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Abstract: Background: Microfluidics is becoming increasingly of interest as a superior 
technique for the synthesis of nanoparticles, particularly for their use in nanomedicine. In 
microfluidics, small volumes of liquid reagents are rapidly mixed in a microchannel in a 
highly controlled manner to form nanoparticles with tunable and reproducible structure 
that can be tailored for drug delivery. Both polymer and lipid-based nanoparticles are uti-
lized in nanomedicine and both are amenable to preparation by microfluidic approaches.  

Aim: Therefore, the purpose of this review is to collect the current state of knowledge on 
the microfluidic preparation of polymeric and lipid nanoparticles for pharmaceutical appli-
cations, including descriptions of the main synthesis modalities. Of special interest are the 
mechanisms involved in nanoparticle formation and the options for surface functionalisa-
tion to enhance cellular interactions.  

Conclusion: The review will conclude with the identification of key considerations for the 
production of polymeric and lipid nanoparticles using microfluidic approaches. 
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1. INTRODUCTION 

1.1. What is Microfluidics? 
There are a plethora of nanoparticle carriers that 

have been developed for drug delivery; however, 
successful translation to a therapeutic product is 
often limited by the ability to consistently produce 
optimized, uniform nanoparticles with the poten-
tial for scale-up of the manufacturing process un-
der GMP conditions [1]. The application of micro-
fluidic approaches can address the limitations of 
traditional bulk production methods. Microfluidics  
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makes use of intersecting microchannels, which 
enables nanolitre volumes of fluids to be mixed 
homogeneously or contacted in a precisely con-
trolled environment [2, 3]. While a wide range of 
microchannel configurations and flow types are 
used to prepare nanoparticles, a very common 
chemical process for the nanoparticle preparation 
in these devices is an ‘anti-solvent approach’. 
Here, the organic solution containing nanoparticle 
precursor components and the aqueous solution 
are introduced into the microfluidic device at a 
pre-determined flow rate and flow rate ratio be-
tween aqueous and organic reagents. Mixing the 
organic solution with the ‘anti-solvent’ (most often 
the aqueous solution) induces precipitation of the 
precursor components as nanoparticles [4]. The 
advantages of these microfluidic devices are high 
reproducibility, control over the mixing process, 
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Fig. (1). Illustration of the flow pattern of fluids in different microfluidic devices used for the formulation of nano-
particles. (A) 2D and (B) 3D hydrodynamic flow-focusing microchannel, (C) droplet-based microchannel, and (D) 
microchannel with a staggered herringbone mixer (SHM) channel design.

the possibility of automation, and the mixing of 
fluids with high speed [5, 6], enabling the rapid 
production of nanoparticles. The key improvement 
of using a microfluidic device instead of bulk, 
macro-scale reaction vessels for the production of 
nanomedicines is the potential for the formulation 
of uniform nanoparticles [7]. 

1.2. Types of Microfluidic Mixers  

The mixing of small volumes of fluids in a mi-
crofluidic channel can be achieved using devices 
with a range of different designs. The most com-
monly used microchannel design is hydrodynamic 
flow-focusing (HFF). HFF devices can have a pla-
nar 2D geometry or a 3D geometry [8] (Fig. 1A 
and B) and can be used for the formulation of a 
variety of nanoparticles made of poly(lactic-co-
glycolic) acid (PLGA) [9-11] and other polymers 
[12-14], lipid-polymer hybrid nanoparticles (LPH) 
[4, 15, 16], and lipid-based nanoparticles (LNP) 
[17, 18]. In microfluidic devices, interfacial forces 
between the fluids are dominant and diffusion-
related mass transfer of the molecules is limited to 
the interface between the fluids, which leads to 
greater control over the mixing process [3, 17]. 
With the 2D geometry device, fluids are injected 

concurrently through three inlets. A central stream 
of a water-miscible organic solvent containing the 
nanoparticle precursor components and the drug is 
focussed horizontally by lateral fluid streams of 
the aqueous non-solvent introduced perpendicular 
to the central stream (Fig. 1A) [9]. In a 2D HFF 
device, nanoparticle aggregation can occur at the 
wall of the microfluidic channel (Fig. 1A, cross-
section) and interfere with the ability to control the 
size of nanoparticles and also increase the internal 
pressure in the device by blocking the microchan-
nel [8, 9]. However, by using a 3D HFF device, a 
more efficient mixing can be achieved because the 
solvent stream introduced through a capillary is 
surrounded by the anti-solvent stream, avoiding 
aggregation of the polymer at the walls of the mi-
crochannel (Fig. 1B) [8, 9, 19]. 

A second common design that can be used for 
microfluidic mixing is a droplet-based microfluid-
ic system (Fig. 1C). With this approach, emulsion 
droplets are formed by using two immiscible flu-
ids, e.g. water and oil, and a capillary microfluidic 
device [20, 21]. Single, uniform droplets are gen-
erated when the coaxial flow is induced by reduc-
ing the diameter of the inner capillary, which is 
embedded in the outer capillary [21]. The formed 
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droplets have a spherical shape due to the surface 
tension and act as a micro-reactor for the formula-
tion of nanoparticles in the emulsion [20]. This 
approach can be used for the formulation of poly-
meric nanoparticles, nanocrystals, and liposomes 
[20]. Droplets can also form in HFF designs given 
the appropriate surface tension of the internal 
phase, where the flow jets out and due to Plateau-
Rayleigh instability, the stream buds off into drop-
lets [22, 23]. 

