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A B S T R A C T   

Nanomedicine has made significant advances in clinical applications since the late-20th century, in part due to its 
distinct advantages in biocompatibility, potency, and novel therapeutic applications. Many nanoparticle (NP) 
therapies have been approved for clinical use, including as imaging agents or as platforms for drug delivery and 
gene therapy. However, there are remaining challenges that hinder translation, such as non-scalable production 
methods and the inefficiency of current NP formulations in delivering their cargo to their target. To address 
challenges with existing formulation methods that have batch-to-batch variability and produce particles with 
high dispersity, microfluidics—devices that manipulate fluids on a micrometer scale—have demonstrated 
enormous potential to generate reproducible NP formulations for therapeutic, diagnostic, and preventative ap-
plications. Microfluidic-generated NP formulations have been shown to have enhanced properties for biomedical 
applications by formulating NPs with more controlled physical properties than is possible with bulk techni-
ques—such as size, size distribution, and loading efficiency. In this review, we highlight advances in microfluidic 
technologies for the formulation of NPs, with an emphasis on lipid-based NPs, polymeric NPs, and inorganic NPs. 
We provide a summary of microfluidic devices used for NP formulation with their advantages and respective 
challenges. Additionally, we provide our analysis for future outlooks in the field of NP formulation and micro-
fluidics, with emerging topics of production scale-independent formulations through device parallelization and 
multi-step reactions within droplets.   

1. Introduction 

Richard Feynman famously proposed nanometer-sized materials for 
use in medicine in 1959, and in recent decades the field of nanomedicine 
has rapidly evolved for applications ranging from disease diagnosis and 
treatment to prevention [1–3]. Nanoparticles (NPs) are highly custom-
izable materials that can increase solubility and stability of encapsulated 
cargo while decreasing toxicity by enabling controlled release and tissue 
specific delivery [4,5]. Additionally, NPs can deliver therapeutics—such 
as nucleic acids—to particular intracellular targets for potent gene 
therapy or can be paired with existing imaging modalities to detect 
disease [6,7]. A key example of the advantages of NP therapeutics is the 
U.S. Food and Drug Administration (FDA) approved product Doxil, a 

poly(ethylene glycol) (PEG)-coated liposome encapsulating the chemo-
therapeutic doxorubicin. Doxil achieves significantly increased circula-
tion time and reduced side effects—such as cardiotoxicity—compared to 
the free drug doxorubicin [8]. Similarly, FDA approved AmBisome treats 
systemic infections by encapsulating amphotericin B, a drug typically 
insoluble in saline at pH 7, in a lipid vesicle (liposome) that reduces 
toxicity, increases biodistribution, and improves solubility [4]. Other 
FDA-approved NPs include inorganic iron NPs that have been approved 
for thermal ablation and iron replacement therapies (Table 1), while 
gold NPs are in clinical trials for photothermal therapy and gene de-
livery [6,9–11]. The 2018 FDA and European Medicines Agency (EMA) 
approval of the RNA interference NP treatment Onpattro signaled a shift 
in the market as more advanced therapeutic systems, such as nucleic 
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acid therapies, are gaining approval [12]. Messenger RNA (mRNA) 
vaccines have been investigated for their high potency and potential for 
rapid development [13,14]—currently, two mRNA vaccines 
(mRNA-1273 and BNT162b2, developed by Moderna, Inc. and Bio-
NTech/Pfizer, respectively) for the SARS-CoV-2 virus have gained 
emergency use authorization by the FDA and other international 
agencies [15–19]. As illustrated by numerous clinical applications, 
nanomedicine is a rapidly progressing field as it provides many oppor-
tunities for novel therapies, but still faces limitations in terms of trans-
lation from research to the clinic. 

Despite advances in novel treatment options, challenges remain in 
the formulation, efficiency, and approval of various nanomedicines. 
Many NP formulations are limited by inefficient delivery to target cells 
and tissues, which prevents treatments from reaching the performance 
necessary for clinical use [25,26]. Most approved NP treatments rely on 
passive targeting, a process that has variable success due to: substantial 
patient-to-patient variation, differential stages of disease progression, 
and inconclusive research concerning the enhanced permeability and 
retention (EPR) effect in humans [9,27–29]. Active targeting ap-
proaches, including the use of ligands to direct NPs to target cell and 
tissue populations, have shown limited clinical efficacy as the targeting 
moieties can affect pharmacokinetic properties and induce opsonization 
[30,31]. In addition to the multitude of biological barriers for intrave-
nous systemic delivery, NP size is a crucial parameter to control since it 
influences in vivo biodistribution, uptake, and clearance [32]. Thus, 
conventional formulation methods limit NP translation since they pro-
duce large or polydisperse NPs that can have batch-to-batch varia-
bility—leading to inconsistent results and processes that cannot be 
easily scaled from the discovery phase of a study, through animal 
testing, clinical testing, and finally commercial production [33–35]. 
Emulsion-solvent evaporation is a common bulk method for the 

formulation of polymeric NPs by evaporating solvent from emulsion 
particles, but produces particles that are large (~200 nm) that can lead 
to toxicity or short circulation times [36]. Bulk mixing using ultrasound, 
nanoprecipitation or rapid mixing methods have been applied to lipid 
NP and polymer NP formulations, however they are all batch processes 
that typically result in larger particles (>150 nm), sizes that are 
sub-optimal for tissue penetration and extended circulation [37–41]. 
Further, none of these bulk methods produce NPs in a continuous 
manner, leading to high degrees of batch-to-batch variation. Thus, 
challenges remain in consistent, reproducible formation of NPs for 
biomedical applications that can be translated to the clinic. 

1.1. Microfluidic approaches to NP formulation 

To address current challenges in NP formulation, microfluidic tech-
nologies have been used to synthesize NPs with more controlled physical 
properties [3]. Microfluidics enables precise control over picoliter to 
nanoliter volumes in devices with microscale dimensions, allowing 
processes such as mixing, droplet generation, or nanoprecipitation to 
occur with precise control not possible using conventional techniques 
[42]. These devices can be fabricated out of a variety of polymers, glass, 
silicon or paper and can be used for material generation, biosensing, 
tissue engineering, or microelectronic applications [43]. Soft lithog-
raphy approaches, as well as advancements in device designs such as 
flow focusing generators, staggered herringbone micromixers, and hy-
drodynamic flow focusers, have accelerated nanomedicine research over 
the past two decades [36,44–46]. Additionally, developments in pro-
grams, such as the U.S. National Nanotechnology Coordinated Infra-
structure established in 2015, have enabled users at many institutions to 
rapidly prototype novel designs for microfluidic devices and precisely 
characterize nanomaterials [47]. To demonstrate the advantages of 

Table 1 
Clinically approved NPs currently in use [4, 7, 9, 20–24].  

Product (generic name) Approval year Approved designation(s) Description 

Abelcet (amphotericin B) FDA 1995 Fungal infections Amphotericin B lipid complex 
Abraxane (paclitaxel) FDA 2005 Advanced nonsmall cell lung cancer (NSCLC) Metastatic breast 

cancer Metastatic pancreatic cancer 
Albumin-particle bound paclitaxel 

EMA 2008 
AmBisome (amphotericin B) FDA 1997 Fungal/protozoal infections Liposomal amphotericin B 
Apealea/Paclical EMA 2018 Ovarian cancer Micellar formulation of paclitaxel 
Curosurf (poractant alpha) FDA 1999 Pulmonary surfactant for respiratory distress syndrome Liposome-proteins SP-B and SP-C 
InFed/CosmoFer/Ferrisat FDA 1992 Europe 

2001 
Iron deficient anemia Iron dextran colloid (low molecular weight) 

DaunoXome (daunorubicin) FDA 1996 HIV-associated Kaposi’s sarcoma Non-PEGylated liposomal daunorubicin 
DepoCyt (cytarabine) FDA 1999 Neoplastic meningitis Liposomal cytarabine 
DepoDur (morphine) FDA 2004 Analgesia Liposomal morphine sulfate 
Diafer Europe 2013 Iron deficiency for patients with chronic kidney disease 5% iron isomaltoside colloid 
Diprivan (propofol) FDA 1989 Anesthesia Liposomal propofol 
Doxil/Caelyx (doxorubicin) FDA 1995 Ovarian cancer HIV-associated Kaposi’s sarcoma Multiple 

myeloma 
PEGylated liposomal doxorubicin 

EMA 1996 
Feraheme/Rienso 

(feruxmoxytol) 
FDA 2009 Iron replacement therapy for chronic kidney disease Iron polyglucose sorbitol carboxymethylether 

colloid EMA 2012 
Ferrlecit (ferric gluconate) FDA 1999 Iron replacement therapy for chronic kidney disease Iron gluconate colloid 
Hensify (NBTXR3) CE Mark 2019 Locally advanced soft cell carcinoma Hafnium oxide NPs stimulated by radiation to 

induce tumor cell death 
Injectafer/Ferinject (ferric 

carboxymaltose) 
FDA 2013 Iron deficient anemia Iron carboxymaltose colloid 

Marqibo (vincristine) FDA 2012 Acute lymphoid leukemia Non-PEGylated liposomal vincristine 
Mepact (mifarmurtide) EMA 2009 Non-metastatic osteosarcoma Non-PEGylated liposomal mifarmurtide 
Monoferric/Monofer (ferric 

derisomaltose) 
FDA 2020 Europe 
2009 

Iron deficiency anemia 10% iron isomaltoside colloid 

Myocet (doxorubicin) EMA 2000 Metastatic breast cancer Non-PEGylated liposomal doxorubicin 
NanoTherm Europe 2010 Thermal ablation glioblastoma Iron oxide NP 
Onivyde (MM-398 irinotecan) FDA 2015 Metastatic pancreatic cancer PEGylated liposomal irinotecan 
Onpattro (patisiran) FDA 2018 Europe 

