity of clinical translation
persist.'®" Combining experiments with modeling offers valu-
able insight, predicting synthesis outcomes and reducing trial-
and-error to speed up nanoparticle optimization.”*'%> Further
development of in silico tools capable of simulating down-
stream processes—such as dialysis, surface ligand post-inser-
tion, and purification—could bridge existing knowledge gaps
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and aid in designing closed-loop microfluidic systems.'®® As
microfluidic technology continues to evolve, its potential to
revolutionize nanocarrier synthesis and enable personalized,
targeted therapeutics becomes increasingly evident, signaling
a significant leap forward in gene and drug delivery.

4. Recent advances in microfluidic
methods

Recent advancements in microfluidic synthesis of nanocarriers
for gene and drug delivery have revolutionized nanomedicine
by enabling the creation of highly precise, functional, and scal-
able delivery systems.”®'%* Microfluidic systems precisely
control nanocarrier traits and, combined with emerging tools,
drive innovations in therapeutic delivery."®> While prior
reviews have addressed early-stage microfluidic synthesis, this
section focuses on recent developments enabling multifunc-
tional LNPs, particularly those incorporating targeting ligands
and stimuli-responsive features relevant to personalized
therapeutics.

A key innovation is the use of stimuli-responsive polymers
in microfluidic nanocarriers, enabling payload release trig-
gered by factors like pH, temperature, or enzymatic
activity.'®®'%” Recent advances have also focused on the devel-
opment of hybrid materials combining inorganic nano-
particles with organic polymers, enhancing the mechanical
stability and drug-loading capacity of the carriers. For
instance, Hirai et al. developed a charge-reversible lipid deriva-
tive, DOP-DEDA, capable of modulating its surface charge
under acidic conditions, thereby improving siRNA delivery and
minimizing systemic toxicity.'’® Similarly, Da Costa et al. uti-
lized a one-step hydrodynamic focusing process to produce
anionic and stealth anionic liposomes (SALs) with remarkable
size control and reproducibility.*®®

Recent studies by Lopez et al. have demonstrated the optim-
ization of liposome synthesis using microfluidic technologies.
By manipulating FRR and TFR, they achieved smaller and
more uniform liposomes, with elevated temperatures further
reducing liposome size through enhanced control of lipid
bending energy. Notably, the zeta potential remained stable
under different processing conditions, underscoring the
robustness of the method. This approach also supports scal-
able production, making it highly promising for applications
requiring precise and stable liposome synthesis."'® Another
breakthrough in microfluidic nanocarrier synthesis was
reported by Jo et al., who developed a technique to produce
monodispersed liposomes approximately 100 nm in diameter
by optimizing the FRR between non-aqueous and aqueous
phases and incorporating ionic surfactants and biodegradable
polymers. This strategy significantly enhanced colloidal stabi-
lity, allowing the liposomes to remain stable for over 30 days.
This highlights the critical role of fine-tuning flow parameters
and using stabilizing agents for long-term stability.”® These
methods allow sequential addition of functional elements,
such as ligands or PEG layers, after stabilizing size and
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charge.""" Another study used a passive targeting method to
functionalize lipid nanoparticles. Patel et al. created amino
acid-modified LNPs for siRNA delivery, achieving 70% gene
silencing efficacy with minimal cytotoxicity. By modifying lipid
headgroups with histidine and lysine, they enhanced cellular
uptake and endosomal escape, resulting in significant tumor
growth reduction.'"?

Advancements in microfluidic design have also enhanced
both the precision and functionality of nanocarrier synthesis.
Tomeh et al. introduced a novel microfluidic swirl mixer to
enhance large-scale production of nanoparticles for drug deliv-
ery (Fig. 4). This mixer demonstrated multiple advantages over
existing designs, such as higher flow rates, customizable
components, and better control over particle size that make it
suitable for the production of biopolymer and lipid-based
formulations, including silk and lipid nanoparticles."** The
study emphasized the importance of optimizing
processing parameters and understanding formulation charac-
teristics to achieve desired nanoparticle properties for clinical
translation.

Notably, devices like the swirl mixer also allow plug-and-
play integration with downstream units for post-formulation
steps such as ligand grafting or purification, which are under-
represented in  conventional —microfluidic  designs."**
Scalability and reproducibility represent major challenges in
nanocarrier production, yet significant progress has been
made to address these concerns. Firmino et al. developed a
high-flow-rate microfluidic device (HFR-MD) that yielded
nanoliposomes with high uniformity and productivity, sur-
passing 2 grams of lipid per hour. This accomplishment
underscores the scalability of microfluidic systems for indus-
trial applications.'*® Maeki et al. further demonstrated the
scalability of microfluidic approaches by introducing a five-
layered glass-based system for producing RNA-loaded LNPs. By
employing a “piling-up and numbering-up” strategy, their
method allowed precise control over particle size while increas-
ing production capacity, enabling the efficient manufacturing
of RNA therapeutics for clinical applications."*®'!” These scal-
able designs are especially important for producing thera-
peutic LNPs in expert-oriented systems, whereas “plug-and-
play” versions serve the needs of academic or preclinical users
looking to adopt microfluidics without technical
expertise.''®119