Finally, passive mixers can be incorporated as a 
structural element within the microchannel to in-
duce a turbulent flow of the fluids [24]. One of the 
most common passive mixers in microfluidic de-
vices is the staggered herringbone mixer (SHM) 
[25, 26]. The SHM is described as an in-groove 
pattern in the microchannel with an asymmetric 
herringbone shape (Fig. 1D) [25, 26]. The topolo-
gy of the SHM disturbs the laminar flow of the 
fluids within the microchannel, causing the mixing 
of fluids through chaotic advection [25]. The main 
advantages of the SHM are the simplicity of the 
manufacturing process and the ability to achieve 
complete mixing of fluids at a low Reynolds num-
ber (Re) [25]. The Re is a physical measurement 
of the viscous and inertial forces of fluids within a 
channel [24]. At low Re, laminar flow is present 
and the fluids flow in a parallel pattern [24]. In 
contrast, turbulences have a high Re and fluctua-
tions and vortices of the fluids occur in these situa-
tions [24]. Microvortices are able to increase the 
yield (g/hour) of nanoparticle formulation due to 
the rapid convective mixing of the solvent and  
anti-solvent in the microchannel [15]. Other struc-
tural elements including a mixing spiral to create 
microvortices [16, 27, 28] or a zigzag mixer can be 
added as passive mixers to the microchannel to 
reduce the mixing time [4]. 

An important note is that anti-solvent ap-
proaches also require post-processing to remove 
the organic solvent before further application. Pro-
cesses like solvent evaporation with or without 
reduced pressure [11, 29], filtration through a 0.2 µm 
membrane [30, 31], dialysis [32-35], ultrafil- 
tration [31], centrifugal filtration [36], centrifuga- 
tion [37], or ultracentrifugation [38] are applied 
individually or in combination for the purification 
of polymeric and lipid nanoparticles after micro- 
fluidic preparation. In addition, the microfluidic 

chip can be designed to facilitate the in situ dialy-
sis of the ethanol and buffer exchange [39]. 

Scaling up the production of nanoparticles is 
necessary to formulate a sufficient amount of na-
noparticles for in vivo mice studies and clinical 
applications [40]. The parallelization of 8-25 mi-
crofluidic channels can increase the productivity 
from 0.084 g/h to 75 g/h depending on the micro-
fluidic device [12, 19, 41]. Other strategies to scale 
up the production of nanoparticles include the in-
crease of flow rate or the design of microchannel 
with a greater depth [14, 40].  

There is a great variety of commercially availa-
ble microfluidic devices and individual microfluid-
ic devices can be designed and manufactured with 
soft lithography in the laboratory to suit specific 
production requirements. 

1.3. Considerations for Selection of Material for 
the Fabrication of Microfluidic Devices  

Microfluidic devices can be manufactured from 
a range of different materials. Aside from econom-
ic considerations, the selection of device material 
also depends on chemical compatibility with the 
reagents of interest. Additionally, the device should 
be made of a material that is sufficiently durable to 
withstand the flow pressures resulting from viscos-
ities and flow rates of the fluids being used. 

Common materials used in the fabrication of 
microfluidic devices include polymers such as 
polydimethylsiloxane (PDMS) [4, 9, 28, 42, 43], 
poly(methyl methacrylate) polymer (PMMA) [10, 
13, 44, 45], cyclic olefin copolymer (COC) [33, 
46], and thiolene-based polymers [47], as well as 
glass or quartz [48]. In most cases, the microchan-
nels are etched or imprinted onto the surface of the 
material and then sealed [48, 49]. Most polymer-
based devices are fabricated in-house using a wa-
fer-mold and are inexpensive, whereas the con-
struction of glass-based microfluidic devices is 
usually out-sourced as the process requires more 
specialised equipment to achieve accurate etching 
of the microchannels [50]. Otherwise, glass capil-
laries [8, 51] and glass slides [52] are also used as 
materials for microfluidic devices. 

The choice of the material depends to a large 
degree on the organic solvent used as the precursor 
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solution; however, surface modification of channel 
walls can also overcome incompatibility. Interac-
tions of the solvent with the device can lead to 
contamination of the sample and fluctuations in 
sample concentration depending on porosity of the 
material of the microfluidic device [53], or irre-
versible damage of the microchannel, which would 
impede flow behaviour. The polymers typically 
used to produce microfluidic devices are compati-
ble with a limited number of solvents and PDMS, 
in particular, can swell in nonpolar solvents, while 
glass-based devices are generally impermeable to 
most solvents [36, 54, 55]. 

