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Flow-based assembly of nucleic acid-loaded polymer 
nanoparticles 
Zeyan XuA, Joshua McCarrolB,C,D and Martina H. StenzelA,D,*

ABSTRACT 

Since the development of messenger RNA (mRNA)-based SARS-CoV-2 (COVID-19) vaccines, 
there is increased public awareness of the importance of nanoparticles, in this case lipid 
nanoparticles, to ensure safe delivery of an active compound. To ensure the formation of 
high-quality nanoparticles with reproducible results, these lipid nanoparticles are assembled 
with the nucleic acid drug using flow-based devices. Although flow assembly using lipid nano-
particles for nucleic acid delivery is well described in the literature, only a few examples use 
polymers. This is surprising because the field of polymers for nucleic acid delivery is substantial as 
hundreds of polymers for nucleic acid delivery have been reported in the literature. In this 
review, we discuss several aspects of flow-based assembly of nucleic acid-loaded polymer 
nanoparticles. Initially, we introduce the concept of chip-based or capillary-based systems that 
can be either used as single-phase or multiphase systems. Initially, researchers have to choose the 
type of mixing, which can be active or passive. The type of flow, laminar or turbulent, also 
significantly affects the quality of the nanoparticles. We then present the type of polymers that 
have so far been assembled with mRNA, small interfering RNA (siRNA) or plasmid DNA (pDNA) 
using flow devices. We discuss effects such as flow rate, concentration and polymer lengths on 
the outcome. To conclude, we highlight how flow assembly is an excellent way to generate well- 
defined nanoparticles including polyplexes in a reproducible manner.  

Keywords: DNA, drug delivery, flow assembly, gene therapy, microfluidics, nanomedicine, 
polymers, RNA, self‐assembly. 

Introduction 

Nanoparticles are widely used for drug delivery.1 From initial concepts, this field has now 
matured and many drug-loaded nanoparticles have now entered clinical trials or are 
available on the market.2,3 The impact of nanoparticles in the medical field became 
evident during the SARS-CoV-2 (COVID-19) pandemic when lipid nanoparticles made it 
possible to deliver the mRNA (messenger ribonucleic acid) vaccines, which cannot be 
administered otherwise.4 Although nanoparticles can enhance the delivery of most drugs, 
no other class of drugs benefits from nanoparticles as much as nucleic acid-based 
therapeutics since nanoparticles can protect the drug while enhancing circulation time 
and cellular uptake.5,6 Lipid nanoparticles are a great success in vaccine delivery; 
however, other diseases require more tailor-made nanoparticle solutions and therefore 
this field is still evolving. When new nanoparticles are developed,7 researchers usually 
consider the interface between the nanoparticle and the biological environment as 
parameters such as surface chemistry, type of nanoparticles, size and shape and other 
physical properties influence the fate of the nanoparticle.8–10 

Size is important in drug delivery.11 Smaller nanoparticles usually have longer circu-
lation times in the blood stream as demonstrated with gold nanoparticles between 10 and 
100 nm.12,13 Although reducing the size can be beneficial, nanoparticles below 10 nm are 
readily removed by renal filtration.14 Meanwhile, large particles above 100 nm can be 
quickly cleared by the mononuclear phagocytic system (MPS)15,16 or they accumulate in 
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the liver and spleen.17 There are size sweet spots when it 
comes to tumour extravasation and penetration. Smaller 
nanoparticles, well below 50 nm, penetrate deeper into 
tumours,13,18 whereas extravasation, which relies on trans-
location through fenestration in the tumour vasculature, is 
often more efficient with nanoparticles above 50 nm in size. 
It is therefore evident that size plays a pivotal role in drug 
delivery, but there is also a paradox as each delivery step – 
circulation, extravasation, penetration and cell uptake – 
favours different nanoparticle sizes.19 

It is therefore essential not only to determine the average 
size of nanoparticles, but also evaluate the particle size 
distribution because a broad size distribution would result 
in unexpected biodistributions as the smaller fraction 
behaves differently to the larger fraction of the sample. 
There is often little attention to size distribution but reports 
on polydispersity indices (PDIs) measured using dynamic 
light scattering (DLS) of more than 0.2 are common. PDI 
is defined as the square of the standard deviation over the 
mean size, which means that a mean size of 50 nm and a PDI 
value of 0.2 has a standard deviation of 22 nm! Broad 
nanoparticle distributions are typically obtained when 
nanoparticles are prepared by hand in the laboratory, and, 
despite the use of syringe pumps and other control mea-
sures, broad distributions are ingrained in the preparation 
techniques. This is evident when mixing cationic polymers 
with negatively charged therapeutic nucleic acids. A pleth-
ora of different cationic polymers have been condensed with 
mRNA, plasmid DNA (pDNA), antisense oligonucleotides 
(ASOs) and similar therapeutics by electrostatic interac-
tion.5 In a typical experiment, the polymer is added to the 
nucleic acid or vice versa, which means that during the 
addition process, the composition of the solution changes, 
which changes the nanoparticle properties in the next step 
(Fig. 1). These heterogeneities in this bulk mixing process 
can then result in a broad distribution of nanoparticle sizes 
and compositions. Electrostatic interactions are fairly strong 

and there is limited opportunity for rearrangement once the 
polyplex has been formed, in particular when the polymer or 
the therapeutic nucleic acids are large. PDI values are often 
not reported, but if they are, they are typically above 0.2.20–23 

If we carefully scrutinise our own work, we find that PDIs are 
seldomly below 0.2 and, at times, extensive filtering is 
required to narrow the particle size distribution, which can 
have its own problems.22–25 Polyplex formation (often also 
called coacervate or polyion complex formation) is not only 
associated with a lack of uniformity, but also with challenges 
in reproducing nanoparticle formation. In the present review, 
we summarise the approaches to well-defined nucleic acid- 
loaded nanoparticles using flow-based devices that can serve 
as laboratory and industry-based assembly lines and provide 
nanoparticles of a certain size in a reliable manner. The focus 
here will be on polymers or dendrimers as the multitude of 
charges on the drug carrier make it particularly difficult to 
generate nanoparticles with small size distributions.5 