Es et al. combined chaotic advection-based mixing with a
centrifugal vacuum concentrator to produce stealth cationic
liposomes (SCLs) with minimal micelle formation and high
structural integrity, qualities vital for scalable production.'?°
Terada et al. employed a systematic DoE approach to optimize
LNP-siRNA systems, determining that FRRs and lipid concen-
trations played crucial roles in determining particle size and
PDI. Additionally, the use of anionic polymers suppressed size
increases in siRNA-loaded LNPs, highlighting the importance
of fine-tuning synthesis variables.">" Further design inno-
vations, such as microfluidic chips equipped with modular
flow paths or programmable mixing zones, hold promise for
more sophisticated, multi-functional nanocarriers.'?>%?
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nels. This design allows for precise control over the mixing process, enabling reproducible nanoparticle production with tunable particle size and
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ation. (B) Mean particle size and PDI of SNPs and LNPs produced by both mixers. Error bars represent standard deviation (n = 3). The swirl mixer con-
sistently produces particles with smaller mean sizes and narrower size distributions compared to the T-mixer, indicating improved control over
nanoparticle characteristics. (C) Encapsulation efficiency (% w/w) of doxorubicin (DOX) in SNPs and LNPs prepared using the swirl mixer. The encap-
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cells following treatment with free DOX, SNP-DOX, and LNP-DOX. Reprinted with permission from ref. 113, Copyright (2022) from Elsevier.
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In addition to facilitating robust synthesis, microfluidic
systems have also facilitated the exploration of new methods
for screening and optimizing nanocarriers. Cui et al. devel-
oped a high-throughput automated platform capable of
screening 384 LNP formulations per plate, significantly accel-
erating the identification of promising candidates for mRNA
delivery. Their system demonstrated strong correlations with
conventional microfluidic mixing methods, revealing novel
ionizable lipids that outperformed existing formulations, a tes-
tament to the efficiency gains that high-throughput screening
platforms provide.'®* Furthermore, the integration of compu-
tational models to predict nanocarrier behavior at the cellular
level could further streamline candidate selection processes.

Finally, the convergence of microfluidic systems with other
emerging technologies offers additional avenues for creating
advanced nanocarriers. Guimaraes et al. utilized a barcoded
mRNA (b-mRNA) system to evaluate organ-specific delivery
efficiency of LNPs, uncovering distinctive structural require-
ments for effective b-mRNA and DNA versus DNA-based car-
riers.'®® Perli et al. investigated the impact of ionic strength on
liposome production, demonstrating that increased ionic
strength improved both size uniformity and stability by enhan-
cing liposome self-assembly and preventing micelle formation
(Fig. 5)."*°

Despite these advancements, challenges remain, regarding
scaling up production and maintaining reproducibility, par-
ticularly for clinical applications. The continued integration of
experimental techniques with computational modeling and
the design of novel devices offers promising strategies to these
hurdles. As microfluidic technology continues to evolve, it is
poised to play an ever-increasing role in refining nanocarrier
synthesis for gene and drug delivery, ultimately paving the way
for personalized medicine through safer, more enabling
precise, efficient, and patient-tailored therapies.

Ll

A ! lonic Strength

Phospholipds L3 B
\ % e, ); o

P PERNE e
/ . Heterogeneous " *31,

i
SR
B T lonic Strength

Controlled bilayer self-
assembly due to
hydrophobic interactions

, N s
Self-assembly 4dhsa  Liaka

View Article Online

Nanoscale

5. Design strategies for next-
generation microfluidic nanocarriers

Recent advancements in TDSs have been transformative,
driven by the integration of microfluidic technologies, stimuli-
responsive materials, and advanced nanocarrier design.'*”"*®
These innovations have enhanced the precision and efficacy of
therapeutic systems, by mitigating off-target effects and boost-
ing drug bioavailability.'*® Notably, recent work has focused
on multifunctional lipid nanoparticles (LNPs), particularly
those incorporating both stimuli-responsive features and
surface-bound targeting ligands—components often intro-
duced through post-formulation modification rather than
during initial synthesis."*°

5.1. Drug delivery

Co-encapsulation of therapeutic agents with targeting ligands
and stimuli-responsive materials has become a pivotal strategy
for achieving site-specific release. Incorporating ligands such
as antibodies, peptides, or aptamers into nanocarriers enables
specific binding to target cells or tissues, enhancing the thera-
peutic precision.””""* However, in many cases, targeting
ligands are introduced after initial particle formulation
through post-insertion or surface modification techniques to
avoid encapsulation within the nanoparticle core, a challenge
particularly relevant for LNPs synthesized via microfluidic
platforms.’*>*3¢ For example, Alizadeh et al. developed pH-
sensitive nanocarriers using chitosan and alginate to deliver
gefitinib, an anticancer drug, demonstrating significantly
lower ICs, values compared to free drugs in the acidic micro-
environment of tumor tissues.'*" Further control over drug
release kinetics can be attained through dual-functional
stimuli-responsive systems triggered by multiple parameters
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Fig. 5 Depiction of the effects of low (A) and high (B) ionic strength environments on the formation of stealth cationic liposomes (SCLs), incorporat-
ing poly(ethylene glycol) (PEG)-lipids, using microfluidic hydrodynamic flow-focusing platforms. (C) Intensity-weighted size distribution of SCLs
(containing 1% DSPE-PEG2000) synthesized under varying ionic strength in the side streams, achieved by introducing PBS concentrations ranging
from 0 mM (using only ultrapure water) to 50 mM. The curves represent data from independent replicates (n = 3). Reprinted with permission from

ref. 126, Copyright (2022) from Elsevier.
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(e.g., pH and temperature). Khademzadeh et al. illustrated this
concept with a microfluidic approach for creating pH-sensitive
nanocarriers encapsulating gefitinib for non-small cell lung
cancer treatment. They used a microfluidic chip to generate
aerosolized droplets that mixed gefitinib with chitosan,
enabling on-chip nucleation and rapid self-assembly of drug-
polymer nanoparticles. Their system showed a high encapsula-
tion efficiency of 77.8% and demonstrated significantly
enhanced therapeutic efficacy, as evidenced by a lower ICs,
value compared to free gefitinib. This pH-sensitive release
mechanism underscores the potential of microfluidic techno-
logies in developing targeted therapies for cancer treatment.*®’

Microfluidic platforms have been particularly effective in
producing homogeneous nanocarriers by enabling rapid and
reproducible mixing at the microscale. Chiesa et al. utilized
advanced micromixer geometries within a microfluidic plat-
form to achieve lipid nanocarriers with encapsulation efficien-
cies exceeding 70%."** This study used a passive micromixing-
based microfluidic strategy combined with systematic DoE
optimization to develop lipid nanocarriers with tailored
characteristics. In this study, microfluidics allowed for struc-
ture-function studies of LNPs, where subtle changes in size
were linked directly to in vivo behavior and ability to cross
tissue and cellular barriers. Similarly, Jaradat et al. optimized
the synthesis of paclitaxel-loaded PEGylated liposomes, achiev-
ing sustained release profiles and sub-200 nm particle sizes,
making them suitable for cancer therapy."** Such platforms
are particularly well-suited for producing scalable batches of
uniform LNPs; however, the incorporation of ligands post-syn-
thesis still requires further development in microfluidic-com-
patible downstream processes such as dialysis, filtration, or
controlled post-grafting.’*® Introduced a microfluidic device
with integrated dialysis so that liposome formation and
solvent/impurity removal happen on the chip. This one-step
form-and-purify design continuously strips ethanol/unencap-
sulated drug while particles form, giving biocompatible,
tightly sized liposomes—crucial for safe systemic delivery and
barrier crossing.