The polarity of the samples can also influence 
the choice of polymer used to form the microfluid-
ic devices. If the substance of interest is the same 
polarity as the walls of the channel, adhesion may 
occur resulting in fouling of the chip. As a result, 
the flow of the system through the chip can be im-
peded leading to a decrease in the efficiency of 
nanoparticle production [56]. For hydrophobic 
substances such as lipids or proteins, it is best to 
avoid the hydrophobic COC as it is prone to 
blockage [57]. Formation of lipid-based liposomes 
has been conducted in the NanoAssembler® device 
that is composed of COC; however, it should be 
noted that there is a limit to the reuse of the micro-
fluidic cartridges used in the NanoAssemblr® in 
part due to potential interactions between the COC 
and the formulation components. Although PDMS 
is also hydrophobic, it can be treated using plasma 
oxidation to render the walls of the microchannels 
reversibly hydrophilic for up to 6 h [58]. The 
Weitz research group developed a method that 
coats the PDMS channel walls with sol-gel, allow-
ing it to be functionalised and, in turn, enable cus-
tomisable domains of hydrophobicity and hydro-
philicity [59]. This is useful for applications where 
the microfluidic device requires multiple continu-
ous phases with differing polarities such as in the 
production of multiphase emulsions. Oxygen plas-
ma treatment can also be performed on PMMA, 
along with a polyvinyl alcohol (PVA) coating to 
increase the hydrophilicity of the channels for mi-
crofluidic applications where the continuous phase 
is aqueous [60]. All these strategies to coat the sur-
face of these microfluidic channels can ensure 
more reproducible particle production whilst also 
maintaining the durability of the devices. 

In addition, to using microfluidics for the pro-
duction of nanoparticles, the device may also be 
interfaced with other analytical techniques (scat-
tering or spectroscopy, for example) for in situ 
analysis that could also influence the approach to 
fabrication of the device. In the case of X-ray scat-
tering techniques, X-rays are required to pass 
through the microchannels to access the sample 
and thus the materials must be sufficiently perme-
able to X-rays. Thicker material can attenuate the 
X-ray beam, which reduces the detected signal of 
the sample [61, 62]. Khvostichenko et al. limited 
the thickness of their COC and PDMS layers to 
150 µm and 30 µm, respectively, which was calcu-
lated to have an X-ray transmission factor of 87% 
at a wavelength of 1.55 Å [63]. Different materials 
also absorb the X-ray beam to varying extents 
where COC and PMMA are less attenuating of the 
beam than PDMS [64]. Therefore, the thickness 
and construction material of the microfluidic de-
vice need to be considered to allow the detection 
of the sample if analysis of the in situ formation of 
particles is desired. 

2. FORMATION OF NANOPARTICLES 

As stated earlier, the assembly of polymeric and 
lipid nanoparticles in microfluidic devices is main- 
ly based on the ‘anti-solvent approach’. Further, 
lipid nanoparticles can also be prepared by form- 
ing an emulsion in microfluidic devices. Here, the 
focus is on the ‘anti-solvent approach’ for the 
preparation of nanoparticles and method-specific 
variations for the two kinds of nanoparticles are 
discussed below. 

The formulation of polymeric nanoparticles in 
microfluidic devices is based on ‘anti-solvent’ or 
nanoprecipitation [29], which occurs when the or-
ganic solvent used to dissolve the polymer precur-
sor and an aqueous, anti-solvent are mixed in the 
microchannel [45]. Nanoparticles assemble at the 
interface between the organic solvent and the anti-
solvent due to diffusion of the polymer towards 
the organic/aqueous interface [45]. The low solu-
bility of the polymer in the aqueous phase causes 
precipitation of the polymer at the aqueous/organic 
interface and results in nanoparticle formation 
[45]. Nanoprecipitation of polymer nanoparticles 
involves nucleation of the solid polymer due to a 
reduced solubility in the mixed solution of the 
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Fig. (2). Various structures of polymeric and lipid-based nanoparticles. Polymeric nanoparticles can form a matrix-
like structure (A) or self-assemble into spherical micelles (B). The PLGA polymer is shown in blue, while the PEG 
polymer is in brown. Liposomes (C) possess a hydrophilic core and hydrophobic shell, while cubosomes (D-type, 
Pn3m phase shown) (D) consist of an internal network of hydrophilic and hydrophobic channels [65]. Emulsions 
can be simple such as oil-in-water or water-in-oil (E) or more complex (multiple emulsions) such as water-in-oil-in-
water or oil-in-water-in-oil (F).

solvent and the anti-solvent, and a subsequent 
growth reaction [29, 45]. Structures of PLGA and 
polyethylene glycol - poly(lactic-co-glycolic) acid 
(PEG-PLGA) nanoparticles can be seen in Fig. 
(2A and B). 

LNP including emulsions, liposomes, cubo-
somes, and micelles (spherical, worm-like and 
rods) can also be formed from the mixing of com-
ponents or the self-assembly of molecules in the 
appropriate solvent [17, 43, 46]. Examples of these 
structures can be seen in Fig. (2C-F). Microfluid-
ics can facilitate the mixing of components ena-
bling a consistent mixing ratio of the components 
via manipulation of the flow rate and the flow rate 
ratios [34]. In one method to generate LNP using 
microfluidics, researchers used the anti-solvent 
approach typical for polymeric nanoparticle for-
mation, combining a stream of lipid dissolved in 