Flow-based nanoparticle preparation devices 

Low reproducibility of nanoparticle preparation, high poly-
dispersity and a lack of avenues to scale up the process to 
the kilogram scale were identified as challenges that hamper 
nanomedicine development.26 The lack of reproducibility 
and the urgently needed high throughput were already a 
subject of discussion when the field of gene delivery was 
established. Early devices include a system that combined 
two syringes that were able to mix two solutions, one with 
DNA and the other with lipoplex, at a controlled rate. The 
PLEXER was able to produce particles of ~300 nm in a 
reproducible manner independently of the operator.27 The 
underpinning idea was refined over the next decade and the 
synthesis of lipid nanoparticles loaded with nucleic acid 
drugs can now be carried out at a large scale,28 exemplified 
by mRNA COVID-19 vaccines.29 
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Fig. 1. Comparison of bulk mixing 
(left) and flow mixing (right) of nucleic 
acid and polymers. In bulk mixing, the 
polymer is continuously added to the 
solution and the amount of free nucleic 
acid therefore changes over time. The 
ratio of free DNA and polymer changes 
over time, and therefore the composi-
tion of the polyplexes. In flow mixing, 
the concentration of nucleic acid and 
polymer remains constant over the 
course of mixing.   
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Chip-based and capillary-based flow devices 

There are typically two types of flow devices, chip-based or 
capillary-based, with the commonality that two or more solu-
tions are quickly combined.28 Chip-based systems are pre-
pared from silicon, glass or occasionally polymer and they 
have all functions – solution combination, mixing and equili-
brium line – integrated in one device.30 The channels are often 
square, owing to the preparation technique, with channel 
diameters of less than 1000 µm. Glass-based devices are the 
most robust as they can withstand organic solvents and high 
temperature, but they are usually more expensive and fragile. 
In the field of nucleic acid delivery where ambient tempera-
tures and aqueous systems are used, cheaper polymer and 
silicone-derived microfluidic systems can be used. Capillary- 
based systems are commonly assembled from tubing made for 
example from Teflon and a mixer that can be made from a 
different material. The tubing diameter is often larger than 
that found in microfluidic devices although there are no 
limitations. The most famous example is the flash nanopreci-
pitation system by Johnson and Prud’homme who reported 

their system first in this journal in 2003.31 The central part is 
the design of the mixer that enables rapid combination of all 
solutions (Fig. 2).32 This system later became the foundation 
for the production of the COVID-19 vaccine. 

Single-phase flow system 

Active and passive mixing 

The central focus in flow-based devices is the development 
of suitable mixing approaches. Mixing of the solutions can 
either be achieved by active mixing or passive means 
(Fig. 3).33 Active mixing requires the integration of an 
externally controlled mixer such as acoustic, ultrasonic, 
thermal or dielectrophoretic force actuation, pressure per-
petuation or electromagnetic micromixer.34 The mixer can 
also be integrated in the design, as demonstrated by a design 
that uses an in-line rotating impeller to mix solutions.35 

More commonly used in polymer laboratories, however, is 
passive mixing as many devices are commercially available, 

(a) (b) (c)

60 mL min–1

1 mm 6 mm

15 mm

CIJ
160 mL min–1

MIVM-1.5L
550 mL min–1 20 mm

MIVM-5L
Fig. 2. Top: microfluidic devices as sold 
by Darwin Microfluidics, Herringbone 
Mixer – Glass Chip shown here; bottom: 
images of the three mixers: (a) confined 
impinging jet mixer (CIJ), (b) multi- 
inlet vortex mixer (MIVM)-1.5L, and 
(c) MIVM-5L, reproduced from Feng et al. 
(2019) 32 with permission from Springer 
Nature under Creative Commons 
CC BY.   
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or they can be assembled from simple parts. The sole driving 
force is the pressure applied by the pump that determines the 
mixing rate. The solutions are mixed by applying a range of 
geometries, with Y- or T-shaped inlets the simplest designs 
(Fig. 4). The two solutions then mix at the interface. A way of 
increasing the size of this interface is hydrodynamic flow 
focusing (HFF) where the central jet has higher velocities 
than the sheathing fluid.36 

From laminar flow to turbulent flow 

As the channels in which the two solutions are combined are 
narrow, laminar flow is usually observed. Laminar flow 
occurs when the two solutions flow in parallel without 

disruption, which contrasts with turbulent flow where 
random fluctuations are observed during mixing. Whether 
the flow is laminar or turbulent can be predicated by the 
Reynolds number (Re), which is given by: 

µ
uLRe =

where ρ is the density of the fluid (kg m–3), u is the flow 
speed (m s–1), L is the characteristic linear dimension (m) 
and μ is the dynamic viscosity of the fluid (kg m ·s–1). 
Laminar flow transitions into turbulent flow at Reynolds 
numbers approximately above 1800, well above the values 
obtained for parallel flow in a microfluidic device (Fig. 5).37

Whether a device produces laminar or turbulent flow can be 
quickly observed by using two coloured solutions.38