In addition to fabrication techniques, the role of lipid com-
position and stereochemistry in optimizing nanocarrier per-
formance has been highlighted by Da Silva Sanchez et al., who
studied ionizable lipids for mRNA delivery. Their findings
revealed that stereochemical variations in lipid molecules,
such as the C12-200-S variant, could enhance delivery
efficiency by 2.8- to 6.1-fold without altering physical attributes
like size or PDI."*° This underscores the importance of mole-
cular design in improving both the efficacy and tolerability of
LNPs. Such molecular-level refinements, combined with
microfluidic control over particle assembly, offer a promising
pathway for tailoring LNPs to match tissue-specific delivery
requirements.'*® The integration of lipid-based nanocarriers
with hydrophilic polymers further enhances the stability and
bioavailability of hydrophobic drugs, offering a versatile plat-
form for diverse drug delivery applications. To fully realize
their potential, future systems must also incorporate modular
workflows that allow surface functionalization in post-syn-
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thesis stages—facilitating the production of multifunctional
particles within continuous microfluidic frameworks.'*'4

5.2. Gene delivery

Microfluidic-based fabrication methods have proven instru-
mental in creating tailored nanocarriers optimized to protect
and efficiently transport various nucleic acids like DNA and
RNA, 1391437146 Thege examples highlight microfluidics’
capacity to create multifunctional nanocarriers that not only
protect genetic material but also selectively target specific cell
types.

On the same line, the study of Okuda et al. underscores the
critical role of nanoparticle size in gene delivery outcomes.
The chip is the experimental engine that yields predictable,
scalable size control—the central lever for crossing endothelial
barriers. RNA-loaded LNPs were synthesized using a microflui-
dic-based strategy, where precise control over formulation
parameters—such as TFR, FRR, buffer pH, lipid and PEG-lipid
concentrations, and particularly salt concentration—enabled
tunable size regulation based on Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory and Hofmeister effects. By modulating
electrostatic interactions and colloidal stability, the researchers
successfully generated homogenous LNPs with sizes exceeding
200 nm. Their findings demonstrated that larger RNA-loaded
LNPs exhibited higher transgene expression and greater acti-
vation of splenic immune cells in mouse models, suggesting
that microfluidic-enabled, size-controlled nanoparticles may
be a key strategy for enhancing the efficacy of RNA-based
cancer vaccines.™’

Several studies have explored innovative methods to opti-
mize nanoparticle size, composition, and release profiles.
Matsuura-Sawada et al. showed that higher lipid concen-
trations in paclitaxel-loaded liposomes can lead to multi-
lamellar structures with extended drug release.'*® Naidu et al.
designed and screened a combinatorial library of ionizable
LNPs to achieve cell type-specific mRNA delivery in vivo. By sys-
tematically varying hydrophobic tail chains and linkers
(hydroxylamine/ethanolamine) in novel amino ionizable lipids
and using microfluidic mixing to formulate stable LNPs, they
identified key structure-function relationships governing bio-
distribution and cellular targeting. The study revealed that
subtle structural modifications significantly influence delivery
efficiency and cell specificity. Lipid 23 emerged as a highly
efficient, liver-tropic LNP, outperforming the reference lipid
(Lipid 6) in hepatic mRNA expression, while Lipid 16 demon-
strated remarkable specificity for macrophages across the
spleen, lung, and liver—without the need for additional target-
ing ligands. This macrophage tropism enabled enhanced
mRNA delivery to tumor myeloid cells in a B16F10 melanoma
model, underscoring its potential for cancer immunotherapy.
This work highlights how rational lipid engineering can drive
precise, extrahepatic mRNA delivery, offering a powerful strat-
egy for cell-selective therapeutic applications. More details rep-
resented in Fig. 6.'** In a related approach, Es et al. utilized
diffusion-driven microfluidics to synthesize lipid-based nano-
carriers (LNCs) and lipoplexes (LPXs) for siRNA delivery. They
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Fig. 6 Designing cell-type-specific lipid nanoparticles for mRNA delivery. (A) Schematic representation of the ionizable lipid nanoparticle (LNP)
structure, highlighting key components such as the ionizable lipid, cholesterol (Chol), distearoylphosphatidylcholine (DSPC), and polyethylene glycol
(PEG) for stability. The figure emphasizes the importance of the lipid tail structure in determining both LNP stability and mRNA delivery efficiency. (B)
Physicochemical characterization of LNPs formulated with different lipids. The graph shows the z-average size (left y-axis) and ¢{-potential (right
y-axis) of LNPs over time. Each lipid is represented by a distinct color, illustrating variations in particle size and surface charge among the formu-
lations. (C) Encapsulation efficiency of mRNA in LNPs. The bar chart demonstrates that all lipid formulations achieved high encapsulation efficiencies
(>70%), indicating effective mRNA loading across the library. (D) Size distribution of LNPs over time. The plot shows the mean diameter of LNPs at
various time points (weeks), revealing stable particle sizes for most formulations, with minimal changes over four weeks. (E) Polydispersity index
(PDI) values of LNPs over time. The graph indicates consistent PDI values close to 0.3, suggesting uniform particle size distributions and good col-
loidal stability. (F) RNA encapsulation percentage of LNPs over time. The line graph illustrates the retention of mRNA within LNPs, showing slight
decreases over four weeks but maintaining high encapsulation levels above 80%. (G) In vitro luciferase assay results in three cell lines: B16F10 (epi-
thelial), CT26 (fibroblast), and Raw264.7 (macrophage). The heatmap depicts relative mRNA delivery efficiency, with darker red indicating higher
expression. Lipid pairs (e.g., 17/16, 23/22) are compared, highlighting differences in delivery efficacy across cell types. (H) Quantitative comparison of
mRNA delivery efficiency between lipid pairs in the three cell lines. The scatter plot shows the log2 fold change in firefly luciferase (mLuc)
expression, with error bars representing standard deviation. This analysis further validates the cell-specific delivery profiles observed in the heatmap.