2018 
Transthyretin induced amyloidosis (hATTR) siRNA lipid nanoparticle 

Venofer (iron sucrose) FDA 2000 Iron replacement therapy for chronic kidney disease Iron sucrose colloid 
Visudyne (verteporfin) FDA 2000 Macular degeneration Liposomal verteporfin (light activated) 

EMA 2000 
Vyxeos (daunorubicin 

cytarabine) 
FDA 2017 Acute lymphocytic leukemia Liposomal daunorubicin and cytarabine  
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microfluidics for NP synthesis, a 2008 study compared flow-focusing 
microfluidic and bulk synthesis of polymer NPs; they determined that 
microfluidics produced smaller NPs with a smaller size distribution, 
increased encapsulation efficiency and drug loading, as well as slower 
release rates [48]. Beyond enhanced control over NP properties, 
microfluidics offers a continuous and rapid option to produce NPs that 
can lead to reagent savings by enhanced loading and scalable formula-
tion volumes [33,42,49]. 

Here, we review advances in microfluidic technologies for the 
formulation of NPs by summarizing and highlighting key examples of 
microfluidic designs that have had an impact on nanomedicine. We 
focus on applications in lipid, polymeric, and inorganic NP production to 
illuminate the ways in which microfluidics has allowed for control over 
NP size and potency, as well as optimization of formulations. Our goal 
throughout this article is to emphasize how microfluidics has enabled 
novel biomaterial discovery and provide insight into how future 

developments will accelerate clinical translation. 

2. Liposomes and lipid nanoparticles (LNPs) 

Investigation into lipid-based NPs began in the 1960s, as advances in 
techniques to observe lipid structures—such as electron microscopy or 
dynamic light scattering—enabled characterization of lipid morphology 
and size distribution [50–52]. As previously mentioned, many classes of 
drugs are either poorly soluble, unstable, or cleared from the body 
rapidly; thus, liposomes were evaluated to deliver small molecules or 
macromolecules by encapsulating them in a small aqueous compartment 
surrounded by a lipid bilayer [53]. Early NP applications in the 1970s 
focused on drug delivery using liposomes; they have since developed 
more advanced systems with surface coatings, such as PEG, for enhanced 
biodistribution and stability [54,55]. Additionally, the delivery of 
nucleic acids has enormous therapeutic potential ranging from 

Fig. 1. Microfluidic techniques for liposome and lipid nanoparticle (LNP) formulation. Summary of bulk and microfluidic techniques for production of li-
posomes (A–B) and lipid nanoparticles (C–F), highlighting advantages (green) and disadvantages (red) for each. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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immunotherapy and gene therapy to prophylactic vaccines [56–60]. 
However, the delivery of free nucleic acids—including small interfering 
RNA (siRNA) and mRNA—is limited by low transfection rates, insta-
bility, and anionic repulsions with cell membranes [7,34]. To address 
these challenges, synthetic delivery vehicles—such as lipid NPs (LNPs) 
with an electron dense core of nucleic acid/lipid complexes—have been 
developed due to their versatility, biocompatibility, and potent intra-
cellular delivery of nucleic acids [61–64]. Among clinically approved 
NPs, liposomes and LNPs are the most advanced as they account for 
more than half of FDA-approved NPs that are currently in clinical use 
(Table 1). Here, we refer to unilamellar lipid systems with an aqueous 
core as liposomes, and multilamellar or electron dense lipid systems as 
LNPs. 

2.1. Extrusion and bulk formulation 

While macroscale production methods for liposomes can vary based 
on lipid formulations, most commercially available liposome products 
are manufactured by extrusion [65]. Extrusion is a multistep process 
where large unilamellar vesicles are formed by a process of (i) lipid film 
hydration, (ii) a series of freeze-thaw cycles, (iii) passing the solution 
through multiple filters to form liposomes (Fig. 1A), and an optional 
final step for (iv) encapsulation of a desired active drug [65–67]. 
Alternatively, liposomes can be formed in industrial scale quantities by 
ethanol injection, where lipids dissolved in an organic solvent are added 
to an aqueous suspension and extruded through multiple stacked filters 
to form liposomes of the desired size [66]. These processes can produce 
liposomes with uniform size distributions where the polydispersity 
index (PDI) is less than 0.1 [68], however this is variable between 
studies depending on the extruding pore size, number of extrusion cy-
cles, and lipid type—with high dispersity (PDI 0.20–0.40) reported [40]. 
This method of membrane extrusion can be labor-intensive and subject 
to clogging over time due to large changes in particle size or concen-
trated solutions, leading to shortages of liposomal drugs, as experienced 
in 2011 when manufacturing issues led to a U.S. national shortage of 
FDA approved Doxil [40,69]. While current industrial scale production 
of liposomes is well-established in the field and can produce liposomes 
with the intended physical properties, the multi-step procedures can 
generate high product losses, which creates limitations when formula-
tions involve expensive reagents [70]. Early LNP formulations for 
nucleic acid delivery were based on the stepwise mixing of an ethanolic 
lipid solution and an aqueous nucleic acid solution, where bulk mixing 
to precipitate LNPs was achieved by extrusion, pipette mixing, or other 
methods [37,71]. These methods produced LNPs with sizes greater than 
100 nm—which is generally undesirable as tissue fenestrations are of a 
similar size, leading to a decrease in LNP tissue penetration and subse-
quent activity [72]. To address these manufacturing challenges and 
improve control over the physical properties of NPs, microfluidic ap-
proaches can be applied to liposome and LNP production. 

2.2. Microfluidic hydrodynamic flow focusing (HFF) 

Microfluidic strategies have been applied to LNP formulations to 
reduce LNP size, size dispersity and improve encapsulation efficiency. 
To achieve this, microfluidic devices induce nanoprecipitation of lipo-
somes and LNPs where rapid mixing of solvent and anti-solvent pro-
motes NP self-assembly [38]. An example of this is hydrodynamic flow 
focusing (HFF), a microfluidic laminar flow method in which a narrow 
fluid stream flows in the same channel next to a different fluid to 
facilitate rapid mixing between the two fluids. For example, this tech-
nique has been used to formulate liposomes by flowing an aqueous 
buffer on each side of a lipid-isopropyl alcohol (IPA) central stream 
(Fig. 1B) [73,74]. Here, the liposomes form at the buffer-IPA interface 
through self-assembly as they are less soluble in the buffer, and their 
physical properties can be controlled by changing flow rates, channel 
dimensions, and by the choice of lipids—with liposome sizes ranging 

from 30 to 200 nm [73,74]. One study found that small nucleic acid/-
lipid particles (38 nm) could be formed in a HFF device and showed gene 
silencing in vitro with 20% improved encapsulation efficiency compared 
to bulk mixing by vortexing [75]. This microfluidic technology has also 
been applied to the formulation of multifunctional liposomes on chip— 
where the same HFF device architecture formulated three different types 
of liposomes: liposomes without surface modification, PEGylated lipo-
somes, or liposomes with an active targeting ligand (folic acid) [76]. In 
this approach, liposomes were formulated by focusing a central stream 
of lipids in isopropanol with streams of PBS, where liposome size was 
varied from 200 nm to 55 nm based on increasing flow rate ratio of PBS 
to isopropanol. Another study investigated the use of a HFF device for 
dual-ligand liposomes, where folic acid and a cell penetrating peptide 
(TAT) were incorporated into a liposome that demonstrated enhanced 
targeting and prolonged retention in a SKOV3 xenograft tumor model 
compared to liposomes with a single ligand or with PEG alone [77]. 
Ligand density of these liposomes, an important surface property that 
influences cellular uptake, was found to be independent of operational 
flow rate ratio for both folic acid and TAT. 