The design of new microfluidic devices that enable faster 
mixing therefore became an integral part of this field. Passive 
micromixers that can create turbulent flows have built-in 
obstacles in the channels that create chaotic advection. This 
can be achieved by intersecting channels, zigzag channels, 
three-dimensional serpentine structures, channels with 
embedded barriers and slanted walls or twisted channels 
(Fig. 6).34 Among all these devices, the staggered herringbone 
design has made a significant impact in this field over the last 
20 years since it was first reported in 2002.39 The V-shaped 
grooves, which are offset, cause transverse flow of the fluid, 
resulting in turbulent mixing (Fig. 7).40 Since then, a range of 
devices have been developed, but the bifurcating mixer is 
highlighted here as it part of the NanoAssemblr Platform 
that is widely used to assemble lipid nanoparticles.41 This 
commercial assembly platform is now widely used in many 
research laboratories as its ease of operation allows even the 
non-expert to generate drug-loaded nanoparticles in a repro-
ducible manner. The mixing chamber is based on the patented 
Dean Vortex Bifurcating Mixers (Fig. 6), which uses a design 
that resembles the bifurcating pattern produced by liquid jets 
discharging into a quiescent fluid.42 

Single-flow devices for the preparation of 
drug-loaded nanoparticles 

Both laminar and turbulent approaches are used to prepared 
drug-loaded nanoparticles such as polyplexes. What all these 
flow-based assembly approaches have in common is fast and 
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Fig. 3. Active and passive mixing with either laminar or chaotic 
mixing. Reproduced from Ober et al. (2015) 35 with permission of 
PNAS. Pe, Péclet number; Q, net volumetric flow rate; , dimension-
less rotation rate; l, d, , , , an are dimensions of the devices; , 
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(a) (b) (c)

Fig. 4. Mixing of two solutions by: (a) T- junction, (b) Y-junction, 
(c) hydrodynamic flow focusing.

0 Laminar

Laminar �ow

2000 4000 10 000Transition Turbulent Reynolds
number Re

Turbulent �ow

Fig. 5. Transition from laminar to turbulent mixing depending on the Reynolds number (Re).   
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continuous mixing on the nanoscale and the elimination of a 
concentration gradient as depicted in Fig. 1. Many devices 
have been developed to generate reliable nanoparticles for 
drug delivery and the choice of device depends on the 
specific drug loading process. Polyplexes are usually 
prepared by mixing an aqueous solution containing the 
cationic polymer with the aqueous nucleic acid solution. 
The ratio between both components such as the nitrogen- 
to-phosphorus (N/P) ratio, concentration, flow rate and 
many more parameters determine the outcome. The N/P 
ratio is especially important considering that nanoparticle 
formation is solely based on electrostatic interactions between 
both ingredients. Once formed, the polyplex size is locked in 
unless strong introduced competitive forces disrupt the interac-
tion between the charges. Mixing using laminar flow relies on 
molecular diffusion, which can occasionally be insufficient 
when trying to obtain narrow size distributions. However, lam-
inar flow is still sufficient to generate better-defined nanopar-
ticles than bulk mixing alone.38,46,47 Sometimes, the 
nanoparticle size distribution is not improved compared with 
traditional preparation techniques to make polyplexes, but 
batch-to-batch variation is reduced, opening the door to large- 
scale production.48 By contrast, turbulent mixing was found to 
generate polyplexes with high control. Among these techniques, 
the staggered herringbone mixer is widely used to generate 
nanoparticles loaded with drugs such as doxorubicin49 or 
small interfering RNA (siRNA),50 generating nanoparticle 
sizes with high precision and PDIs as low as 0.02.50 The her-
ringbone mixer enables the design of well-defined nanoparti-
cles, but it does not shorten the optimisation workflow as each 
drug–drug carrier combination needs to be tested separately. To 
accelerate the process to identify suitable concentrations and, in 
the case of DNA delivery, suitable N/P ratios, a user-friendly 
microfluidic cartridge was prepared that can help screen seven 
N/P ratios in parallel (Fig. 7).45 Here, several herringbone 
mixers are assembled on one chip, enabling the production of 
seven solutions with different N/P ratios in one process. 

Microfluidic-assisted nanoprecipitation 
(MF nanoprecipitation) 

The formation of polyplexes based on water-soluble dendri-
mers and polymers is unique as, in contrast to other flow- 
based drug delivery approaches, no organic solvent is 
necessary. However, this only applies to soluble polymers 
and therefore excludes many degradable polymers such as 
polylactic acid (PLA). Nanoparticles based on hydrophobic 
polymers are in contrast prepared by mixing an organic solu-
tion containing the polymer and often the drug with an 
aqueous solution. Prerequisites are the miscibility of the 
organic solution and water and the immiscibility of the poly-
mer in water. The relationship between these components is 
given by the ternary phase diagram of solute–solvent–non- 
solvent systems. When water is introduced into the system, 

(a)
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(c)
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(d)(c)
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Mixer A

B

D

C

5.5 mm

500 mm
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0 
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Fig. 6. (a) Photomicrograph and SEM of a microfluidic mixer with 
intersecting channels (A and B are entry channels, and C and D are 
outlet channels) 43; (b) schematic diagrams (upside down) of 
(a) T-mixer, (b) inclined mixer, (c) oblique mixer, and (d) wavelike 
mixer. 44 Reproduced from Jen et al. (2003) 44 with permission of the 
Royal Society of Chemistry. (c) Dean Vortex bifurcating mixers as 
used in the NanoAssemblr Platform, reproduced with permission 
from Precision Nanosystems.   

www.publish.csiro.au/ch                                                                                                             Australian Journal of Chemistry 

E 

https://www.publish.csiro.au/ch


the solubility of the polymer is reduced until at a specific 
water content, the binodal phase boundary is crossed, and 
thus nanoprecipitation occurs.51 This process is heavily used 
on the laboratory scale where the organic solution is slowly 
dropped into excess water, but assembling these nanoparticles 
using flow can improve size distribution and size control. 
Flow-based devices range from HFF devices (Fig. 4)52 and 
confined impinging jets mixers and to multi-inlet vortex mix-
ers (Fig. 2).53,54 The assembly process is not only affected by 
the flow device and parameters such as flow rate but also by 
the complex phase diagram, which is determined by the 
nature of the solvent and the type of polymer. Therefore, 
mixing-induced nanoprecipitation using flow is complex.51 