ethanol with an aqueous stream in a commercially 
available device (NanoAssemblr® by Precision 
Nanosystems, Inc.) [18]. As the solutions mixed 
along the herringbone structures, a co-solvent sys-
tem is formed where the solubility of the lipid in 
this co-solvent system was below that in the lone 
solvent directly analogous to polymer systems. 
The decrease in solubility prompted the precipita-
tion of the lipid molecule and its self-assembly to 
form the bilayers of the liposomal nanoparticles. 
This process resembled the bulk mixing emulsion 
dilution method described by Spicer et al. for the 
production of cubosomes [66]. A broader nanopar-
ticle size distribution was noted for bulk mixing, 
but preparing LNP using the microfluidic method 
afforded more control over self-assembly in the 
case of liposome production [17, 18]. As men-
tioned earlier, in general, anti-solvent precipitation 
approaches require subsequent removal of residual 
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organic solvent before application. Kim et al. not-
ed that it was during the evaporation of the ethanol 
after microfluidic processing of a non-lamellar 
LNP (cubosomes) where the formation of the lipid 
nanostructure was evident [43]. An emulsion was 
present shortly after discharge of the mixed sol-
vent and nanoparticle dispersion from the micro-
fluidic device, which was followed by fusion of 
the emulsion droplets and then the formation of 
lipid bilayers, which eventually led to the self-
assembly of the bicontinuous cubic structure [43]. 

Alternative lipid-based formulations such as 
emulsions can also be produced with microfluidics 
using the droplet-based channel designs (Fig. 1C). 
Emulsions can be simple oil-in-water or water-in-
oil emulsions or can be made more complex with 
many droplets within a droplet known as multiple 
emulsions [22, 67-69]. A series of these droplet 
forming designs can be constructed to produce 
multiple droplets within another droplet [67]. 
There is potential to solubilise drugs into the ap-
propriate internal phase of these lipid-based emul-
sions if their polarity allows dissolution for sus-
tained release from the internal phases. However, 
the overwhelming majority of research has been 
focused on the production of emulsions for food 
applications as opposed to their application as na-
nomedicines. 

2.1. In Situ Analytics to Study Nanoparticle 
Formation and Structure 

It is also possible to integrate the microfluidic 
devices with analytical techniques to track the in 
situ formation of the nanoparticles. Microfluidics 
can enable temporally- and spatially-resolved 
analyses where the position along the microchan-
nel is proportional to the duration (retention time) 
of the fluids after mixing [70, 71]. The retention 
time is also correlated to the equilibration time and 
so the kinetics of nanoparticle formation can be 
tracked. Monitoring the kinetics of these changes 
over time can aid in the understanding of how the 
nanoparticles are formed, and their consequent op-
timisation [72]. Ghazal et al. tracked the formation 
of liposomes in the HFF microfluidic chip using 
small-angle X-ray scattering (SAXS) [73]. They 
noted that after 0.86 sec retention time, the scatter-
ing profile of the equilibrating product was almost 
identical to the control liposomes as seen in  
Fig. (3), which confirmed the in situ formation of 
the nanoparticle. 

Transitioning the formulation from one 
nanostructure to another can also be induced and 
tracked using microfluidics. Ghazal et al. were al-
so able to monitor the transition from one structure 
of a LNP to another internal geometry (Pn3m to 
Im3m cubic phases), which could prove useful for 

 
Fig. (3). The microchannel design featuring hydrodynamic flow focusing used to generate liposomes (A) and a 
schematic of the mechanism for liposomes formation using microfluidics (B). SAXS profiles depicting the growth 
of the lamellar structure (indicative of the formation of liposomes) at various equilibration times (when correlated 
to different positions along the microfluidic channel) (C). The scattering profile in black denotes the structures of 
equivalent liposomes that were formed using sonication methods. Image reproduced with permission from Ghazal 
et al. [73]. 
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the production of these particular LNP, also 
known as liquid crystalline nanoparticles, as their 
scale-up production methods and stability have 
hindered their advance as viable nanomedicines 
[47]. Hong et al. (unpublished) monitored the con-
version of a lipid emulsion that transitioned to var-
ious liquid crystalline systems with a hydrodynam-
ic focusing design. The nanoparticles with a higher 
degree of the order were produced with a diameter 
less than 300 nm and with a more narrow polydis-
persity than the equivalent bulk method products. 
Observing the various non-equilibrium structures 
that evolve during the real-time transformations 
over time can enable the precursor solution to be 
customised to avoid the formation of intermediate 
structures that could hinder the stability and integ-
rity of the final formulation. 

Spectroscopic techniques such as Raman spec-
troscopy have the potential to describe the changes 
in the composition of the formulation, which can 
induce the formation of structures in LNP. Raman 
spectroscopy can detect lipid-based liposomes [74] 
and is useful for determining the composition of 
the membrane of liposomes in situ, particularly 
any residual solvents that may impact on subse-
quent studies [75]. In the experiment performed by 
Kirchner et al., the lipid bilayer was preformed 
and LNP were formed via microfluidic jetting 
[75]. However, it would be interesting to investi-
gate the composition and distribution of a mixed 
lipid system in the dynamic formation of LNP us-
ing Raman spectroscopy, which to the best of our 
knowledge, has yet to be explored. 