To further explore this technology, an advanced 3D HFF device was 
fabricated where the central stream of ethanol-lipid was radially focused 
by an aqueous buffer, where liposome size was comparable to 2D HFF 
devices, but throughput was increased four-fold [78]. One main disad-
vantage for this technique is the high flow rate ratios necessary to pro-
duce the smallest size liposomes and LNPs, leading to dilution of samples 
that could then require post-processing to achieve proper concentrations 
for in vivo experiments [79]. While these HFF devices have not been used 
as extensively as other microfluidic architectures, they provide notable 
advantages over conventional manufacturing techniques (extrusion, 
ethanol injection) as they obviate the need for post-processing and can 
be produced with low-cost materials [65,78]. 

2.3. Microfluidic staggered herringbone micromixers (SHMs) 

In addition to HFF, other microfluidic strategies have been shown to 
improve reproducibility, increase production rates for large scale 
manufacturing, and improve physical properties such as encapsulation 
efficiency [79]. Since microfluidic systems can controllably mix solvents 
in microseconds to milliseconds, which is faster than the characteristic 
timescale for lipids to aggregate (10–100 ms), they produce smaller NPs 
with uniform size [42]. In 2012, two labs simultaneously demonstrated 
the production of LNPs for gene delivery using rapid mixing microfluidic 
devices that incorporate series of asymmetric protrusions called stag-
gered herringbone micromixers (SHMs) for millisecond mixing (Fig. 1C) 
[37,80]. This architecture induces passive mixing by chaotic advection, 
where the characteristic diffusion length is greatly reduced between the 
ethanol-lipid and nucleic acid-buffer streams—allowing rapid, 
controlled mixing [44,79]. One of these studies focused on NP discovery, 
as the microfluidic device could mix small (10 μL) amounts of input 
solutions, thus saving expensive siRNA reagents and allowing more lipid 
structures to be screened [37]. This study found that 
microfluidic-produced LNPs are up to three times smaller (60–90 nm) 
than LNPs produced by pipette mixing (180 nm) with less size hetero-
geneity, which enabled the discovery of seven novel lipid structures for 
potent (>90%) hepatic gene silencing in vivo [37]. The second study 
showed the importance of rapid mixing rates for potent LNP production, 
as low flow rates produced large LNPs (170 nm) that resulted in poor 
gene silencing in vivo compared to smaller LNPs produced at high flow 
rates (60 nm) [80]. They determined that an increased PEG-lipid content 
produces progressively smaller LNPs (down to 20 nm) with a high siRNA 
encapsulation efficiency (>95%), while maintaining equal or superior 
potency to the ‘gold standard’ LNPs formulated with the cationic lipid 
DLinKC2-DMA [80]. Additionally, this study demonstrated LNP 
formulation at high production rates by parallelization of their device 
architecture, where they incorporated six SHM units into one device to 
produce LNPs at 72 mL/min. 
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These groundbreaking studies have enabled further NP discovery as 
more groups use microfluidic platforms for rapid, reproducible LNP 
production. Building on previous studies, SHM devices were used to 
produce siRNA LNPs of five different sizes (27 nm, 38 nm, 43 nm, 78 nm, 
117 nm) with narrow size distributions by varying the PEG-lipid content 
[72]. Their results found that hepatic gene silencing was most efficient 
in LNPs ranging from 38 to 78 nm, while 27 nm LNPs were unstable, and 
117 nm LNPs potentially could not pass fenestrations in liver vasculature 
[72]. In addition to the production of siRNA LNPs, SHM devices have 
been used in an investigation that varied the composition of mRNA LNPs 
by precisely changing the input composition of lipid structures and 
excipient molar ratios [81]. One study used a Design of Experiments 
methodology, a methodology to determine the factors that control the 
outcomes of a process [82], in conjunction with microfluidic formula-
tion to rapidly identify lead formulations; their optimized formulation 
for mRNA delivery increased in vivo potency by up to 7-fold compared to 
previously siRNA-optimized formulations [81]. To rapidly screen more 
LNP formulations, molecular barcoding has been used to simultaneously 
measure the accumulation of many distinct LNPs in different tissues in 
vivo [25,83]. A recent study combined the high-throughput screening 
technique with microfluidic LNP formulation to ensure even more rapid 
LNP structure-activity analysis. Using SHM devices, a library of LNPs 
were formulated encapsulating unique DNA barcodes or Factor VII 
siRNA for particle accumulation or hepatic gene silencing studies, 
respectively—ultimately determining that this molecular barcoding 
platform in combination with microfluidic formulation can accelerate 
LNP screening to identify hit compounds [25]. In addition to LNP for-
mulations for nucleic acid therapeutics, SHM microfluidic devices have 
been used for production of liposomes encapsulating hydrophobic 
drugs. One study encapsulated the drug propofol in a phosphatidyl-
choline (PC) and cholesterol liposome, identifying a 2000-fold increase 
of propofol solubility in a liposome (~300 mg/mL) compared to 
aqueous solubility (0.15 mg/mL), and a 2.5-fold increase in solubility 
compared to liposomes formed by sonication (~120 mg/mL) [84]. 

While microfluidic technologies have many advantages, one key 
disadvantage is the limited solvent compatibility for devices made of 
polydimethylsiloxane (PDMS). While these materials are common for 
devices fabricated by soft lithography, they can interact with organic 
solvents by swelling and deforming the intended structures, making 
them unsuitable for many formulations [85]. Additionally, channel 
clogging or fouling can lead to device failure due to aggregation of NP 
precursors on channel walls [86]. To address this challenge, some de-
vices are made of substrates such as cyclic olefin copolymer (COC) or 
silicon/glass, which have excellent solvent compatibility but they 
require more complicated fabrication processes (i.e. injection molding 
or microfabrication, respectively), which can be costly and difficult to 
implement [87–89]. Another strategy to address challenges of clogging 
or fouling is surface treatment of microchannels, where devices can be 
“pre-fouled” by proteins or treated with polymers to control the 
hydrophilicity/hydrophobicity [90]. 

Additionally, another key disadvantage of microfluidics has been 
volumetric throughput. The fundamentally low production rate of 
microfluidic devices for the generation of materials (<10 mL/h), due to 
their small channels, has remained a key challenge to successfully 
translate the many promising laboratory-scale results of microfluidics to 
the larger scale production required for animal studies, clinical studies, 
and commercial-scale production. To address this challenge, architec-
tures have been developed that make it possible to operate many 
microfluidic channels in parallel [91–93]. Ultimately, the use of SHM 
devices for LNP production has revolutionized nanomedicine, as it en-
ables higher control of physical parameters and high throughput screens 
of NPs to enhance nucleic acid delivery. 

2.4. Microfluidic bifurcating mixers and baffle mixers 

The success of SHM devices has led to the commercialization of this 

SHM architecture for NP production by Precision NanoSystems, entitled 
the NanoAssemblr™ platform [79,94]. Recently, the company has 
introduced a novel mixing architecture called NxGen, which consists of a 
series of bifurcating mixers for scalable, non-turbulent mixing (Fig. 1D) 
[95]. These bifurcating mixers, also called toroidal mixers, induce 
chaotic advection as the fluid travels, the channels split into two, travel a 
different path length, and are then merged back together—inducing 
rapid mixing in a single-layer device by large centrifugal forces [96]. 
This bifurcating mixer architecture maintains the high encapsulation 
efficiency, high reproducibility, and low NP size of the original SHM 
design but allows production rates to be increased by 25-fold (up to 20 
L/h) [95,97]. A study by Intellia Therapeutics showed in vivo 
CRISPR/Cas9 gene editing for the transthyretin gene in mice and rats 
following administration of co-formulated single guide RNA (sgRNA) 
and Cas9 mRNA LNPs. These LNPs were initially screened for gene 
editing in vitro and in vivo to find the optimal formulation and modifi-
cation for sgRNA (formulated by the NanoAssemblr) and showed that 
their optimized, potent editing formulation resulted in >97% trans-
thyretin protein knockdown for 12 months [98]. Another study opti-
mized LNP excipients by substituting cholesterol derivatives into NPs 
formulated by the NanoAssemblr instrument, identifying β-sitosterol as 
an enhanced substitute for cholesterol in mRNA transfections in vitro 
[99]. Precision NanoSystems’ instruments are highly impactful in 
nanomedicine, as they can be used to formulate a variety of NPs with 
throughput-independent formulations, in addition to the fact that they 
can be used by groups that are unable to perform microfluidic device 
fabrication [95]. 