demonstrated that variations in lipid composition and micro-
fluidic processing can significantly affect particle size and
surface charge, ultimately affecting the “stealth” properties
and delivery efficiency."?°

Biodistribution and gene expression are strongly linked to
nanoparticle size. Di et al. showed that larger LNPs localize
preferentially in the liver and spleen, achieving higher trans-
gene expression.'*® Similarly, Evers et al. demonstrated the
potential of LNPs to deliver modified RNA (modRNA) for heart

23834 | Nanoscale, 2025, 17, 23822-23853

repair post-ischemia-reperfusion injury, resulting in signifi-
cant gene expression and therapeutic benefit in damaged
cardiac tissues."*°

Other studies have highlighted the importance of process
parameters and material properties in nanocarrier perform-
ance. Jaradat et al. demonstrated that modifying PEG concen-
tration in PEGylated liposomes influences particle size, drug
release rates, and overall stability."*®* The use of microfluidics
was not just for synthesis, but for engineering LNPs with
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tunable, optimal physicochemical properties specifically
designed to enhance tumor penetration and cellular uptake.
Sarode et al. focused on PEG-lipid composition, demonstrating
that specifically tailored formulations can enhance the gene
silencing efficacy of antisense oligonucleotide-loaded LNPs."*’
Additionally, Aliakbarinodehi et al. explored how pH and
protein corona formation affect LNP-membrane interactions,
revealing that lower pH levels promote LNP disintegration and
facilitate mRNA release."®® Meanwhile, emerging studies focus
on the impact of surface charge and hydrophobicity in influen-
cing cellular uptake, which is key for improving both drug and
gene delivery efficiency.

The integration of stimuli-responsive materials offers an
additional innovative dimension. For instance, Jin et al. devel-
oped temperature-sensitive  liposomes loaded  with
Ansamitocin P-3 and Indocyanine Green (ICG) where upon
near-infrared (NIR) laser stimulation, these liposomes released
their payload, achieving tumor inhibition rates as high as 97%
in vitro.">" The microfluidic control produced small, uniform
temperature-sensitive liposomes (TSLs) that penetrate tumor
tissue, then release AP-3 on near-infrared heating, enhancing
intratumoral delivery beyond vascular and interstitial barriers
while sparing healthy tissue. Such advances highlight the
potential of combining external triggers with nanocarrier
design to achieve on-demand drug release. Incorporating
nano-sensors or fluorescent markers within nanocarriers
could enable real-time monitoring of drug release and distri-
bution, facilitating more personalized treatment regimens.

Despite these remarkable advancements, challenges
remain in scaling up microfluidic platforms and integrating
complex functionalities into nanocarriers. Published research,
such as the study of El-Mayta et al. on mRNA-LNPs for in vivo
gene delivery and Rana et al. on galactose (GAL)-conjugated
liposomes for liver-targeted siRNA delivery, steadily progres-
sing toward clinical translation.'*® Addressing regulatory bar-
riers and establishing robust quality control protocols will be
paramount for bringing microfluidic-based nanocarrier
technologies into widespread clinical use. Additional studies
relevant to these themes are summarized in Table 2.

By merging microfluidics with innovative materials and
precise targeting strategies, drug and gene delivery systems are
poised to deliver highly effective, patient-specific therapies,
marking a significant leap forward in medical science.

6. Gaps and challenges

Although microfluidic techniques offer substantial advantages
for nanocarrier synthesis, challenges related to scalability,
cost-effectiveness, and system complexity continue to hinder
their widespread adoption in clinical and pharmaceutical
applications.*"**>'** Fig. 7 illustrates several key elements,
challenges, and opportunities related to the synthesis of
microfluidic nanocarriers, which are discussed in detail below.

Scalability is a key challenge in microfluidic nanocarrier
production using microfluidic technologies. While microflui-
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dic systems excel in producing small batches of highly
uniform nanocarriers, precise size control, and reproducible
physicochemical properties, transitioning these processes
from laboratory-scale synthesis to industrial-scale manufactur-
ing poses considerable difficulties. The inherently small
channel dimensions and low throughput of microfluidic
devices limit the production volume, making it challenging to
meet the large-scale demands required for preclinical and
clinical applications. Moreover, scaling up is not simply a
matter of operating multiple devices in parallel; it often
necessitates redesigning system architecture, optimizing fluid
dynamics, and ensuring consistent mixing conditions across
all production units.?>*?%15%135 A fundamental limitation is
the low production throughput inherent to microfluidic
devices, which is largely dictated by microscale channel
dimensions and the laminar flow regime under which they
operate. In microfluidic systems, the Reynolds number (Re)
typically remains well below unity, indicating a laminar flow
profile where viscous forces dominate over inertial forces.
While this regime facilitates highly controlled and predictable
fluid behavior, it also constrains the mixing process to
diffusive mechanisms unless chaotic advection strategies are
employed, thereby limiting production rates.'*>'*” Channel
geometry plays a critical role in determining both mixing
efficiency and device performance. Variations in channel
cross-section, length, and curvature can significantly influence
fluid velocity distribution, residence time, and shear stress—
all of which impact nanoparticle size, polydispersity, and
encapsulation efficiency.'*®'®'%° For instance, serpentine or
herringbone channel designs can enhance transverse mixing
through induced secondary flows, improving particle hom-
ogeneity without compromising the gentle processing con-
ditions needed for sensitive biomolecules such as RNA or pro-
teins. However, the fabrication of such complex geometries
often requires advanced microfabrication techniques, increas-
ing production costs and complicating scale-up.”%"®°

The intricate design features and fine control parameters
that are beneficial at the microscale become cumbersome and
less efficient when applied to large-volume production.
Buttitta and colleagues addressed this scalability challenge by
developing a systematic DoE approach combined with micro-
fluidics to produce highly monodisperse liposomes on a scale
that could potentially meet clinical demands. Their findings
demonstrated that microfluidic systems, when optimized with
appropriate design strategies, could be scaled up without sacri-
ficing liposome uniformity or product quality.'®" However,
scaling up without compromising product quality often
requires extensive process validation, which may not always be
feasible for commercial-scale production. Future work should
focus on developing standardized scale-up protocols and
modular microfluidic architectures that can be seamlessly
integrated into GMP-compliant manufacturing pipelines,
ensuring reproducibility across global production sites.