3. OPTIMISATION OF SIZE AND CHARGE 
OF POLYMERIC AND LIPID-BASED NANO-
PARTICLES 

The size of nanoparticles plays a crucial role in 
determining the therapeutic efficacy and biodistri-
bution [34], and generally small uniform nanopar-
ticles are desirable, particularly for intravenous 
drug application. Uniform and small nanoparticles 
can be obtained with a microfluidic approach and 
are characterized by a low polydispersity and a 
narrow size range [24, 45]. Further, the uniform 
nanoparticle size is advantageous for a consistent 
release of the encapsulated drugs, prediction of the 
biodistribution, and cellular uptake of nanoparti-
cles [37]. In order to control the size of nanoparti-

cles, the microfluidic-related parameters of flow 
rate and flow rate ratio as well as sample-related 
parameters, like concentration and molecular 
weight, can be varied to formulate nanoparticles 
with a specific size. 

3.1. Influence of Microfluidic Flow Parameters 
on the Nanoparticle Size Distribution 

The flow rate is described as the combined 
speed of the fluids within the microchannel. Gen-
erally, an increase in flow rate of the fluids ≥ 12 
mL/min within the microchannel has led to the 
formation of polymeric nanoparticles with a size 
between 40 and 160 nm depending on the micro-
fluidic device utilized, whereas at slower flow 
rates ≤ 1 mL/min nanoparticles with a size be-
tween 130 and 220 nm were produced [12, 76]. 
This effect is predominantly for polymeric nano-
particles formulated with concentrations between 
10 and 30 mg/mL of the biodegradable polymer 
PEG-PLGA with specific molecular weight 
(PEG5k-PLGA55k) [12] and for the PLGA polymer 
with different monomer ratios (75/25 and 50/50) 
(Fig. 4) [38, 76]. Faster flow rates are advanta-
geous due to rapid mixing within the microchannel 
[12] and assists with the homogenous nucleation 
of the polymer at low polymer concentrations. 
Amoyav and Benny formulated small nanoparti-
cles with a size of 40 nm at a slow flow rate of 0.7 
mL/min using a 2D HFF microfluidic device [38]. 
In addition, at faster flow rates, the mixing time of 
the fluids is below the aggregation time of the pol-
ymer and blocking of the microchannel due to ag-
gregation of the polymer is reduced [12, 19]. To-
gether, these influences at faster flow rates give 
rise to smaller nanoparticles. Further, the same re-
lationship between the flow rate and nanoparticle 
size is found for LPH nanoparticles produced with 
different polymers and lipids [15, 32]. LPH nano-
particles are defined as a nanoparticulate system 
with a polymeric core and a lipid shell. The lipids 
used include lecithin, dipalmitoylphosphatidylcho-
line (DPPC), and cholesterol or lipid-polymer con-
jugates such as DSPE-PEG [15, 32]. For example, 
the size of LPH nanoparticles produced with 
poly(ethylene-imine) (PEI) PEI-800 and a pH-
sensitive lipid showed a decrease in size from 370 
to 110 nm when the flow rate was increased from 
0.1 to 0.8 mL/min (Fig. 4) [32]. 
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Unlike polymeric nanoparticles, the flow rate 
did not influence the size of LNP (Fig. 4). No sta-
tistically significant changes in nanoparticle size 
were observed for liposomes formed by phospho-
lipids in the SHM microfluidic chip at flow rates 
ranging from 0.5 to 2 mL/min [18]. Likewise, there 
were no significant changes in the size of lipo-
somes (161 to 224 nm) with increasing flow rates 
(50 to 200 µL/min) in the HFF design [73]. Howev-
er, shear stresses on the nanoparticles were appar-
ent at flow rates above 15 µL/min, which aligned 
the orientation of the lipids in their self-assembly 
with the direction of the flow [73]. The structure 
of these liquid crystalline nanoparticles can be af-
fected by shear, which is influenced by flow rate 
and thus non-equilibrium behaviour may be appar-
ent with changes in flow parameters [77, 78]. 

The flow rate ratio is described as the ratio be-
tween the two solvent streams (anti-solvent or 
aqueous phase and organic solution) in the micro-
fluidic device and can have a great influence on 
the size distribution of polymeric nanoparticles. 
Polymeric nanoparticles prepared using HFF mi-

crofluidic devices with PEG5k-PLGA10-27k [19], 
PLGA [10], or the biocompatible triblock co-
polymer poly(2-methyl-2-oxazoline)-block-poly 
(dimethylsiloxane)-block-poly(2-methyl-2 oxazo-
line) (PMOXA-b-PDMS-b-PMOXA) [14] showed 
a decrease in size from 130 to 40 nm when the 
amount of anti-solvent was 5 to 50 times larger 
than the amount of organic polymer solution cor-
responding to a flow rate ratio between 5:1 and 
50:1 (aqueous: organic) (Fig. 4) [10, 14, 19]. The 
decrease in size (< 30 nm) at higher flow rate rati-
os (> 7:1 (aqueous:organic)) was attributed to the 
reduced width of the organic solvent stream and 
diffusive mixing occurring in a more controlled 
way [14]. In contrast, the size of LPH nanoparti-
cles slightly increased from 80 to 100 nm when the 
flow rate ratio of the lipid and polymer streams 
was increased from 5:1 to 20:1 (lipid:polymer) 
(Fig. 4) [15]. The increase in size was particularly 
marked (from 80 to 140 nm) at low Re and low 
flow rate ratio of 5:1 indicating that at low mixing 
speed, the microvortices that enable the formation 
of the LPH nanoparticles were not fully developed 
[15]. 