In addition to bifurcating mixer devices, other microfluidic archi-
tectures have been used for controlled liposome and LNP production. 
One study developed a baffle mixer (Fig. 1E), or invasive LNP produc-
tion device, that involves a series of perpendicular turns to rapidly mix 
LNP components [100]. This device produced LNPs with a mean size of 
20 nm–100 nm, at intervals of 10 nm, by varying the total device flow 
rate, flow rate ratio, and device dimensions. Additionally, they 
demonstrated >90% gene silencing of Factor VII in ICR mice at a 0.1 
mg/kg dose of siRNA LNPs formulated by the baffle mixer with the lipids 
YSK-5, cholesterol, and PEG-DMG. Overall, bifurcating mixers and baffle 
mixers are both single-layer devices that have shown potential for potent 
LNP formulations as an alternative to HFF and SHM devices. 

2.5. Rapid mixing formulation 

T-junction mixing, while not strictly a microfluidic process since 
characteristic dimensions often exceed 1 mm at turbulent (Re > 2000) 
conditions [101,102], is a method of rapid mixing operated at very high 
flow rates (40–60 mL/min) where two input streams are faced directly 
towards each other with a perpendicular output (Fig. 1F) [103,104]. A 
study by Alnylam Pharmaceuticals and Protiva Biotherapeutics found 
that T-junction mixing produced stable nucleic acid LNPs for potent 
knockdown of Apolipoprotein B (ApoB) in non-human primates 
following systemic administration of siRNA LNPs [105]. This study was 
pivotal as it was an early report of RNAi in a large animal study, showing 
reductions in ApoB mRNA and protein for more than 10 days [105]. A 
study by Merck & Co. produced siRNA LNPs targeting the murine gene 
Ssb by T-junction mixing and reduced target mRNA levels in vivo by over 
80% [103]. Further, to reduce the acute inflammatory response 
following administration of LNPs, an anti-inflammatory agent (dexa-
methasone) was pretreated to mice and was found to mitigate cytokine 
responses, indicating a possible clinical strategy to achieve clinical 
translation [103]. Since T-junction mixing requires high flow rates, it is 
not always the preferred method for LNP production since it cannot be 
scaled down to small volumes (<100 μL) that are useful to conserve 
expensive reagents for high throughput screens of many different LNP 
formulations [37,79]. Overall, T-junction mixing offers another method 
for large-scale LNP production for potent gene delivery. 

Macroscale processes, SHM devices, HFF devices, bifurcating mixing, 
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baffle mixers, and T-junction mixing can be used to produce liposomes 
or LNPs, each with their own advantages and disadvantages (Fig. 1). 
Although the aforementioned methods do not include every microfluidic 
approach to liposome or LNP formulation, these techniques are the most 
advanced, having enabled the discovery of novel NPs. These methods 
have greatly advanced the field of lipid-based NPs in nanomedicine, 
enabling treatments in vitro, in vivo, and in humans. 

3. Polymeric NPs 

Biodegradable polymers have been extensively researched since the 
1970s for gene therapy, drug delivery, and imaging applications 
[106–108]. Polymeric NPs were developed for their controlled release 
properties that are useful for encapsulating a variety of cargo and 
altering release kinetics by precisely controlled variations in polymer 
properties [109]. For example, polycaprolactone (PCL) is a slowly 
degrading polymer commonly used for long-term implants where the 
delivery systems remain active for years, while the copolymer poly 
(lactic-co-glycolic) acid (PLGA) degrades at faster rates depending on 
ratios of its monomers, lactic acid and glycolic acid [107]. PLGA is one 
of the most clinically advanced polymers—with more than 15 FDA 
approved products that incorporate PLGA microspheres—but these ap-
plications are largely limited to local delivery and implants due to large 
particle size [110,111]. Polymeric NP systems have been shown to 

improve solubility, bioavailability, and retention time of drugs/bioac-
tive molecules while reducing toxicity and enhancing specific tissue 
absorption [107,112]. Polymer drug delivery systems can be charac-
terized by the type of release, which can be based on conventional 
processes (e.g. diffusion, erosion) or novel stimuli-responsive systems 
that undergo physical or chemical changes [113]. Advancements in 
polymers such as PEG have been crucial to the progress of nano-
medicine; future progress in polymeric NP approaches can further 
improve site targeting, avoid biological barriers, and increase drug 
availability by improving NP physical properties [114,115]. 

3.1. Solvent evaporation 

Solvent evaporation is a common bulk method for the formulation of 
polymeric NPs and microparticles, where hydrophobic or hydrophilic 
compounds can be encapsulated [109,116]. For hydrophobic cargo, the 
polymer is dissolved in an organic solvent with the intended drug, which 
is then added to an aqueous solution with surfactant under rapid stirring 
to produce an oil-in-water emulsion [109,117]. To produce polymeric 
NPs that encapsulate hydrophilic compounds or proteins, a 
water-soluble compound is added to an organic solvent with polymer to 
produce a water-in-oil emulsion, which is added to another aqueous 
solution with surfactant to produce a water-in-oil-in-water double 
emulsion [117]. In either case, the organic solvent is evaporated from 

Fig. 2. Microfluidic techniques for polymeric NP synthesis. Summary of bulk and microfluidic techniques for production of polymeric NPs, highlighting ad-
vantages (green) and disadvantages (red) for each. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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the emulsion to yield NPs (Fig. 2A) [116]. The desired parameters such 
as particle size and drug loading are controlled by polymer concentra-
tion, surfactant concentration, properties of each solvent, and stirring 
method [118]. While this production method is well-established, it has 
limitations as the polymeric NPs generated are large (>150 nm) with 
limited drug loading—leading to short biodistribution, high toxicity, 
and inefficient production [36]. To scale up solvent evaporation 
formulation of polymeric NPs, bulk stirring methods cannot precisely 
control emulsification, producing heterogeneous NPs that increase 
manufacturing costs by requiring extra processing/quality control [35, 
119]. To improve production methods and precisely control NP pa-
rameters (size, polydispersity, drug loading, release kinetics), micro-
fluidics have been applied to polymeric NP formulation. 

3.2. Microfluidic HFF 

3.2.1. 2D HFF 
Perhaps the most studied microfluidic method to produce polymeric 

NPs is HFF, where a central stream of polymer in organic solvent is 
focused between two aqueous streams (Fig. 2B; Fig. 3A). This method of 
nanoprecipitation is distinct from bulk solvent evaporation as it induces 
self-assembly of NPs in sub-microseconds, allowing increased mono-
dispersity, and does not require solvent evaporation [36]. One study 
used a HFF device to produce PLGA-PEG NPs and compared them to 

bulk pipette mixing—finding that microfluidic formulation maintained 
small particle size (34 nm) at high PLGA:PLGA-PEG content while bulk 
mixing produced much larger (105 nm) NPs [36]. Additionally, when 
encapsulating the drug docetaxel, microfluidic-formulated NPs had a 
longer half-life of drug release (19 h) than bulk NPs (11 h) [36]. Cur-
cumin, a compound used to inhibit cancer cell proliferation, was 
encapsulated in PLGA NPs using a HFF device and showed enhanced 
stability (half-life 2 days) compared to free curcumin (half-life 30 min) 
[120]. These curcumin PLGA NPs were delivered to Jurkat and fibro-
blast cells in vitro to evaluate anticancer activity; results showed 50% 
maximum inhibitory response (IC50) of curcumin in Jurkat cells, similar 
to other Jurkat studies, while not affecting fibroblast cell viability [120]. 
Another study comparing the encapsulation of the anticancer agent 
gemcitabine in PLGA NPs formulated by HFF devices and 
double-emulsion/solvent evaporation method—ultimately determining 
that entrapment efficiencies are greater by two-fold in NPs formulated 
by HFF, as well as a slower release of gemcitabine and more potent 
cytotoxicity in MCF-7 human breast adenocarcinoma cells from HFF NPs 
[121]. These HFF devices can also be used to produce NPs made of 
hyaluronic acid—a natural hydrophilic polymer—for applications in 
pharmaceutics or cosmetics [122]. One study showed production of 
hyaluronic acid NPs in a HFF device with a central aqueous phase with 
the polymer, focused by streams of an organic solvent, where NP sizes 
ranged from 140 to 460 nm depending on the flow rates and organic 

Fig. 3. Variations of hydrodynamic flow focusing (HFF) for polymeric NP production. Summary of microfluidic designs used for polymeric NP synthesis, 
highlighting differences between 2D HFF (A) and 3D HFF (B–E). 
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solvent type [122]. To increase the throughput of 2D HFF devices, one 
study increased the microchannel dimensions (20 μm by 50 μm to 100 
μm by 200 μm) to increase production rate from 1.8 mg/h to 288 mg/h 
for PLGA-PEG NPs [123]. Using a similar strategy for other microfluidic 
architectures, maximum throughput can be increased by enlarging de-
vice features while maintaining proportionality. 