At the same time, the complexity opens the door to unusual 
nanostructured materials.51,55 

Segmented flow–multiphase system 

Segmented-flow microfluidic systems use two immiscible 
fluids or a gas and fluid that can aid the mixing process.56 

With the addition of a new immiscible phase, droplets are 
formed that can assist the mixing process. Droplets are 
generated by an active method using valves or by a passive 
approach employing the inherent properties of the device 
and the solution. The droplet (dispersed) phase and the 
continuous phase can be combined from different direction 
such as by co-flowing, cross-flow (Fig. 8) or flow-focusing.57 

The viscosity of each liquid, the interfacial tension between 
both, the flow rate and the geometry of the inlet determine 
the subsequent steps. Fairly high surface instabilities are 
required to form droplets, which are typically present 

Debubbling
inlet 1

Inlet 1 (l1) Inlet 2 (l2)

Inlet 3 (l3)

Herringbone grooves (HGBs)
Level 1

Level 2

Level 3

(i)
Serial

dilution
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(SDG)

(iii)
Mixing area

(iv)
Storage area

Level 4

Level 5

O1 O2 O3 O4 O5 O6 O7

Debubbling
inlet 2

Debubbling
inlet 3

(ii)
NA divider

Fig. 7. The microfluidic cartridge consists of (i) an upstream five-level serial dilution generator (SDG) integrated 
with herringbone grooves (HBGs), (ii) a nucleic acid (NA) divider, (iii) a mixing area, and (iv) a storage area. The 
polymer solution and the water-based medium are injected into the two main inlets (inlets 1 and 2, I1 and I2) through 
the SDG and moved to the downstream area. An additional inlet (I3) allows for the addition and distribution of the 
DNA solution to the seven mixing units, where the polymer and DNA are mixed to give rise to polyplexes. These are 
collected in the storage tanks. Every inlet has a debubbling port. The middle right panel is a magnified view of the 
staggered HBG units integrated into the cartridge channels. Reproduced from Protopapa et al. (2023) 45 with 
permission of the Royal Society of Chemistry.   
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Fig. 8. Mode of mixing using either 
two miscible phase or droplets in a 
continuous phase.   
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when the interfacial tension γ is high, while viscosities µ and 
flow rate u are small in relation.58 This relationship is 
expressed by the dimensionless phase capillary number 
Ca = µ × u ÷ γ for the dispersed and the continuous 
phase, which can help to predict, among other influences, 
if droplets are formed or if the dispersed phase is not able to 
break up, resulting in the formation of jets (Fig. 8).58 These 
droplets can potentially coalesce and the introduction of 
stabilisers such as polymers or surfactants are required.59 

Liquid–liquid systems, often named emulsion-based or 
droplet-based microfluidic system, are widely employed to 
generate nanoparticles for drug delivery.59–61 The size of the 
resulting nanoparticles is determined by the droplet size and 
can be predicted using the physical parameters of the system 
employed,58 but in general, the nanoparticles tend to be 
above 100 nm in size.62 The system is therefore useful to 
generate larger nanoparticles for nucleic acid delivery,63 

although it is possible to obtain small nanoparticles.64 The 
clear advantage of this system is the ability to obtain non- 
spherical nanoparticles, but also the ability to create com-
plex morphology when expanding the system from a two- 
phase to a multi-phase set-up.64 Moreover, droplet-based 
microfluidics offer the opportunity to entrap nucleic acids 
into neutral hydrogels.65 Whereas single-phase microfluidic 
systems rely on nanoprecipitation or electrostatic interaction 
paired with colloidal stabilisation to generate nanoparticles, 
the nature (size, shape) of the aqueous hydrogel droplets in 
droplet-based microfluidics is determined by the continuous 
organic phase. Droplet-based microfluidic systems, there-
fore, offer the opportunity to entrap these types of drugs in 
water-swollen polyethylene glycol (PEG) hydrogels.65 

Comparison of techniques 

It is difficult to single out a technique that is superior to the 
others as this depends on various parameters. The first 
consideration is the type of polymer and drug and their 
solubility. As many polymers and drugs are not water- 
soluble, researchers need to identify a set-up that allows 
nanoprecipitation such as MF or flash nanoprecipitation. 
Hydrogel nanoparticles are in contrast better produced in 
multiphase systems. 

Another aspect that influences the choice is the amount 
of nanoparticles that need to be prepared. Whereas a coaxial 
turbulent jet mixer can produce 3.15 kg of nanoparticles per 
day, single-channel microfluidic devices can only generate a 
few milligrams in the same timeframe.66 However, this is 
often sufficient for further analysis in the development 
stage. The researcher might even prefer small-scale set-ups 
when trying to optimise the nanoparticle synthesis first. 

Most important is, however, the knowledge and under-
standing required when choosing a system. Commercial 
assembly systems such as the NanoAssemblr Platform and 
other systems that are on the market are a great starting 

point for researchers who have no knowledge of fluid 
dynamics. The former can easily be operated with a push 
of a button. However, these systems come with a price tag 
that may not be affordable for a laboratory. In such cases, 
researchers can choose from a range of commercially avail-
able microfluidic devices that can be easily assembled with 
syringe pumps or, if the budget permits, high-accuracy 
microfluidic pumps. As polydimethylsiloxane (PDMS)- 
based or glass-based channels are transparent, it is also 
possible to observe the flow with the help of a microscope. 
This can help with troubleshooting as well as identifying 
areas with precipitated product. Researchers with knowl-
edge in fluid dynamics will most likely enjoy the design of 
new mixing channels that can achieve better outcomes. 