The cost of integrating such complex systems can raise con-
cerns about the overall feasibility in large-scale adoption.
Similarly, Turkmen Koc and colleagues optimized the flow rate
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Fig. 7 Presents a clear and comprehensive model of microfluidic nanocarrier synthesis, highlighting its main process along with the key challenges,
recent advancements, biological barriers, and future directions. The central focus is the synthesis process itself, surrounded by four interconnected
areas. The model first outlines major challenges such as difficulties in scaling up production, high costs of devices and materials, complex auto-
mation, and issues related to stability and storage. It then highlights recent advancements, including the use of quality by design (QbD), improved
flow rate control, development of stable nanoparticle formulations, and storage methods that do not require freezing. The model also considers bio-
logical barriers that nanoparticles face during both laboratory testing and interactions within the body. Finally, it offers a forward-looking perspec-
tive, emphasizing the need for system improvements, cost reduction, integration of new technologies, and stronger collaboration between academic
and industrial sectors. This model provides a practical and forward-thinking guide to overcoming current limitations and advancing the use of

microfluidic platforms in pharmaceutical and therapeutic applications.

and flow rate ratio to produce uniform, stable poly(lactic-co-gly-
colic acid) (PLGA) nanoparticles loaded with 5-fluorouracil
(5-FU) using microfluidics, highlighting their potential for
industrial-scale cancer therapeutics.'®> However, maintaining
batch-to-batch consistency at such scales, remains a hurdle.
Cost-effectiveness also poses a significant challenge in the
adoption of microfluidic methods for nanocarrier production.
The fabrication of microfluidic devices often involves the use
of high-grade materials such as glass, silicon, or specialized
polymers, which can be costly, especially when precision
engineering and high-resolution fabrication techniques are

This journal is © The Royal Society of Chemistry 2025

required. Additionally, the production process frequently relies
on advanced manufacturing methods, such as photolithogra-
phy, soft lithography, or micromachining, which demand
sophisticated cleanroom facilities and skilled technical exper-
tise. Maintenance of these systems can also be resource-inten-
sive, as microchannels are prone to clogging, fouling, or
damage, necessitating frequent replacement or meticulous
cleaning protocols. Achieving cost-effective solutions will
require innovations in device design, material selection, and
manufacturing strategies to make microfluidic nanocarrier
production economically viable for large-scale clinical and
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industrial applications."®*"®® These factors make microfluidic
systems less economically viable compared to traditional bulk
synthesis methods, which benefit from economies of scale.
However, several studies have demonstrated ways to make
microfluidic systems more cost-effective. For instance, Terada
et al., designed a microfluidic system to achieve high encapsu-
lation efficiency and long-term stability, crucial for drug-
loaded nanoparticles. Their approach utilized poly(ethylene
glycol) (PEG) within a microfluidic platform to precisely
control nanoparticle formation, resulting in uniform particle
sizes and enhanced solubility of poorly soluble drug com-
pounds. This method not only improved the stability and bio-
availability of the nanoparticles but also demonstrated the
potential for scalable, efficient, and cost-effective production.
By optimizing the formulation process, their study offers a
promising pathway toward the affordable large-scale manufac-
turing of therapeutic nanoparticles, addressing key challenges
in drug delivery.'®* Similarly, Yenduri and colleagues utilized a
continuous processing platform and Quality by Design (QbD)
principle to identify critical parameter such as cholesterol and
phosphatidylglycerol content, that influence liposome size and
uniformity, thereby facilitating more flexible and economical
liposomal manufacturing.'®® Despite these advances, there is a
need for comprehensive techno-economic analyses that account
for long-term operational costs, raw material supply chains, and
device lifetime performance to guide industry-scale decision-
making. Additionally, Lee and colleagues employed a microflui-
dic approach guided by QbD frameworks to produce lipid-based
nanocarriers with controlled sizes, high drug encapsulation
efficiency, and low cytotoxicity, making it a promising method
for costeffective drug delivery."®® However, targeting ligands
such as peptides and antibodies are rarely co-encapsulated
during synthesis; instead, they are often added through post-
insertion techniques to preserve orientation and bioactivity—a
key consideration in microfluidic process design post-insertion
steps within continuous microfluidic lines to enable truly multi-
functional LNP production.™® Nevertheless, achieving cost-effec-
tiveness remains challenging when considering the costs of
reagents, maintenance, and operational overhead associated with
microfluidic platforms. Future research should explore integrated
synthesis-functionalization workflows that can incorporate tar-
geting moieties, imaging agents, and stimuli-responsive com-
ponents in a single continuous process without compromising
yield or bioactivity.'®”'%8

Novel fabrication techniques have further expanded the
scope of microfluidic systems. For instance, De et al. intro-
duced thermocycling as an alternative to conventional micro-
fluidic methods, achieving LNPs characterized by high encap-
sulation efficiency and extended shelf life, a cost-effective and
scalable approach that challenges the need for specialized
equipment.'®® Pratsinis et al. examined the effects of lipid
composition and manufacturing methods on LNP character-
istics, noting that microfluidic mixing generally yields smaller,
more uniform particles than solvent-injection methods,
although the latter offered advantages in structural order.
Their work underscores the importance of selecting appropri-
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ate lipid components and synthesis techniques for specific
therapeutic objectives."’® However, a major unresolved ques-
tion is how microfluidic and non-microfluidic methods
compare in long-term stability, in vivo biodistribution, and
clinical performance across diverse patient populations—a gap
that warrants systematic head-to-head studies.'”*'”?