3.2.2. 3D HFF 
All of the previously mentioned HFF devices focus the central stream 

horizontally (2D HFF) to produce polymeric NPs, but not vertically in 
the z-direction to produce a three-dimensional focused stream (Fig. 3B). 
When producing polymeric NPs in 2D HFF devices, polymer aggregates 
can form at the central stream-device interface where channel clogs lead 
to device failure [124]. To avoid this, 3D HFF devices have been pro-
duced which eliminate the central stream-device interface and can 
produce PLGA-PEG NPs for over 10 min with no channel fouling and 
comparable NP properties to 2D HFF devices [124]. One study produced 
a parallelized 3D HFF device—with eight identical HFF channels oper-
ating at once—to show the scalability of this architecture for in vivo 
studies [125]. Using this device, Alexa-fluor 647-labelled PLGA-PEG 
NPs with sizes 20 nm or 35 nm were produced to evaluate pharmaco-
kinetics and biodistribution in mice—showing similar circulation life-
time and organ accumulation for both NP sizes. 

3.2.3. 3D HFF variations 
There have been many variants of the 3D HFF geometry applied to 

the generation of polymeric NP formulations. One study screened a li-
brary of 45 PLGA-PEG NPs to evaluate the relationship between in vitro 
macrophage uptake and in vivo pharmacokinetics, finding that low 
macrophage uptake correlated with longer circulation times [126]. 
These NPs were produced by a modified 3D HFF device, where a 
micromixer upstream of flow focusing mixed NP precursors—ligands, 
drugs, or modified polymers (PLGA-PEG, PLGA)—prior to NP formation 
by nanoprecipitation in the 3D focusing region (Fig. 3C) [126]. Using 
this device, they formulated targeted NPs by incorporating a ligand that 
targets prostate-specific membrane antigen receptors overexpressed in 
prostate cancer cells. Their results determined a 3.5-fold increased 
accumulation of targeted NPs in tumors compared to non-targeted NPs 
[126]. Additionally, another study used an alternative design to produce 
poly(beta-amino ester) (PBAE) NPs for DNA delivery by focusing a DNA 
inlet in three dimensions by three separate polymer inlets (Fig. 3D) 
[127]. This device produced PBAE NPs that encapsulated GFP plasmid 
DNA; when delivered in vitro to three different cancer cell lines, the 
microfluidic-formulated NPs showed higher transfection and cell 
viability than the positive controls polyethylenimine (PEI) or 
Lipofectamine-2000. In addition to encapsulating multiple types of 
plasmid DNA for gene delivery, this study showed that microfluidic 
mixing produced a more homogenous product since there were fewer 
empty (DNA free) PBAE NPs compared to bulk mixing [127]. Another 
variation of the 3D HFF uses a glass capillary microfluidic device to flow 
an FDA-approved natural resin (shellac) and curcumin in ethanol as the 
inner fluid with water as the outer fluid to produce curcumin-loaded 
shellac NPs as natural colorants for the food industry [128]. This 
microfluidic strategy is a robust and reproducible method to entrap 
hydrophobic reagents in biocompatible NPs, where high encapsulation 
efficiencies are achieved (>95%) as well as reduced size and size dis-
persity compared to bulk production methods. 

Another variant to the 3D HFF device design is the incorporation of 
microvortices, which can aid in the production of complex polymeric 
NPs. One study produced lipid-polymer NPs using a microfluidic device 
where microvortices form upstream of 3D flow focusing (Fig. 3E), pro-
ducing NPs composed of PLGA, lecithin, and lipid-PEG that can have 
higher drug loading and slower release than PLGA NPs alone [129]. The 
microvortex-HFF device produced NPs with a lower polydispersity index 
(PDI ~ 0.1) and size (55–80 nm) than bulk production (PDI ~ 0.2; size 
80–120 nm) at various ratios of PLGA:lipid [129]. A second study used a 

similar device with 3D flow focusing and microvortices to produce 
high-density lipoprotein (HDL)-mimicking nanomaterials for delivery of 
imaging and therapeutic agents [130]. The study produced HDL nano-
materials that encapsulated the hydrophobic drug simvastatin or a va-
riety of inorganic agents—gold, iron oxide, quantum dot nanocrystals, 
or fluorophores—for detection by different imaging modalities such as 
computed tomography (CT), magnetic resonance imaging (MRI), or 
fluorescence microscopy [130]. This microfluidic device enabled 
single-step synthesis of HDL nanomaterials that maintained the same 
bioactive properties of native HDL, as well as maintained similar size to 
HDL nanomaterials produced via conventional multistep bulk processes 
[130]. An important physical parameter to improve is drug loading, 
which is generally very low (<5%) for polymeric NP systems [131]. To 
overcome this challenge, one study used a type of 3D HFF device-
—incorporating a series of three nested glass capillaries to focus the 
input streams in combination with turbulent mixing—to produce 
core/shell nanocomposites with varying compositions. These nano-
composites were formulated using a combination of PLGA, an enteric 
coating polymer (hypromellose acetate succinate; HF), and anticancer 
drugs (paclitaxel or sorafenib). Their studies demonstrated that nano-
composites with an anticancer drug core/HF shell formulated by their 
sequentially nested capillary microfluidic device had >42% drug 
loading, which is significantly greater than drug loading with a single 
microfluidic nanoprecipitation device (6%) or bulk precipitation (4%) 
[131,132]. Further efforts to improve drug loading with novel micro-
fluidic devices will enhance NP drug delivery technologies. 

A main disadvantage to HFF devices is the high flow rate ratios of the 
focusing streams to the central stream (20:1) needed, which can produce 
low concentrations of NPs that are not suitable for clinical applications 
without post-processing [36]. However, these devices provide many 
advantages for polymeric NP formulation such as high encapsulation 
efficiency, variety of encapsulated cargo, precise control over formula-
tion, and scalable production [119]. 

3.3. Microfluidic SHM and Tesla mixer 

In addition to HFF devices, other device architectures have been 
developed for polymeric NP formulation that overcome the over- 
dilution of NPs associated with HFF devices. As discussed previously 
in Section 2.3, SHM devices are widely used for LNP production, but can 
also be used for polymeric NP production. One study used an SHM de-
vice (NanoAssemblr) for the production of PLGA-PEG NPs by rapidly 
mixing water with an organic polymer stream; they found that the 
microfluidic production synthesized smaller NPs (24–43 nm) with lower 
polydispersity compared to NPs formed by bulk solvent evaporation 
synthesis (52–65 nm) [133]. Another study also used the NanoAssemblr 
SHM device to formulate PLGA NPs that encapsulated various proteins 
(ovalbumin, bovine serum albumin, or Hybrid 56) to show the optimal 
polymer content and flow rate to promote high protein loading [134]. 

Another microfluidic architecture that induces passive mixing is a 
Tesla mixer, which contains repeating units of channel diversions and 
merges for rapid mixing (Fig. 2C) [135]. This architecture has been 
applied to lipid-polymer NP production where a central PLGA stream is 
focused between lipid streams (lecithin and lipid:PEG) prior to mixing in 
Tesla structures [135]. By varying the lipid and polymer inputs or 
functionalizing the lipid inputs, the study showed NP size, charge, and 
stability could be varied for drug delivery applications [135]. Addi-
tionally, they formulated lipid-quantum dot NPs for imaging applica-
tions by focusing an organic quantum dot stream between lipid streams 
[135]. 

3.4. Flash nanoprecipitation 

Flash nanoprecipitation—similar to T-junction mixing processes—is 
a millifluidic process that uses jet mixers to produce polymeric NPs. 
These devices are commonly called jet mixers and operate similarly at 
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high flow rates which induce turbulent mixing [136]. One study pro-
duced a coaxial turbulent jet mixer that was used to produce many 
different types of NPs (PLGA-PEG NPs, liposomes, iron oxide NPs, 
polystyrene (PS) NPs) that had smaller sizes with narrower size distri-
butions compared to bulk syntheses [137]. This jet mixer was also used 
to produce PLGA-PEG NPs encapsulating either docetaxel or insulin for 
drug delivery, PS NPs encapsulating fluorescent dyes for imaging ap-
plications, and PEI NPs encapsulating siRNA for gene therapy [137]. 
One disadvantage for this technique is low encapsulation efficiency 
(10–15%) of therapeutic compounds in NPs compared to other micro-
fluidic methods, potentially increasing production costs during large 
scale manufacturing [137]. 