 
Fig. (4). Generalised correlation between microfluidic-related parameters and the size of the resulting nanoparti-
cles. Polymeric nanoparticles were formulated with PLGA and PEG-PLGA [12, 36, 76], lipid-polymer hybrid na-
noparticles were formulated with PLGA or PEI and pH-sensitive lipids or lipid-PEG conjugates [15, 32], and lipid-
based nanoparticles were formulated with phospholipids [18, 73]. Arrows indicate an increase in flow rate or flow 
rate ratio. 
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Increasing the flow rate ratios in the formation 
of LNP also yields smaller nanoparticles (down to 
approximately 50 nm in diameter) (Fig. 4); how-
ever, particle size may be also under the influence 
of the composition of the formulation ingredients 
and the order of magnitude flow rates studied. It 
has been proposed that the increase in flow rate of 
the continuous phase of an HFF design would in-
crease the shear stress on the assembling lipid 
molecules resulting in smaller particle sizes (~100 
nm at an FRR of 117.2:1 compared to ~250 nm at 
an FRR of 2:1) and a narrow polydispersity range 
[17]. Supporting this, Kastner et al. also suggested 
that the greater proportion of the continuous phase, 
which is typically the aqueous phase, also dilutes 
the final solvent mixture to reduce nanoparticle 
fusion and Ostwald ripening, producing smaller 
nanoparticles (50-75 nm) [18]. Conversely, Balbi-
no et al. observed an increase in the size of cation-
ic liposomes (from 130 nm to 508 nm) with in-
creasing flow rate ratio and attributed this finding 
to the higher concentration of lipids as a result of 
the increase in flow rate ratio [79]. The combina-
tion of the lipids in the formulation may have also 
had an influence on the particle size more so than 
the change in flow rate ratio. An increase in nano-
particle size when the flow rate ratio was increased 
to 6 and 7 (as opposed to no significant changes at 
lower flow rate ratios) was also observed in lipo-
somes formed by Wi et al. [80]. In these two stud-
ies, the increase in particle size was also affected 
by the composition and range of the flow rate ratio 
studied, contrary to the common observations. 

3.2. Influence of Preparation Variables on the 
Formation of Nanoparticles Using Microfluid-
ics 

3.2.1. Molecular Weight of Polymer 

Varying the composition of the mixed solu-
tions, e.g. changing the molecular weight and con-
centration of the polymer, organic solvents, or sur-
factant concentration can influence the size of pol-
ymeric nanoparticles prepared using microfluidics. 
For example, there was an increase in size between 
25 and 220 nm for polymeric nanoparticles formu-
lated with PEG-PLGA polymer when the molecu-
lar weight of the PLGA polymer was increased 
from 10 to 95 K [9, 12, 19, 81]. Similarly, an in-
crease in the concentration of the PEG-PLGA pol-

ymer from 5 to 50 mg/mL led to an increase in the 
size of the resulting nanoparticles [9, 19, 38, 45] 
and similar observations were made for the PLGA 
polymer and the PMMA polymer [10, 13, 44, 45]. 
However, there are limits to these polymer charac-
teristics in order to yield high-quality nanoparti-
cles. This is illustrated in a study by Min et al. 
who reported aggregation when PEG-PLGA with 
high molecular weight of PLGA (PEG5k-
PLGA55K) and high concentrations (50 mg/mL) 
were used in combination with a low flow rate ra-
tio (aq.:org., 7:3) and low flow rates (< 0.08 
mL/min) [12]. A possible reason for this is that at 
low flow rates, the Re is low, the diffusion mixing 
is less efficient and aggregation of the non-
precipitated polymer can occur [12]. This demon-
strates that several factors need to be considered to 
operate a microfluidic device without losing con-
trol over the size of nanoparticles and to avoid 
blocking of the microchannel [82]. From the stud-
ies performed to date, it seems that the influence 
of polymer concentration is more predominant 
than the influence of molecular weight in deter-
mining the size of polymeric nanoparticles [19]. 

3.2.2. Channel Dimensions 

Baby et al. investigated the influence of the 
microchannel characteristics, width (y-dimension) 
and depth (z-dimension), of a 2D HFF device on 
the size of PEG-PLGA nanoparticles [40]. The size 
of PEG-PLGA55K nanoparticles increased from 69 
to 107 nm when the width of the microchannel 
was increased 20 to 100 µm. Further, a deeper 
microchannel, 200 µm in comparison to 50 µm, 
decreased the size of the formulated nanoparticles 
from 140 to 100 nm at a flow rate ratio of 0.8 [40] 
and this observation might be related to a higher 
dilution of the organic polymer solution with anti-
solvent at the interface of the organic and aqueous 
solutions in a microchannel with a larger depth. 

3.2.3. Organic Solvent 

The organic solvent used to dissolve the poly-
mer also influences the size of polymeric nanopar-
ticles. In comparison to polymeric nanoparticles 
formulated with dimethyl sulfoxide (DMSO) as an 
organic solvent and a size > 150 nm, smaller pol-
ymeric nanoparticles below 150 nm were obtained 
with acetonitrile or acetone [10, 83]. The reason 
proposed for this was that the higher viscosity of 
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DMSO reduced the flow of the fluids at the inter-
face between the aqueous and organic solutions in 
the microfluidic device, resulting in an increase in 
nanoparticle size [10, 83]. 