Preparation of nanoparticles loaded with 
nucleic acid using flow 

Types of polymers employed to prepare DNA- 
based nanoparticles in flow 

Flow-based assembly of nanoparticles has numerous bene-
fits such as uniform mixing, ease of control and high effi-
ciency,67 resulting in good control in terms of dispersity, 
average particle size distribution and morphology.68,69 

Commonly, under bulk mixing conditions, polymers are 
dissolved in a solvent and then combined with another solu-
tion that contains the drug. Nanoparticle formation is then 
triggered by the formation of electrostatic interaction or by 
the addition of a non-solvent. The particle size, polydispersity 
and scaled-up production of nanoparticles may be affected by 
the mixing efficiency and time (Fig. 1). Although these issues 
apply to any nanoparticle synthesis, no other field is as much 
affected by heterogeneous mixing condition as the field of 
polymer nanoparticles. Polymers can easily be kinetically 
trapped, and strong forces between polymers and nucleic 
acid prevent the formation of nanoparticles that are in equili-
brium with their environment. However, these characteristics 
can be controlled by microfluidics.70 Many mixing technolo-
gies exist for nanoparticle preparation by flow as outlined 
above. This review, however, focuses on the preparation of 
polymer nanoparticles for nucleic acid delivery. 

In general, there are two approaches to nucleic acid- 
loaded nanoparticles. Nanoparticles are either formed by 
compacting cationic polymers with nucleic acid to form 
polyplexes or by entrapping the negatively charged load 
into neutral, often hydrophobic polymers, usually with the 
help of a cationic polymers or cationic surfactant. Although 
many polymers have been explored for the delivery of 
nucleic acid,5 the number of reports on flow-based assembly 
is limited (Fig. 9). In general, three different approaches 
have been explored: mixing of two aqueous solution 
containing polymer and nucleic acid respectively, nano-
precipitation and droplet-based microfluidics (Table 1). 
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Assembly of water-soluble systems 
The simplest is the assembly of polyplexes, which are 

made using cationic polymers and nucleic acids. The nano-
particles are then formed as a result of electrostatic bind-
ing,75 which can be controlled by ionic strength and pH 
value, but also the nature of the cationic polymer.76,77 

Typical cationic polymers such as PEI, PAMAM dendrimer 
and chitosan were used to prepare polyplexes by flow, but 
some more unusual structures were also explored, as sum-
marised in Fig. 9. This is, of course, a far cry from the 
myriad of cationic polymer structures that have already 
been tested for nucleic acid delivery and highlights that 
the field of flow assembly is only emerging.5 The set-up 
appears fairly simple as two aqueous solutions are mixed 
either using turbulent flow such as in a microfluidic car-
tridge that contains herringbone grooves,45 or by laminar 
flow in a microfluidic hydrodynamic focusing device,47 

which can have an advanced design and include single or 
double meandering channels.71 The latter publication also 
discusses in detail the intricacies of flow assembly such as 
the pump pressure profile and the design of a system that 
can be used for scaling up. Here, the size of the final 
nanoparticles is the result of the chosen microfluidic 
set-up, type of polymer and payload, concentrations and 
flow rate (Re number). PAMAM dendrimers were mixed 
with siRNA using a funnel-shaped micromixer with several 
inlets. COMSOL Multiphysics software simulation suggested 
a laminar flow whose pattern changed depending on the 
flow rate.48 (Fig. 9 and Table 1) 

Polymers for multiphase systems 
Switching from a single phase to an emulsion system 

allows the design of PEG-based hydrogel nanoparticles 
that can be filled with PBAE–pDNA (Fig. 9) complexes. 
The size of the hydrogel particles that were prepared using 
eight-arms stars, crosslinked with thiol-ene chemistry, was 
determined by the set-up of the T-junction droplet break-up 
microfluidic device.65 The resulting size of the aqueous PEG 
filled droplets was controlled by the channel dimensions and 
was adjusted between 41 and 142 µm. Significantly smaller 
particles in the nanometre range were obtained when bior-
educible poly(amido amine)s P(CBA-ABOL) and P(CBA- 
ABOL90/BDA10)63 (Fig. 9 and Table 1) were loaded with 
mRNA and pDNA. The cationic polymer and the nucleic acid 
were directly mixed in the aqueous droplet. 

Polymers for nanoprecipitation 
Additional components like neutral hydrophobic poly-

mers, which are added to the mixture that contains cationic 
polymers and DNA, can help control size and stability and 

therefore transfection efficiency. As soon as hydrophobic 
polymers are present, the use of organic solvents is essential. 
Nanoparticles are then formed when the organic solution is 
mixed with an aqueous solution; thus, microfluidic-assisted 
nanoprecipitation is employed. Although the use of organic 
solvent is usually undesirable, it is outweighed by the 
advantages hydrophobic and biodegradable polyesters 
such as poly(lactic-co-glycolic) acid (PLGA), polycaprolac-
tone (PCL) and PLA provide.78 Microfluidic-assisted nano-
precipitation was used to form PLGA-Eudragit nanoparticles 
(Fig. 9 and Table 1). The PLGA-Eudragit polymers (hydro-
phobic PLGA polymer and cationic Eudragit polymer) were 
dissolved in acetone and mixed with water in the microfluid 
chip to form a core with positive charge that was able to 
entrap DNA by electrostatic interactions.73 As the resulting 
nanoparticles are hydrophobic and may have a tendency to 
aggregate, hydrophilic surfactants are added. This was 
achieved by introducing mPEG2000-DSPE into the aqueous 
phase (Fig. 9 and Table 1). In this study, PLGA was used as 
the hydrophobic polymer dissolved in the organic phase 
together with cationic DC-cholesterols. The two phases 
were mixed in a toroidal micromixer to form spherical 
DNA-loaded nanoparticles. The hydrophobic polymer and 
surfactant form the core while the amphiphilic mPEG2000- 
DSPE is inserted at the interface, with the PEG block pro-
viding steric stabilisation and water solubility. As the core is 
positively charged thanks to the presence of the cationic 
surfactant, DNA can be bound by electrostatic interaction. 
In the final nanoparticle, the PEG chains covered the DNA, 
which prevented particle aggregation.74 