In addition to jet mixers, multi inlet vortex mixers (MIVM) and 
confined impingement jet (CIJ) mixers rapidly mix four or two inputs, 
respectively (Fig. 2D) [136]. Typically, these devices are used to pro-
duce NPs made of amphiphilic block copolymers—such as PCL-b-PEG, 
PLGA-b-PEG, or PS-b-PEG—which stabilize the NP structure and 
encapsulate hydrophobic drugs [136,138]. One study used the MIVM to 
formulate PLGA NPs encapsulating SR13668—an anticancer agent with 
poor oral bioavailability—and showed 7-fold and 3-fold improvement in 
bioavailability in whole blood and plasma, respectively, over Labrasol® 
(a surfactant-based SR13668 formulation) following oral administration 
in mice [139]. Another study formulated PEG-b-PLGA NPs to encapsu-
late paclitaxel-silicate prodrugs, an anticancer agent with adjustable 
hydrophobicity, using a CIJ mixer [140]. By changing the silicate 
component of the drug, stable NPs could be formulated that showed 
paclitaxel-silicate NPs with faster hydrolysis rates were more effective in 
reducing tumor growth in vivo [140]. A main limitation of flash nano-
precipitation has been the high production rates that require milligrams 
of therapeutics during a single production batch. To address this, a 
micro-MIVM device was developed as a scaled-down version of the 
original MIVM that only requires 0.2 mg of therapeutic per production 
batch for rapid screening [141]. 

Here, we have overviewed microfluidic, millifluidic and bulk pro-
cesses to produce polymeric NPs for nanomedicine. Polymeric NPs can 
be easily modified based on a variety of parameters (e.g. structure, type 
of polymer, molecular weight, or hydrophobicity); thus they are essen-
tial as drug delivery vehicles for future treatments of cancer, disease, 
and personalized medicine [142]. 

4. Inorganic NPs 

Similar to organic NPs, inorganic NPs can be used as therapeutic or 
imaging agents due to their unique optical properties that respond to 
external stimuli (e.g. magnetic fields, near-infrared light) [143]. Inor-
ganic materials such as metals, metallic oxides, and semiconductors 
form NPs as explained by the classical nucleation theory in steps of 
nucleation and growth [144]. Gold NPs are attractive as drug delivery 
vehicles since simple gold-thiol bioconjugation can attach targeting li-
gands or nucleic acids for targeted therapy [145,146]. Beyond drug 
delivery, gold NPs can be used as therapeutics for photothermal therapy 
or as contrast agents for imaging—making gold NPs one of the most 
highly studied NPs [147,148]. Gold NPs, along with other types of 
inorganic NPs such as iron colloids, are being evaluated in clinical trials 
(Table 1). Gold-silica nanoshells—NPs comprised of a silica core and a 
thin gold shell—have been investigated for targeted photothermal 
cancer therapy where NPs absorb near-infrared light based on the di-
mensions of the gold shell and can induce thermal death of tumors 
[149]. This nanoshell technology has been commercialized by Nano-
spectra Biosciences, Inc., (AuroLase Therapy) and has shown feasibility 
and safety in a pilot study of 16 patients for thermal ablation of prostate 
cancer [150]. Spherical nucleic acids, organized structures of nucleic 
acids conjugated to NP cores (i.e. gold NP core, liposome core), have 
shown potential for gene therapy and immunomodulatory applications 
due to their high potency and biocompatibility [151,152]. Currently, the 
gold core spherical nucleic acid NU-0129 (developed by Northwestern 

University) is being investigated in clinical trials to treat glioblastoma by 
delivering siRNA targeting the gene Bcl2L12, a gene present in glio-
blastoma multiforme [20,153]. Hensify (NBTXR3)—a hafnium oxide NP 
treatment for soft tissue sarcomas that was approved in 2019 by the 
European market—improves radiation therapy since the NPs have 
radioenhancing properties that amplify tumor cell death [20]. This 
platform is currently being evaluated as a standalone therapy for pros-
tate cancer and in combination with immunotherapy to treat lung can-
cer [20]. As research continues to investigate inorganic NPs for 
therapeutic and imaging applications, advanced combinatorial treat-
ment options could become the next-generation of nanomedicine. 

Currently, inorganic NPs are synthesized by bulk formulation or 
microfluidic methods, such as droplet-based mixing [42]. Below, we 
discuss how each of these techniques is used to produce inorganic NPs, 
and we present advantages and disadvantages of each towards the goal 
of translation. 

4.1. Bulk formulation 

Magnetic NPs, such as iron oxide, are commonly produced by either 
physical or chemical methods [154]. Physical synthesis processes such 
as electron beam lithography or gas deposition are generally elaborate 
procedures which can require expensive infrastructure and produce NPs 
without precise control over size—a parameter that greatly impacts the 
catalytic and magnetic properties of the NPs themselves [154]. In 
chemical synthesis, iron oxide NPs are produced by coprecipitation of 
iron ions in high pH environments [154]. Metal NPs, including gold NPs, 
are commonly produced by chemical reduction where parameters such 
as temperature, stirring rate, and amount of reducing agent determine 
NP physical properties [155]. For example, one study showed that gold 
NP size decreased with increasing reaction temperature (from 45 nm to 
15 nm) and NP size decreased with increasing ratios of reducing agent to 
gold salt [156]. Physical parameters such as size and surface charge also 
greatly impact biodistribution—gold NPs of sizes 1.8–100 nm were 
administered intravenously and while very small (<5 nm) gold NPs 
accumulated in the blood, kidneys, liver, and spleen, larger (>15 nm) 
gold NPs accumulated predominantly in the liver [157]. Another 
example of inorganic NPs are quantum dots, NPs made of semiconductor 
materials that have specific optical properties based on their size, where 
narrower size distributions correspond to sharper absorption peaks for 
imaging applications [42,158]. Traditional quantum dot synthesis pro-
cesses are chemical methods that induce NP precipitation by combining 
organic solvents and semiconductor precursors with heat [158,159]. To 
demonstrate differences in organ accumulation due to NP size, quantum 
dots with a CdSe core and ZnS shell were intravenously administered to 
rodents, where quantum dots with size <5.5 nm were eliminated rapidly 
in the urine while those with larger sizes >5.5 nm accumulated in organs 
such as liver, lungs, spleen, and kidneys [160]. 

The bulk synthesis processes described above offer simple synthesis 
protocols, however, as these methods are scaled up for commercializa-
tion, they are faced with significant challenges. For example, these batch 
processes for inorganic NPs involve nucleation and growth steps 
occurring simultaneously (Fig. 4A) [6], resulting in a lack of control over 
particle growth. This leads to high levels of batch-to-batch variation in 
size and size distribution, which reduces the quality and reproducibility 
of NPs [6]. To address these challenges towards the goal of commer-
cialization, microfluidics have been developed for inorganic NP syn-
thesis. Below, we discuss microfluidic technologies designed to produce 
NPs in a continuous manner that ensures homogenous nucleation and 
growth [42]. 

4.2. Microfluidic droplet-based mixing 

4.2.1. Microfluidic mixing within droplets 
Droplet-based microfluidic mixing is commonly used for inorganic 

NP synthesis. In this technique, reactions can be confined to picoliter- 
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sized droplets, reagents do not interact with channel walls, and reaction 
time directly scales with channel length (Fig. 4B) [144]. Device varia-
tions can produce water-in-oil emulsions, oil-in-water emulsions, or gas 
bubbles for various applications [161–166] (Fig. 5). One study used a 
microfluidic device to produce silver NPs by combining silver nitrate 
with a reducing agent (tannic acid) and a stabilizing agent (trisodium 
citrate) in 30–80 pL size droplets, where droplet size and thus NP size 
were determined by input flow rates [161]. In this device, droplets are 
produced by a flow focusing generator and are flowed through a 
serpentine (or zig-zag) section that disturbs laminar flow and improves 
mixing efficiency (Fig. 5A) [161]. This study found that microfluidic 

synthesis reduced silver NP size by up to 3-fold and decreased the size 
distribution compared to batch synthesis, leading to a shift in the 
absorbance as well as a sharper absorbance peak [161]. Similarly, 
another study produced gold NPs or silver NPs by mixing metal salts, an 
ionic liquid, and a reducing agent in droplets [163]. Instead of pro-
ducing droplets by a flow focusing generator, this device used a 
T-junction device (Fig. 5B) to form droplets that are separated by a 
continuous oil phase. This simple architecture allowed small (<5 nm) 
metal NPs to be produced in ionic liquids, which are important for NP 
stabilization and are compatible with common microfluidic materials 
such as polydimethylsiloxane (PDMS) [163]. A third study performed a 

Fig. 4. Production techniques for inorganic NP synthesis. Summary of main bulk (A) and microfluidic (B) methods used to formulate inorganic NPs, highlighting 
advantages (green) and disadvantages (red) for each. NP, nanoparticle. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 5. Variations of droplet-based devices for inorganic NP synthesis. Summary of microfluidic designs used for inorganic NP synthesis, where mixing is 
performed either inside (A–E) or outside (F) of droplets. 
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multi-step reaction, using droplets as microreactors, to produce 
branched gold NPs (gold nanostars) [166]. These gold NPs have optical 
and spectroscopic properties that are dependent on physical parameters, 
which are critical properties to control for biosensing applications 
[166]. Initially, a gold salt and stabilizer were combined in droplets, 
then after a period of mixing through the channel, gold seeds were 
picoinjected therein (Fig. 5C). They compared these gold nanostars to 
those produced by another microfluidic device that used a 
surfactant-free method for synthesis, and found that both devices syn-
thesized gold nanostars with reproducible branch length and density, 
demonstrating the precision of microfluidic devices when formulating 
complex NPs [166]. In addition to the aforementioned devices that bring 
reagents together in a co-flow system before being combined in a 
droplet, another droplet-based architecture was implemented to pro-
duce iron oxide NPs by merging droplets of different reagents (Fig. 5D) 
[165]. Using this technique, an applied electrical field merges two 
droplets, each containing different reagents. The two reagents, iron salts 
and a basic solution, form iron oxide NPs with average size 4 nm—less 
than half of the size of the bulk-produced NPs (mean size 9 nm) [165]. 
Altogether, these studies demonstrate how microfluidics offer a high 
level of control over NP size and dispersity. Moving forward, these 
microfluidic designs for mixing solutions inside of droplets should 
continue to be used for multi-step reactions where reaction time and 
reagent volumes are critical to control for the formulation of homoge-
nous NPs. 