3.2.4. Polymer Mixture 

In the case where multiple polymers are used 
for the formulation of polymeric nanoparticles, the 
size of the nanoparticles has been shown to be de-
pendent on the molar ratio of the polymers [14, 27, 
82]. The formulation of core-shell polymeric na-
noparticles with PLGA and a pH-sensitive PEG 
(PEG-b-poly(2-(diisopropylamino)ethyl methacry-
late) (PEG-b-PDPA) showed an increase in size 
from 50 to 190 nm with a lower amount of the pH-
sensitive PEG and a higher amount of PLGA in 
the polymer mixture [27]. Conversely, increasing 
the molar ratio of polyamidoamine (PAMAM) in 
the branched PEI increased the size of polymeric 
nanoparticles from 36 to 443 nm due to a higher 
number of crosslinks between the polymers [82]. 
In addition, varying the length of the hydrophilic 
polymer component (PMOXA) between 7 and 37 
units in a block co-polymer system with a constant 
number of hydrophobic components (73 units of 
PDMS) influenced the size of the formulated na-
noparticles [14]. By increasing the length of the 
hydrophilic polymer component, smaller nanopar-
ticles with a size below 80 nm were generated, es-
pecially at low flow rate ratios [14]. 

3.2.5. Polymer Charge 

The charge carried by polymeric nanoparticles 
is a key property that can influence in vivo perfor-
mance and is determined by the functional groups 
present on the polymers that comprise the nano-
particles. Modification to the polymer end group is 
a general strategy that can be used to influence the 
surface charge of polymeric nanoparticles and can 
also be applied to the technique of microfluidics. 
By mixing neutral PEG with a methoxy (-OCH3) 
end group with negatively charged PEG compris-
ing a carboxyl (-COOH) end group, the charge of 
nanoparticles was tuned between -5 and -20 mV 
[81]. For the formulation of positively charged 
LPH nanoparticles, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine (DSPE)-PEG with an amine 
(-NH2) end group was used and the surface charge 
increased to positive values of approximately 10 
mV [4]. The charged end groups of polymers also 

have an influence on the size of polymeric nano-
particles as demonstrated with the block co-
polymer PMOXA-b-PDMS-b-PMOXA [14]. Neu-
tral and positively charged modifications of the 
block co-polymer can produce smaller polymeric 
nanoparticles with a size of 30-40 nm at higher 
flow rate ratios > 7:1 (aqueous:organic), whereas 
negatively charged modifications of the block co-
polymer lead to a larger size (around 50 nm) and 
more polydisperse nanoparticles [14]. 

3.2.6. Addition of Stabilizer 
Incorporation of stabilizers including PVA, so-

dium cholate, and Tween®80 in the aqueous anti-
solvent for use in microfluidics can influence the 
size of PLGA nanoparticles and the encapsulation 
efficiency of drugs [26]. The highest encapsulation 
efficiency of 18% for curcumin-loaded PLGA na-
noparticles was achieved with 1% (w/v) PVA [76]. 
However, the nanoparticles showed a large size of 
around 200 nm. In contrast, nanoparticles formu-
lated with sodium cholate or Tween®80 had an 
encapsulation efficiency below 15% and a size be-
low 120 nm [76]. Amoyav and Benny also investi-
gated the influence of PVA on the size of PEG-
PLGA nanoparticles and found that smaller nano-
particles with a size of 130 nm were produced with 
increasing concentrations of PVA from 0.5 to 2% 
(w/v) [38]. Surfactants such as PVA are needed to 
reduce the interfacial tension between the fluids 
and avoid aggregation of the newly formed nano-
particles [38]. 

LNP can form similar nanoparticle sizes inde-
pendent of the lipid concentration with no signifi-
cant change in the polydispersity while the lipid 
composition can influence nanoparticle size. Flow 
rate ratios of 1:3 or 1:5 did not significantly 
change the size of the resulting nanoparticles when 
the lipid concentration was increased six-fold for a 
phosphatidylcholine-based liposome system [46]. 
At lower flow rate ratios (1:1) it was noted, how-
ever, that the nanoparticle size decreased from ap-
proximately 500 nm to 200 nm [46]. This was at-
tributed to a reduction in nanoparticle fusion, 
which resulted in smaller nanoparticles [34]. 

3.3. Functionalisation of Polymer Nanoparticles 
For targeted and enhanced delivery of therapeu-

tics to specific cells, functionalisation of nanopar-
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Fig. (5). Functionalisation of polymeric nanoparticles using a pre-microfluidics (A) [52, 81, 82], an in situ microflu-
idics (B) [86], or a post-microfluidics (C) [31] approach.

ticles with specific moieties can be achieved using 
the microfluidics preparation process [31, 52]. 
Conjugation of the polymer with the functional 
moiety can occur at different steps in the prepara-
tion process namely before, during or after micro-
fluidic preparation of polymeric nanoparticles 
(Fig. 5). The functionalisation of polymeric nano-
particles performed in a pre-microfluidics ap-
proach makes use of polymer-ligand conjugates as 
a starting material [31, 81, 82] (Fig. 5A). This ap-
proach has been used to achieve decoration of pol-
ymeric nanoparticles with targeted ligands includ-
ing collagen IV [52], argininylglycyl aspartic acid 