The inherent complexity of microfluidic systems presents a
significant barrier to their broader adoption. These devices
require precise engineering and expert knowledge to design,
operate, and maintain, limiting their accessibility to a wider
audience.'*®'7*17* Addressing this challenge may involve two
complementary strategies: simplifying the hardware design to
create more user-friendly, “plug-and-play” microfluidic systems
with fewer adjustable parameters, and developing automation
tools that standardize processes where feasible. Jin and col-
leagues highlighted the high precision of microfluidic systems
for producing glycoprotein-imprinted nanospheres—applicable
in biomarker detection and protein enrichment—but also noted
that maintaining this precision during automation remains a sig-
nificant hurdle. While automation can improve reproducibility, it
often requires skilled personnel for programming and system
maintenance, underscoring the need for balanced innovation
between usability and technical performance.’”” In the future,
combining Al-driven process control with self-calibrating micro-
fluidic modules could reduce operator dependency and improve
reproducibility across multi-site production.

Further illustration of this complexity emerges from Maeki
et al.’s work on polymer-lipid hybrid nanoparticles designed
to improve the transfection efficiency of large plasmid DNA. By
optimizing cationic polymer and lipid components in a micro-
fluidic device, they achieved a 4-fold increase in transfection
efficiency relative to traditional lipid nanoparticles systems.'”®
They developed a polymer-lipid hybrid LNP system for large-
sized pDNA transfection, incorporating preformed polycation-
DNA complexes prior to microfluidic encapsulation. This two-
step strategy—distinct from conventional single-phase mixing—
adds design complexity, especially in optimizing charge balance
and nanoparticle structure, yet enables enhanced transfection
performance for difficult-to-deliver plasmids. Passos Gibson et al.
also developed a two-step microfluidic-inspired method to fabri-
cate lipid-coated chitosan nanogels (NLG) with enhanced stability
and biocompatibility. Chitosan nanogels were first prepared via
ionic gelation, then coated with DMPG : cholesterol lipids using a
controlled mixing platform. The lipid layer reversed surface
charge, increased particle size, and preserved monodispersity.
Compared to uncoated nanogels, NLGs showed improved col-
loidal stability in physiological media and significantly reduced
cytotoxicity in HeLa, U87, and b.End3 cells. This approach offers
a scalable and biocompatible platform for hybrid nanoparticle-
based drug and gene delivery systems."”” However, multi-step
processes increase manufacturing time, regulatory validation
requirements, and potential for batch variability, highlighting
the need for streamlined multi-functionality within single-step
continuous systems.

In another illustration of microfluidic innovation, Mo and
colleagues introduced Light-Activated siRNA Endosomal
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Release (LASER) technology using porphyrin lipid nano-
particles. Their system used near-infrared (NIR) light to enhance
endosomal escape of siRNA, demonstrating a fourfold increase
in gene silencing efficiency.'’® Although the porphyrin-LNPs in
this study were synthesized via microfluidic rapid mixing, the
subsequent LASER relies on external NIR irradiation. This exter-
nal activation step—while enhancing delivery precision—intro-
duces additional engineering and operational complexity beyond
the microfluidic platform itself. The integration of microfluidic
synthesis with downstream activation technologies will require
harmonized regulatory pathways and compatibility testing to
ensure clinical readiness.

The exploration of novel carrier materials can likewise intro-
duce additional complexities. Carvalho et al. investigated the
potential of combining cationic carriers with anionic biopoly-
mers, specifically Chondroitin sulfate (CS), to improve the tar-
geting efficiency and reduce the cytotoxicity of gene delivery
systems.'”® The study showed that CS could mitigate the cyto-
toxicity associated with cationic carriers while enhancing their
stability and transfection efficiency. However, the incorpor-
ation of such biopolymers adds complexity to the overall for-
mulation, as it typically requires additional purification and
quality control steps to ensure reproducibility and product uni-
formity. Digiacomo et al’s comparative study on lipoplexes
prepared by microfluidic mixing and bulk self-assembly
revealed key insights into gene delivery system optimization.
Although bulk self-assembly showed higher transfection
efficiency, the microfluidic mixing method resulted in lower
cytotoxicity. In contrast, microfluidic-prepared lipoplexes
showed lower TE but markedly better cytocompatibility. These
differences are not attributable to variations in size or zeta
potential, which were comparable between both systems, but
rather to deeper physicochemical distinctions. Specifically,
bulk-prepared lipoplexes were multilamellar and carried more
DNA per complex, resulting in higher TE per cell but greater
toxicity due to excess cationic lipid accumulation. This high-
lights the necessity of balancing efficacy and safety in the
development of gene delivery systems, emphasizing the advan-
tages of microfluidic techniques in achieving this balance.'®°
This emphasizes the need for design frameworks that optimize
the efficacy-toxicity balance early in development, potentially
leveraging predictive in silico modeling to reduce trial-and-
error experimentation.

Storage and transportation introduce another layer of com-
plexity, particularly for mRNA-based therapeutics. Reinhart
et al. investigated the stability of mRNA LNPs produced via
microfluidic mixing and their ability to maintain functionality
during storage at various temperatures. The synthesized LNPs
via microfluidic mixing exhibited remarkably stable physico-
chemical properties—such as size, polydispersity index (PDI),
and zeta potential—over nine weeks of storage at 2-8 °C and
25 °C. A key contribution of microfluidics to stability in this
context is the generation of homogenous LNP populations
with tightly packed lipid arrangements, which may reduce
mRNA leakage and degradation. This research is particularly
relevant given the rise of mRNA-based vaccines and thera-
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peutics, underscoring the potential of microfluidic systems for
producing stable, transportable nanocarriers.'®! However, con-
trolling and monitoring temperature conditions can raise
supply-chain expenses. Developing nanocarriers with inherent
thermostability, or integrating lyophilization-compatible for-
mulations into microfluidic synthesis, could substantially
reduce cold-chain dependence.