An alternative device geometry called a capillary-based droplet 
reactor was used to mix iron precursors and dextran with a basic solu-
tion in droplets to form dextran-coated superparamagnetic iron oxide 
NPs (Fig. 5E) [162]. This device consists of two glass capillaries that 
intersect perpendicularly within silicone tubing, and form droplets 
consisting of the two reagents from each capillary that are flowed 
through polytetrafluoroethylene (PTFE) tubing. One main advantage of 
this droplet device compared to the previously discussed droplet devices 
is that the glass capillary system does not require lithographic patterning 
or surface modifications—both of which are typically required for 
traditional droplet-based microfluidic devices, and can complicate the 
fabrication process or cause device failure over time [167]. When 
assessed as magnetic resonance imaging (MRI) contrast agents, the iron 
oxide NPs displayed a high saturation magnetization and high relaxivity 
for a specific MRI mode, indicating their potential for contrast enhace-
ment [162]. Additionally, these NPs had a small size (3.6 nm) with a 
narrow size distribution (standard deviation 0.8 nm) as well as improved 
stability and biocompatibility compared to bare iron oxide NPs due to 
the dextran coating [162]. 

4.2.2. Microfluidic mixing outside of droplets 
Instead of mixing reagents within droplets, one study synthesized 

gold NPs using a microfluidic droplet device where a reducing agent and 
a gold precursor solution mixed outside of microdroplets by internal 
circulation (Fig. 5F) [164]. By changing operating parameters such as 
residence time and composition of droplets (air, silicone oil, or toluene), 
they found that gas droplets provided the best internal mixing outside of 
droplets and produced monodisperse small gold NPs with mean size 2.8 
nm [164]. Additionally, this study introduced two different temperature 
zones throughout the device, where the mixing zone was maintained at 
room temperature using a circulating coolant fluid and the reaction zone 
was maintained at 100 ◦C. By changing the surface coating of the silicon 
and glass device to hydrophobic instead of hydrophilic, they formulated 
gold NPs by reagent mixing within droplets. Comparing these gold NPs 
to those formulated by reagent mixing outside of droplets, they found 
that mean particle size and polydispersity increased when reagents were 
mixed inside of droplets—mainly due to higher film thicknesses of sili-
cone oil or toluene that reduce slip velocity and internal circulation 
within droplets. Overall, this study showed an interesting comparison of 
gold NPs formulated either within or outside of droplets, demonstrating 
that a single device design can be used for a variety of applications. 

While microfluidic devices offer greater reproducibility and control 
over NP size and dispersity, their implementation is challenged by dif-
ficulties in fabrication and operation. For example, droplet merging 
requires precise pairing of droplets which can be impeded by small 
variations in flow rates or channel dimensions [165]. Further, picoin-
jection systems (Fig. 5C) can require the use of metal electrodes to apply 
the electric field, which requires additional fabrication steps to create 
devices [168]. As discussed earlier, glass capillary systems can provide a 
simpler alternative to devices that require lithographic patterning or 
surface coatings, but their precision and designs are more limited. As an 
alternative to droplet-based devices, continuous flow devices have been 
used for inorganic NP production—specifically for hybrid 
polymer-inorganic NPs. 

4.3. Microfluidic HFF, SHM, T-junction mixing 

Similar to LNP and polymeric NP formulations, continuous flow 
microfluidic devices that employ rapid mixing have been applied to 
inorganic NP production. One study used a 3D flow focusing device to 
produce an acid-degradable dextran matrix encapsulating porous silicon 
NPs for drug delivery [169]. An inner dispersed phase of acetalated 
dextran, porous silicon NPs, and therapeutics (methotrexate, paclitaxel, 
sorafenib) in ethanol was flowed with an outer continuous phase of 
polyvinyl alcohol to produce dextran-coated drug-loaded NPs by nano-
precipitation [169]. Drug release kinetics were determined by the 
degradation of the outer dextran polymer layer—here, they achieved a 
pH-responsive, 24-h release of the therapeutics methotrexate, paclitaxel, 
and sorafenib that was not dependent on physiochemical properties of 
the payload. Additionally, by conjugating an alkoxyamine-terminated 
poly(arginine) cell penetrating peptide to the exterior of the NPs, they 
improved cellular uptake and inhibited proliferation of two breast 
cancer cell lines compared to non-cell penetrating peptide-conjugated 
NPs. Microfluidic process parameters, such as flow rates, flow rate 
ratio, and component concentrations, were investigated to control the 
size (150–400 nm), PDI (~0.1), and zeta potential (− 30 to − 45 mV) of 
NPs. Additionally, this study achieved relatively high encapsulation ef-
ficiencies for the porous silicon NPs (>90%) and therapeutics (>50%) 
[169]. 

Additionally, microfluidic devices with passive mixing structures 
such as SHMs have been applied to encapsulate inorganic NPs within 
polymeric NPs for enhanced biodistribution and imaging. While larger 
gold NPs (>5.5 nm) can be useful since they have extended bio-
distribution and accumulation in diseased tissues, they present a chal-
lenge as gold NPs need to be small (<5.5 nm) to be excreted by the 
kidneys [170]. To address this, one study used a microfluidic SHM de-
vice to encapsulate small gold NPs into biodegradable polymeric NPs 
made of poly di(carboxylatophenoxy)phosphazene (PCPP) [170]. This 
study controlled the size of gold-PCPP NPs from 40 to 500 nm based on 
addition of a PEG block co-polymer and stabilized the gold cores by 
adding the ligands glutathione or 11-mercaptoundecanoic acid 
(11-MUA) [170]. Additionally, the study showed the biodegradability of 
gold-PCPP NPs in vitro, the biocompatibility of gold-PCPP NPs in vitro 
and in vivo, and the potential for gold-PCPP NPs to be used as potent 
contrast agents for computed tomography (CT) and photoacoustic (PA) 
imaging [170]. Notably, the gold-PCPP NP absorbance spectra shifts 
toward the near infrared (NIR) region compared to gold NPs alone, and 
produces a significantly higher PA signal at a wavelength of 700 nm for a 
variety of gold concentrations (1–50 μg/mL). 

Spiral channels were introduced as a microfluidic method for gen-
eration of anisotropic hollow ellipsoidal mesoporous silica nano-
materials by rapid mixing of ellipsoidal mesoporous silica nanomaterials 
and PBS as the etching agent [171]. While synthesis of these nano-
materials in a batch reactor takes over 18 h, the microfluidic formulation 
is complete within seconds and tunable based on flow rates—offering a 
quick and reproducible production method for many types of aniso-
tropic silica nanomaterials. 

S.J. Shepherd et al.                                                                                                                                                                                                                             



Biomaterials 274 (2021) 120826

12

T-junction mixing has been applied to inorganic NP formulation as a 
continuous rapid-mixing approach to either synthesize inorganic NPs or 
encapsulate inorganic NPs in larger lipid-polymer NPs [102,137]. One 
study used a coaxial turbulent jet mixer to form sub-10 nm iron oxide 
NPs where an inner stream of iron oxide precursors (iron chloride in 
hydrochloric acid) was mixed with outer streams of tetramethylammo-
nium hydroxide (TMAOH) [137]. Another study used a T-junction de-
vice to mix lipids and iron oxide NPs in an organic solvent with an 
aqueous stream to form LNPs encapsulating iron oxide NPs [102]. LNP 
size was varied from 36 to 154 nm depending on lipid composition and 
flow rate; they found that the encapsulation of iron oxide NPs did not 
significantly change the biodistribution as LNPs accumulated primarily 
in the liver [102]. When investigated for use as an MRI contrast agent, 
these iron oxide-LNPs provided image contrast for the spleen and liver 
after intravenous administration [102]. Additionally, other inorganic 
NPs such as gold NPs or quantum dots were encapsulated instead of iron 
oxide NPs to show the versatility of this approach [102]. 