Comparison of bulk mixing with flow mixing 

In the laboratory, nucleic acid-loaded nanoparticles are 
usually prepared by bulk mixing where the aqueous solution 
containing the cationic polymers is added to the 
DNA–siRNA solution or vice versa. As discussed earlier, 
local heterogeities often prevent the formation of well- 
defined nanoparticles with low dispersities while it is diffi-
cult to target a specific size (Fig. 1). Microfluidic techniques 
can improve the efficiency of mixing of these two solutions 
to produce DNA–siRNA-loaded nanoparticles of high quality 
compared with the bulk method (Table 1).79 For example, 
using a chaotic serial dilution generator (SDG), which is a 
stand-alone microfluidic cartridge that was designed to con-
trol the features of nanoparticles, smaller sized PEI-DNA 
polyplexes (145 nm) with lower dispersities (PDI < 0.2) 
were obtained compared with bulk mixing (176 nm, 
PDI > 0.5 at N/P ratio of 40).45 Using the same materials, 
Koh et al. employed a different microfluidic device, a stand- 
alone microfluidic cartridge (a chaotic SDG), to obtain 

Fig. 9. Polymers used for the preparation of nucleic acid-loaded nanoparticles using flow assembly; the cationic charges shown are dependent 
on the pH value (CO, LPO and LPOE are abbreviations given by Loy et al. 71 as core oligomer, lipid anchored PEG12 oligomer, and lipid anchored 
PEG12 oligomer without glutamic acid respectively).    
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Table 1. Summary of polymers used to prepare nucleic acid-loaded nanoparticles using flow devices.           

Polymer Drug Technique Flow mixing Bulk mixing Remarks References 

Size (nm) PDI Size 
(nm) 

PDI   

Cationic polymers  

PBAE DNA Mixing of aqueous solutions in flow focusing 
devices with pinch channel     

No difference between 
MF and BM and no size 
data shown 

Wilson et al. 
(2017) 47  

P(CBA-ABOL) pDNA Water droplets in fluorocarbon oil emulsion- 
based microfluidic system  

100  0.15  166  0.34  Grigsby et al. 
(2013) 63 

mRNA   113.1  0.18  222  0.32   

PEI pDNA Mixing of aqueous solutions in cartridge with 
seven chaotic serial dilution generator and 
dividers for variation of N/P ratios  

98  0.1  196  >0.4 N/P ratio 50 Protopapa et al. 
(2023) 45  

PEI pDNA Mixing of aqueous solutions in microfluidic 
hydrodynamic focusing device  

494   898  N/P ratio 3.3, PDI not 
reported 

Koh et al. 
(2009) 46  

PAMAM dendrimer siRNA Mixing of aqueous solution using funnel- 
shaped micromixer  

86  0.18  87  >0.20 N/P ratio 20 Agnoletti et al. 
(2017) 48  

CO + siRNA + LPO siRNA Mixing of aqueous solution in a single or a 
double meander channel microfluidic chip  

114.7  0.14  416.2  0.71  Loy et al. 
(2021) 71  

CO + siRNA + LPOE  141.9  0.23  128.2  0.47  

Chitosan pDNA Mixing of aqueous solutions in in-line mixing 
system (AIMS) consisting of Y-mixer and 
pinch valves  

199  0.68  165  0.25  Naeini et al. 
(2017) 72 

siRNA  48  0.15  98  0.21 

Cationic polymer and neutral polymers  

Eight-arm-PEG-norbornene and eight- 
arm-PEG-mercaptoacetic acid and poly(β- 
amino esters) PBAE 

pDNA Water in oil T-junction droplet break-up 
microfluidic device 

41 × 103– 
142 × 103    

Size of microspheres 
dependent on 
channel size 

Deveza et al. 
(2015) 65  

PLGA and Eudragit pDNA Microfluidic-assisted nanoprecipitation  170  0.25  98  0.21  Zoqlam et al. 
(2021) 73 

Cationic surfactant and neutral polymer  

PLGA DC-cholesterol (cationic) 
mPEG2000-DSPE (surfactant) 

pDNA Microfluidic-assisted nanoprecipitation in 
toroidal micromixer  

83  0.11  136  0.23  Santhanes et al. 
(2022) 74 

MF, mixing by microfluidics; BM, bulk mixing.  
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similar results. The sizes of the polyplexes were bigger 
compared with those using the technique by Protopapa 
et al., but the flow assembly still led to smaller nanoparticles 
(494 nm) and lower PDIs than bulk mixing (898 nm).47 

Although both research teams observed the same size and 
PDI reduction in flow mixing compared with bulk mixing, 
the differences in reported nanoparticle size can be assigned 
to the N/P ratio used. The formation of better nanoparticles 
was also reported in the study by Loy et al.71 who mixed the 
cationic oligomers CO, LPO and LPOE shown in Fig. 9 with 
siRNA (CO + siRNA + LPO and CO + siRNA + LPOE) using 
bulk mixing and two different microfluidic devices, a single 
meander channel microfluidic chip and a double meander 
channel microfluidic chip. The size and PDI of the two poly-
plexes assembled using flow (CO + siRNA + LPO 114.7 nm, 
PDI < 0.20 and CO + siRNA + LPOE 128.2 nm, PDI 0.468) 
are smaller than from bulk mixing (CO + siRNA + LPO 
141.9 nm, PDI 0.23 and CO + siRNA + LPOE 416.2 nm, 
PDI > 0.2). This chosen microfluidic device was observed 
to be highly efficient to produce small sizes and uniform 
siRNA-loaded nanoparticles.71 