Finally, while microfluidic methods for nanocarrier syn-
thesis offer significant advantages in terms of control over par-
ticle properties and uniformity, addressing the challenges of
scalability, cost-effectiveness, and complexity is essential for
their successful integration into clinical and pharmaceutical
applications. By overcoming these challenges through system
optimization, automation, and integration with other techno-
logies, microfluidic platforms could play a pivotal role in
advancing the production of nanocarriers for therapeutic use.

7. Future perspectives and
applications

The future of microfluidic nanocarrier synthesis will likely be
defined by significant advancements in techniques, materials,
and computational integration.”®'#27'8 These developments
promise to expand applications beyond conventional drug and
gene delivery, enabling innovations in imaging, diagnostics,
and personalized medicine.

Recent innovations in microfluidic devices have revolutio-
nized nanocarrier production, allowing for precise control over
size, shape, and composition. Specifically, the hybridization of
microfluidics with 3D bioprinting has enabled the fabrication
of complex nanocarrier systems with integrated cellular
models, offering a more physiologically relevant environment
for drug testing. Tiboni et al. developed 3D-printed microflui-
dic chips featuring zigzag structures and circular sub-channels
to facilitate passive mixing, producing polymeric nanoparticles
and liposomes with tunable properties and efficient drug
loading.'®® Ballacchino et al. utilized 3D-printed microfluidic
devices to produce curcumin-loaded liposomes with enhanced
encapsulation efficiency and stability. Their work underscores
the importance of advanced fabrication methods in improving
the scalability and reproducibility of liposome production.**°

Similarly, Weaver et al. leveraged UV LCD printing to fabricate
microfluidic chips with sub-micrometer resolutions, enabling the
synthesis of liposomes with fine-tuned properties.'®” Their work
highlighted the potential of advanced printing techniques to
create custom microfluidic systems for diverse biomedical appli-
cations. Moreover, the integration of flexible and stretchable
materials into microfluidic systems could enable real-time adjust-
ments to nanocarrier production, further advancing the precision
and functionality of the synthesis process.

Beyond structural innovations, microfluidic nanocarriers
are being engineered for applications in imaging and diagnos-
tics. Lou et al. further demonstrated how microfluidic tech-
niques could optimize liposome size for improved cellular
uptake and tissue retention, suggesting broader applications
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in disease imaging and detection.'®® Emerging applications
for microfluidic nanocarriers also include their use in person-
alized medicine, where patient-specific characteristics could
guide the design of nanocarriers for tailored therapeutic and
diagnostic interventions. In this context, the need for small,
customized batches aligns well with the limited-scale pro-
duction capabilities of current microfluidic systems, making
scalability less of a barrier compared to mass production scen-
arios. The integration of artificial intelligence (AI) into micro-
fluidic systems is an exciting development that could help
overcome some of the challenges discussed. Liu et al. explored
how AI can optimize microfluidic processes for nanomedicine
and material synthesis. AI can be used to predict nanoparticle
properties and improve synthesis parameters, which could
enhance the scalability and uniformity of microfluidic pro-
duction."®® However, Al still faces challenges, such as the need
for large labeled datasets and its application being primarily
focused on cancer diagnosis and treatment.

The integration of AI into microfluidic systems represents a
promising frontier with the potential to address several of the
scalability, cost-effectiveness, and process optimization chal-
lenges previously discussed.'® By enabling real-time monitor-
ing, predictive modeling, and adaptive process control, Al can
facilitate more consistent nanocarrier synthesis, reduce batch-
to-batch variability, and accelerate the design-build-test-learn
cycle. In particular, machine learning (ML) algorithms can be
trained to optimize key process parameters—such as total flow
rate, flow rate ratio, and channel geometry—to achieve desired
particle sizes, polydispersity indices, and encapsulation
efficiencies with minimal experimental iterations.'**'!
Despite these benefits, the integration of Al into microfluidic-
based nanocarrier production still faces notable hurdles. One
of the most significant is the need for large, high-quality
labeled datasets to train robust and generalizable models. In
the microfluidics field, experimental datasets are often small,
heterogeneous, and lack standardized reporting formats,
making it difficult to leverage ML methods effectively.'*>'%
Moreover, much of the existing AI research in microfluidics
has focused on biomedical diagnostics—particularly cancer
detection and treatment—rather than on drug and gene deliv-
ery applications. As a result, the adoption of Al for therapeutic
nanocarrier synthesis remains relatively limited, with most
demonstrations still at the proof-of-concept stage.'8%1%

To fully realize the potential of AI in this context, future
efforts should focus on developing open-access microfluidics
datasets, establishing standardized data acquisition and anno-
tation protocols, and exploring transfer learning approaches to
adapt models trained in diagnostic applications for use in
therapeutic nanocarrier production. Furthermore, integrating
Al-driven design optimization with closed-loop microfluidic
systems—capable of autonomous feedback control—could
pave the way for scalable, cost-effective, and high-precision
manufacturing of clinically relevant nanocarriers,'937197:198:199
Rebollo et al. employed a DoE approach combined with artifi-
cial neural networks (ANNs) to fabricate LNPs with optimal
properties, including sizes below 100 nm and low polydisper-
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sity.'® By varying parameters such as cholesterol concen-
tration, NaCl levels, TFR, FRR, and temperature, their ANN
model accurately predicted LNP characteristics, significantly
improving production efficiency. Similarly, Maharjan et al.
used an ANN-DoE model to optimize the synthesis of mRNA-
loaded LNPs, identifying key factors such as flow rate ratios
and lipid composition that influenced particle size, zeta poten-
tial, and encapsulation efficiency. This computational
approach streamlined the production process while achieving
high reproducibility and precision.>*® Looking forward, Al
could be further applied in predicting the optimal combi-
nations of materials for nanocarriers, as well as simulating the
interactions between nanocarriers and biological systems, to
enhance efficacy and safety. Future efforts in device auto-
mation, Al-driven optimization, and innovative manufacturing
strategies could help pave the way for more accessible and
clinically relevant microfluidic nanocarrier systems.