These nanoprecipitation devices for polymeric-inorganic NP pro-
duction have shown great promise for drug delivery and imaging, 
however, one main disadvantage to the formulation of inorganic NPs 
under continuous flow is channel clogging [6]. Interactions between 
reactants or products with channel walls can lead to accumulation and 
channel blockage over time, which is not a concern in droplet-based 
mixing [6]. 

5. Conclusions and future prospects 

Microfluidics has been vastly applied to NP production over the past 
three decades—it has enhanced NP generation and discovery since they 
can be formulated with more controlled physical properties than com-
parable bulk production methods, with the potential for its production 
rate to be scaled up using techniques such as parallelization. Considering 
the importance of properties such as size, size distribution, and surface 
chemistry on NP activity in vivo [32,172,173], it is critical to use pro-
duction methods that precisely control these parameters for optimal 
potency and minimal toxicity. A list of NPs formulated by each micro-
fluidic device type discussed in this review is summarized in Table 2. 
While microfluidic NP synthesis is more advanced than microfluidic NP 
characterization or evaluation [42], this field is still rapidly evolving to 
develop novel devices and tools for nanomedicine. Remaining chal-
lenges for microfluidic NP synthesis—such as channel clogging—can 
lead to untimely device failure and have been thoroughly investigated in 
the field [174,175]. To address this problem, strategies such as 3D flow 
focusing have been developed for polymeric NP synthesis [124] and 
multiphase flows have been implemented for inorganic NP synthesis [6] 
to prevent interaction of NP precursors with microchannel side walls, 
ultimately leading to improved device performance. Future work in the 
field will continue to improve device architecture and operation for 
maximum NP efficacy. 

There is growing interest in microfluidic technologies whose 
throughput can be scaled up beyond what is possible with single 
microfluidic devices, which typically produce micro-to milligram 
quantities of NPs (<10 mL/h) while the clinical need for NPs requires 
larger scales or rates of production (i.e. gram to kilogram quantities or 
>10 L/h) [42,176]. To achieve this, alternative designs can be used that 
allow for higher flow rates and pressures, or many identical channels can 
be patterned on the same device such that the channels run simulta-
neously in parallel. The latter provides a simpler solution to clinical 
translation, as a microfluidic design can be optimized for a single 
channel device, and then used for the parallelized device design. The 
design of a parallelized device requires high fluidic resistance to ensure 
uniform flow to each channel across the entire device. By incorporating 
microfluidic design techniques—such as small channels that increase 
fluidic resistance called ‘flow resistors’—the design of the individual 
microfluidic channels is independent of the fluidic resistance of the 
device [92]. Using this parallelization technique, formulations can be 

Table 2 
Summary of different NP systems synthesized by different microfluidic devices.  

Device 
type 

Device material(s) Type of NPs formulated Application(s) 

2D HFF Silicon/glass; 
PDMS 

Liposomes [73,74] Drug delivery; 
Gene therapy; 
Cosmetics 

Multifunctional liposomes 
[76] 
Dual-ligand liposomes 
[77] 
siRNA lipid nanoparticles 
[75] 
Docetaxel PLGA-PEG NPs 
[48] 
Curcumin PLGA NPs [120] 
Gemcitabine PLGA NPs 
[121] 
Hyaluronic NPs [122] 
PLGA-PEG NPs [123] 

3D HFF Glass capillaries; 
PDMS 

Liposomes [78] Drug delivery 
PLGA-PEG NPs [124,125] 
acid-degradable dextran 
matrix encapsulating 
porous silicon NPs [169] 

3D HFF 
variants 

PDMS; Glass 
capillaries 

PLGA or PLGA-PEG NPs 
[126] 

Drug delivery; 
Gene therapy; 
Natural 
colorant 

DNA PBAE NPs [127] 
Curcumin-loaded shellac 
NPs [128] 
Lipid-polymer hybrid NPs 
[129] 
HDL-mimicking 
nanomaterials 
encapsulating 
hydrophobic/inorganic 
agents [130] 
HF-PLGA NPs 
encapsulating anticancer 
drugs [131] 

Baffle 
mixer 

PDMS siRNA lipid nanoparticles 
[100] 

Drug delivery 

Droplet 
mixers 

PDMS; Glass 
capillaries 

Silver NPs [161,163] Imaging 
Gold NPs [163,164] 
Branched gold NPs [166] 
Iron oxide NPs [165] 
Dextran-coated 
superparamagnetic iron 
oxide NPs [162] 

Jet mixers 
(MIVM 
and CIJ) 

Polycarbonate and 
PTFE tubing; 
Teflon tubing 

PLGA-PEG NPs 
encapsulating 
hydrophobic drugs [137] 

Drug delivery; 
Imaging 

siRNA lipid nanoparticles 
[137] 
Iron oxide NPs [137] 
Polystyrene NPs [137] 
PCL-b-PEG NPs [136,138] 
PLGA-b-PEG NPs [136, 
138] 
PS-b-PEG NPs [136,138] 
PLGA NPs encapsulating 
anticancer agent [139] 
PEG-b-PLGA NPs 
encapsulating 
hydrophobic drugs [140] 

SHM PDMS; Cyclic 
olefin copolymer 
(COC) 

siRNA lipid nanoparticles 
[37,72,80,81] 

Drug delivery; 
Gene therapy; 
Gene editing; 
Imaging 

mRNA lipid nanoparticles 
[81,99] 
DNA barcode lipid 
nanoparticles [25] 
Propofol-loaded liposomes 
[84] 
PLGA-PEG NPs [133] 
PLGA NPs encapsulating 
proteins [134] 
Gold PCPP NPs [170] 

Spiral 
channels 

PDMS Drug delivery 

(continued on next page) 
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truly scale-independent—where the process to make micrograms or 
grams of the same NP are identical and result in the same physical 
properties. 

While scale-independent technologies can address the scalability 
challenges associated with microfluidic NP production, challenges 
remain for the optimization of NP composition and structure. For drug 
delivery applications, the multitude of chemical structures and excipient 
combinations are laborious to formulate and test NPs individually [25]; 
thus, a microfluidic device that could formulate many unique NPs or test 
a variety of NPs at once could prove extremely valuable to the field. 
Additionally, by combining machine learning approaches [177] with 
rapid microfluidic formulation, more insight could be gained about the 
optimization of NP parameters (composition, size, zeta potential) and 
how each plays a role in vitro or in vivo drug delivery. 

For future research, there is a clear opportunity to perform multi-step 
reactions in picoliter droplets, as discussed earlier with inorganic NP 
production [166]. This technology could perform reactions that require 
precise control of reaction time and reaction volumes and is not limited 
by the number of reaction steps or the type of NP synthesis. Droplet 
reactions could be applied to LNP or polymeric NP formulations that 
require conjugation of ligands or antibodies to the NP exterior after NPs 
are formulated with their intended cargo and would ensure that NPs 
have equal concentrations of the conjugated moiety. 

Microfluidics has improved our ability to control the size, size dis-
persity, and encapsulation efficiency of NPs for drug delivery and im-
aging. With future research and new microfluidic techniques, we can 
continue to improve NP properties and efficacy, which will enable novel 
NP discovery and advance clinical translation. 
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[165] L. Frenz, A. El Harrak, M. Pauly, S. Bégin-Colin, A.D. Griffiths, J.C. Baret, Droplet- 
based microreactors for the synthesis of magnetic iron oxide nanoparticles, 
Angew. Chem. Int. Ed. 47 (36) (2008) 6817–6820, https://doi.org/10.1002/ 
anie.200801360. 

[166] S. Abalde-Cela, P. Taladriz-Blanco, M.G. De Oliveira, C. Abell, Droplet 
microfluidics for the highly controlled synthesis of branched gold nanoparticles, 
Sci. Rep. 8 (1) (2018) 1–6, https://doi.org/10.1038/s41598-018-20754-x. 

[167] A.M. Nightingale, S.H. Krishnadasan, D. Berhanu, et al., A stable droplet reactor 
for high temperature nanocrystal synthesis, Lab Chip 11 (7) (2011) 1221–1227, 
https://doi.org/10.1039/c0lc00507j. 

[168] B. O’Donovan, D.J. Eastburn, A.R. Abate, Electrode-free picoinjection of 
microfluidic drops, Lab Chip 12 (20) (2012) 4029–4032, https://doi.org/ 
10.1039/c2lc40693d. 
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