However, improved outcome using flow assembly is not 
automatically guaranteed. Agnoletti et al. found that improve-
ment compared with bulk mixing can be a matter of N/P ratio 
as well as flow ratios.48 Polyplexes obtained from PAMAM 
and siRNA only led to better outcomes compared with bulk 
mixing when the ratio between the flow rates of the two inlets 
was adjusted.48 Little size improvement was also reported 
using poly(beta-amino esters) (PBAE). Wilson et al. used a 
microfabricated PDMS–glass chip to generate nanoparticles, 
but they found little advancement in terms of size and PDI. 
However, the device allowed efficient scale up, good control 
over the assembly process and the ability to form nanoparti-
cles that were stable under long-term storage.47 

As mentioned in the previous section, nanoprecipitation 
is one of the most commonly used nanoparticle fabrication 
methods to reduce the size and PDI of the nanoparticles.80 

Santhanes et al. used microfluidic nanoprecipitation and 
succeeded in generating smaller nanoparticles (83 nm) 
with lower dispersities (PDI < 0.2) than using bulk mixing 
nanoprecipitation.74 By contrast, Zoqlam et al. observed 
very different outcomes as the size and PDI of the nanopar-
ticles generated using microfluidic nanoprecipitation were 
larger than with bulk mixing nanoprecipitation.73 It is, how-
ever, not possible to compare the quality of the devices as 
the differences may stem potentially from the polymers 
employed as Zoqlam et al. used PEG-based surfactants, 
which can prevent particle aggregation and aid in the 
mixing process. 

Choice of the right microfluidic device is, however, essen-
tial to generate good nanoparticles, as shown by the study 
by Naeini et al.72 The authors developed an in-line mixing 
system (AIMS) that was improved over the course of the 
study. This system was used to compare chitosan–siRNA and 
chitosan–pDNA (Fig. 9) polyplex formation. Compared with 

bulk mixing, flow mixing at high Reynolds numbers was 
found to be a powerful tool to minimise the size and PDI of 
the resulting nanoparticles while being able to scale up 
production. With increasing siRNA concentration, the size 
of the flow-assembled chitosan–siRNA increased from 40 to 
60 nm while the PDI of the polyplexes remained below 0.2. 
This contrasts with large-sized polyplexes (from 99 to 
179 nm) with broad size distributions that were the result 
of bulk mixing. Different results were obtained when pDNA 
was used to prepare chitosan–pDNA polyplexes as the bulk 
mixing yielded better sizes than the nanoparticles prepared 
using microfluidic devices, which was attributed to the large 
size of pDNA.72 

Effect of solution and flow changes 

So far, it is apparent that smaller-sized polyplexes with 
smaller PDIs can be produced using microfluidic devices. 
However, there are additional elements that can affect the 
size and DPI of nanoparticles such as flow rate ratio, N/P 
ratio, the design of the microfluidic devices, the chemical 
structure of the polymer, the type of nucleic acid drug, 
concentration and so on. Thus, in this section, we discuss 
the influences on size and PDI of some of these factors. 

Flow rate ratio and other parameters 
First, microfluidic devices require different flow rates 

depending on the microfluidic mixer and the material and 
drug used. Another important parameter is the flow rate of 
each solution or the flow rate ratio, which is an expression 
of the relative rate of both flows. 

Nucleic acid-containing polymer nanoparticles are often 
prepared using two aqueous solutions, one containing the 
drug, the other the water-soluble polymer (Table 1). 
However, occasionally hydrophobic polymers are involved 
and then the nanoparticles are often prepared by nanopreci-
pitation, which uses two different phases, aqueous and 
organic. The flow rate ratio is defined by the flow rate of 
the aqueous to the organic phase. For example, pDNA-loaded 
lipid–polymer nanoparticles were synthesised using flow rate 
ratios of 3:1 and 5:1 in a toroidal micromixer device. Smaller 
sizes, smaller PDIs and more stable nanoparticles were 
formed with lower flow rate ratios.74 However, in some 
studies, the opposite was observed and the size of nanopar-
ticles decreased with increasing flow rate ratio as it changed 
from 1:1 to 5:1.81,82 This contradicting scenario may be 
caused by a combination of factors like differences in con-
centrations of the two different phases, which could affect 
the flow impedance as the viscosity is changed in the micro-
mixer, but it should also be noted that in these studies, very 
different drug carriers and payloads were explored.83 

The mixing process of two aqueous solutions is similarly 
affected by flow rate ratios. A specifically designed micro-
fluidic device that can control the flow rate in the centre 
and outer inlet separately was used to assemble PAMAM 

www.publish.csiro.au/ch                                                                                                             Australian Journal of Chemistry 

K 

https://www.publish.csiro.au/ch


dendrimer–siRNA complexes in (N-2-hydroxyethylpiperazine- 
N-2-ethane sulfonic acid, HEPES) buffer at flow rate ratios 
(centre inlet flow rate to outer flow rate) varying from 1:10 to 
1:2.5.48 With increasing ratio, the size of the nanoparticles 
decreased, but the PDI increased, with the best nanoparticle 
being produced at a flow ratio of 1:5. 

Other influential parameters are the channel design of 
the microfluidic device. For example, a T-junction droplet 
break up microfluidic device with input channel dimensions 
ranging from 50, 100, 150 to 200 µm, was used to demon-
strate how the size of the nanoparticles is directly related to 
the dimensions of the input channel.65 Further, the Reynolds 
number Re is another powerful tool to control the flow 
regime in a microfluidic device.84 In the flow device used 
by Naeini et al., laminar flow was obtained when the Re 
number was below 2000, whereas a Re number above 4000 
led to turbulent flow. A Re number between 2000 and 4000 
represents a transitional flow regime between both laminar 
and turbulent flow (Fig. 8). With the help of an AIMS, the Re 
number could be dialled from 26 to 4000. With increasing 
Re number, the respective size and PDI of the size distribu-
tion of chitosan–siRNA and chitosan–pDNA polyplexes were 
observed to be reduced.72 