The predictive capabilities of Al-driven approaches were
further validated by Damiati et al.,, who used ANNs to predict
the size of poly(lactic-co-glycolic acid) (PLGA) microparticles.
Their model achieved a prediction accuracy of 0.99, demon-
strating its robustness in optimizing microparticle production
(Fig. 8).2°! In addition to previous study, Damiati et al. exem-
plified these possibilities by using 3D flow focusing microflui-
dic chips and artificial neural networks (ANNs) to engineer
PLGA microparticles encapsulating indomethacin. Their
system achieved high drug loading efficiency and sustained
release over nine days, demonstrating the effectiveness of
coupling microfluidic techniques with computational tools to
optimize drug delivery systems.?*?

In another study, Ocampo et al. compared ANN models to
regression-based DOE models for liposome size prediction,
finding that ANNs provided superior accuracy, with correlation
coefficients of 0.98147 for training data compared to 0.882 for
the DOE model.>*® These findings highlight the ability of AI to
reduce experimental effort while maintaining high-quality out-
comes. The integration of AI with real-time monitoring
systems in microfluidic devices could facilitate continuous
process optimization, ensuring consistent product quality
during large-scale production.

In addition to conventional materials, researchers are
exploring novel materials and methods to expand the versati-
lity of microfluidic-synthesized nanocarriers. Kastner et al.
demonstrated a scalable microfluidic method for producing
propofol-loaded liposomes, achieving high drug loading
capacities and stability over extended periods.>** These studies
exemplify how microfluidic technologies can address the limit-
ations of traditional production methods while maintaining
cost-effectiveness. Additionally, Tanaka et al. introduced an
innovative freeze-dried LNP platform for encapsulating IVT-
mRNA (RtoU), which exhibited durable structural stability and
functionality for at least three months, underscoring the
future possibilities of mRNA therapeutics in gene therapy.>°>

Sansare et al. used ANNs to optimize the continuous manu-
facturing process of liposomes, focusing on critical quality
attributes such as particle size and polydispersity index. Their
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computational models demonstrated superior accuracy in pre-
dicting liposome properties, further reducing the reliance on
traditional experimental approaches.’®® The combination of
microfluidics with microarray-based platforms could enable
high-throughput screening of nanocarrier formulations for a
wide range of drug and gene delivery applications.”®”

Emerging microfluidic techniques also offer improved
mixing and ligand modification strategies. Sugimoto et al.
demonstrated that their novel PEGylated liposomes main-
tained high cellular association with cancer cells even with a
short mixing time of one minute, emphasizing the scalability
and precision of their approach.”®® Further developments in
microfluidic devices that integrate multiple functionalities,
such as particle size control, drug loading, and surface modifi-
cation in a single platform, will greatly simplify the synthesis
of multifunctional nanocarriers for complex therapeutic
applications.

Looking forward, interdisciplinary approaches combining
Al, 3D printing, and novel materials will further enhance
microfluidic nanocarrier synthesis.'?>?°*!° As demonstrated
by studies like those by Maharjan et al, these technologies
have the potential to expand applications beyond drug and

This journal is © The Royal Society of Chemistry 2025

gene delivery into areas such as disease diagnostics, imaging,
and personalized medicine.>*® Additionally, the integration of
real-time data analytics and Al-driven feedback systems could
allow for the dynamic adjustment of microfluidic parameters,
making nanocarrier production more adaptive and responsive
to changing conditions. By integrating computational tools
and scalable fabrication methods, researchers can accelerate
the development of nanocarriers with precise properties,
addressing the growing demand for next-generation bio-
medical solutions.*®”19>1

Recent innovations in microfluidic nanocarrier synthesis—
particularly those leveraging Al-driven optimization—have
enabled the precise engineering of nanocarriers with appli-
cation-specific properties, enhancing their efficacy across a
range of biomedical contexts.*'?

8. Conclusion

Microfluidic technologies have revolutionized drug and gene
delivery by providing precise control over the synthesis of
therapeutic nanoparticles. These advancements have helped
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address limitations of conventional drug delivery methods—
such as poor targeting, low bioavailability, and high toxicity—
not solely due to the use of microfluidics, but because the
technology facilitates the controlled production of increasingly
functionalized and optimized nanoparticles.

A chief advantage of microfluidic systems lies in their
ability to produce uniform and reproducible nanocarriers,
crucial for clinical applications. These technologies support
scalable production of complex nanocarriers like liposomes,
LNPs and polymeric nanoparticles with targeted delivery and
controlled release. This has paved the way for personalized
medicine, where the precise control offered by microfluidic
platforms enables the production of tailored nanocarriers that
match individual patient profiles and therapeutic needs.
Microfluidics allows for the fine-tuning of parameters such as
particle size, surface charge, and payload composition, which
are critical for optimizing biodistribution and therapeutic
efficacy. This level of customization is particularly valuable in
applications like mRNA-based vaccines, cancer immunothera-
pies, and rare genetic disorders, where patient-specific formu-
lations can significantly enhance treatment outcomes. Beyond
drug and gene delivery, microfluidic nanocarriers could also
be adapted for theranostics, biosensing, and patient-specific
treatment platforms, expanding their role in precision medi-
cine and integrated healthcare solutions.

Despite these benefits, widespread adoption faces notable
barriers, including the high cost and complexity of microflui-
dic system design and operation. Ongoing research focuses on
optimizing processes, automating production, and reducing
costs through several approaches, including the use of low-cost
and reusable materials, simplified chip designs, and the devel-
opment of scalable manufacturing strategies for microfluidic
devices. These innovations aim to make microfluidic pro-
duction of LNPs more economically viable for both clinical
and industrial applications. Additionally, translating these
technologies into clinical and industrial settings requires rig-
orous validation and standardization to meet regulatory
standards.

Future developments in microfluidic nanocarrier synthesis
include the integration of Al and machine learning to optimize
production and enhance efficiency. The exploration of new
materials and fabrication techniques like 3D printing and
photolithography will further improve the scalability and ver-
satility of microfluidic systems. Finally, microfluidic techno-
logies represent a transformative advancement in drug and
gene delivery, offering precise, efficient, and scalable solu-
tions. As research continues, these technologies have the
potential to revolutionize personalized medicine, improving
patient care and therapeutic outcomes.
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