N/P ratio 
The N/P ratio is the mole ratio of the amino groups (N in 

the cationic polymer) to the amount of phosphate groups (P) 
in the nucleic acid therapeutic.85 The N/P ratio is often 
discussed when preparing polyplexes using an aqueous solu-
tion of cationic polymer and an aqueous DNA solution as the 
N/P ratio is known to affect the size and PDI of the nano-
particles. For example, Koh et al. mixed PEI with pDNA and 
observed that a higher N/P ratio of 6.7 led to smaller and 
more uniform polyplexes compared with an N/P ratio of 
3.3.46 Protopapa et al., who used the same polymer–drug 
combination, developed a stand-alone microfluidic cartridge 
that contained seven output ports to test seven different N/P 
ratios (N/P = 0, 10, 20, 30, 40, 50 and 60) at the same time. 
Although higher N/P ratios usually leads to smaller sizes 
and lower PDIs, the authors observed an optimum at a N/P 
ratio of 50.45 

Concentration 
As with bulk mixing, the concentration of the solution 

plays an important role. In this case, it is important to 
distinguish between the different approaches. Mixing two 
aqueous solutions that contain polymer and drug respec-
tively to generate polyplexes as shown in Fig. 1 is affected 
differently to microfluidic-assisted nanoprecipitation or 
droplet-assisted microfluidics. 

An in-line mixing system (AIMS) of two aqueous solutions 
containing cationic oligomers CO and siRNA or alternatively 
pDNA showed that concentration may, however, not always 
influence the outcome. Whereas siRNA as payload led to size 
increases from 40 to 60 nm, when the siRNA concentration 

was increased from 0.1 to 0.4 mg mL–1, there was no equiva-
lent effect when pDNA was loaded. Moreover, the size of the 
siRNA polyplexes across all concentrations was smaller than 
that for the pDNA polyplexes. As the larger pDNA diffuses 
more slowly than the small siRNA, polyplexes prepared using 
pDNA led to broader size distributions.42 

When organic solvents and hydrophobic polymers are 
involved, as in the case of microfluidic-assisted nanopreci-
pitation, the concentrations of hydrophobic polymer influ-
ence the rate of precipitation. Furthermore, the ingredients 
added to the aqueous solution can be highly influential on 
the outcome. Different concentrations (0, 0.8, 3.4, 8.6, 
17.2 µg mL–1) of pDNA dissolved in water together with 
the surfactant mPEG2000-DSPE were formulated with 
PLGA and cationic lipid DC-cholesterol that were both dis-
solved in organic solvent. With increasing concentration of 
pDNA, the size of the resulting nanoparticles decreased. The 
concentration of the surfactant has a similar effect as higher 
amounts lead to smaller sizes at higher flow rate ratios. 
However, at lower flow ratios, the system became unstable 
as evidenced by an increase in PDI.74 

Nature of polymer and drug 
The nature of the polymer itself is a determining factor in 

the quality of the nanoparticles. Although there are plenty of 
studies on the relationship between polymer structure and 
nanoparticle properties available that use bulk mixing, there 
is limited information so far on flow-based mixing. 
Comparison of two cationic oligomers, LPO and LPOE, that 
differ in the length of the PEG chain (Fig. 9) and their complex 
with siRNA (CO + siRNA + LPO and CO + siRNA + LPOE) 
revealed that longer PEG ligands promote the formation of 
larger nanoparticles with larger PDIs.71 Also, the payload 
influences the outcome as shown when comparing chitosan 
complexes with siRNA or pDNA. Polyplexes based on siRNA 
had smaller sizes and smaller PDIs than pDNA at the same 
concentration and flow rate.72 

Perspective and conclusion 

Flow-based assembly of nanoparticles has become an estab-
lished technique in laboratories and in industry. Researchers 
can choose from a wide range of set-ups, either chip-based 
or capillary-based. The mode of mixing is crucial as laminar 
flow will result in different outcomes to turbulent flow. 
Flow-based assembly of drug-loaded nanoparticles has 
clear advantages, but some challenges should also be men-
tioned.37 It is evident that the nanoparticle production is 
highly reproducible, with limited batch-to-batch variations. 
This allows efficient scaling up and the supply of high- 
quality nanoparticles for clinical applications. Flow produc-
tion also leads to better-defined nanoparticles with narrower 
size distribution while the size can be tuned with the oper-
ating parameters. On the downside, it is not easy to switch 

Z. Xu et al.                                                                                                                             Australian Journal of Chemistry 

L 



all laboratory operations to flow without considering a 
range of challenges. For example, although polydimethylsi-
loxane devices can be quite cheaply produced, the material 
is sensitive to organic solvents. Glass, silicon, or polytetra-
fluoroethylene are in contrast more robust, but more costly. 
There are also some costs involved to set up a flow labora-
tory as pumps can be quite pricey whereas bulk mixing 
requires only a pipette and a beaker. There are also more 
demands on the researcher as flow assembly requires more 
specialised skills and ideally an understanding of fluid flow. 
Having established one system may not be sufficient to meet 
the demands of the laboratory as each nanoparticle may 
require adjustment. One aspect that may also deter research-
ers from using flow is the minimum sample size, which 
could be an important aspect when trying to assemble costly 
nucleic acids in flow. Although researchers can assemble 
small volumes down to only a few microlitres in bulk 
mixing, even the smallest microfluidic devices require larger 
sample sizes, notwithstanding that with cheaper pumps that 
have a pressure ramp, there is always a fraction that needs 
to be discarded. It also needs to be considered that flow 
design is not timesaving per se and complex channel design 
is required to parallelise the process to allow testing of 
different parameters in one system. In general, chip design 
is still the biggest drawback as current chips have only a 
single purpose and they cannot be adjusted to suit other 
purposes.86 In this case, modular systems that can be 
changed and adjusted offer more flexibility. However, the 
advantages of flow assembly certainly outweigh potential 
obstacles and flow assembly is therefore an essential tool 
that will help accelerate nanomedicine research. 
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