(RGD) [82], and the LIG ligand (to target the pros-
tate-specific membrane antigen PSMA) [81] for 
achieving targeted delivery for different therapeu-
tic conditions including cancer and atherosclerosis. 
Liu et al. formulated RGD-targeted supramolecu-
lar nanoparticles for targeting the αvβ3 integrin re-
ceptor of tumour cells and approximately 60% 
higher uptake was observed in αvβ3 receptor-
positive cells in comparison to αvβ3 receptor-
negative cells [82]. In addition, the ligand density 
influenced cellular uptake of polymeric nanoparti-
cles in prostate cancer cell lines that overexpress 
the prostate-specific membrane antigen PSMA 
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[81]. The use of increasing amounts of PLGA-
PEG-LIG conjugates from 14 to 40 mol% for the 
formulation of targeted polymeric nanoparticles 
increased the uptake by approximately 35% in 
comparison to non-targeted polymeric nanoparti-
cles [81]. 

The modality for producing functionalised na-
noparticles using microfluidics discussed up to this 
point has involved the formation of nanoparticles 
from functionalised polymer material during the 
mixing process. An alternative strategy for the 
formulation of surface-modified polymeric nano-
particles is to functionalize the nanoparticles after 
production in the microfluidic device in a post-
microfluidics approach (Fig. 5C). In order to de-
liver anticancer drugs to prostate cancer cells, Kol-
ishetti et al. functionalised the surface of the PEG-
PLGA nanoparticles with an A10 RNA aptamer 
and showed the accumulation of the targeted na-
noparticles in the endosomes of prostate cancer 
cells after endocytosis [31]. The attachment of the 
A10 RNA aptamer was performed using a zero-
length crosslinking reaction with a carbodiimide 
[31]. Biochemical zero-length crosslinking reac-
tions are commonly used for the surface modifica-
tion of polymeric nanoparticles [84]. Here, the 
carboxyl group of PLGA was activated with 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC) and N-hydroxysulfosuccini- 
mide (NHS) to form an amine-reactive intermedi-
ate that reacts with a primary amine to form a co-
valent bond between polymer and peptide [85]. 

The above-mentioned studies illustrated that 
functionalised polymeric nanoparticles have the 
potential to achieve a targeted delivery approach 
for therapeutics. The conjugation reaction is com-
monly performed in pre- and post-microfluidics 
approaches and the possibility of microfluidic de-
vices to act as a reaction vessel for functionaliza-
tion of polymeric nanoparticles has not yet been 
fully exploited. The conjugation reaction between 
the polymer and the moieties used for functionali-
zation of polymeric nanoparticles can be translated 
from a pre- or post-microfluidics reaction to an in 
situ microfluidics reaction (Fig. 5B) [86]. For the 
translation of the conjugation reaction into the mi-
crofluidic channel, the conjugation reaction must 
be first evaluated for its suitability. Performing the 
conjugation reaction in the microchannel implies 

that a covalent bond between the two compounds 
and the formation of the nanoparticles can occur 
simultaneously. The conjugation needs to occur 
immediately since the mixing time in the micro-
channel is greatly reduced. With a successful con-
jugation, the functionalization moiety will present 
on the surface and free functionalisation moieties 
might be also encapsulated in the polymeric matrix 
of the nanoparticles.  

3.4. Drug Entrapment 
Microfluidic production of nanoparticles allows 

control over the encapsulation of a variety of dif-
ferent therapeutic agents. One of the advantages of 
the microfluidic approach is that therapeutic 
agents with different characteristics can be used 
for the production of nanomedicines. A summary 
of single and multiple drug combinations that are 
encapsulated into polymeric and lipid-based nano-
particles using microfluidic devices can be found 
in Tables 1 and 2, respectively. 

Drugs can be encapsulated by covalent and 
non-covalent encapsulation, using drug-polymer 
conjugates for nanoparticle assembly or passive 
entrapment of free drug, respectively (Table 1). 
Combinations of these strategies can be used to 
encapsulate multiple drugs within nanoparticles 
produced using microfluidics [16, 28, 31, 87]. Co-
valent and non-covalent encapsulation have been 
used together to achieve efficient drug loading of 
two drugs in polymeric nanoparticles [31]. Nano-
particles containing anticancer drugs have been 
produced by mixing a covalent drug-polymer con-
jugate [a conjugate of a platinum (IV) drug with 
poly(lactic acid)], with free docetaxel in the micro-
fluidic device [31]. Further, LPH nanoparticles can 
be used to encapsulate hydrophobic drugs like 
doxorubicin in the polymer core of hybrid nano-
particles and use the lipid shell to encapsulate lip-
ophilic drugs like sorafenib or combretastatin A4 
[16, 28, 87]. Generally, the combination of poly-
mer and lipid precursor in LPH nanoparticles leads 
to a higher encapsulation of the drugs and better 
nanoparticle stability in serum [4]. Both strategies, 
covalent/non-covalent encapsulation and LPH na-
noparticles provide temporal control over the re-
lease of the encapsulated drugs [4, 31]. 

In the case of LNPs, hydrophilic drugs are in-
corporated in the aqueous phase, while hydrophobic  
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Table 1. Summary of drugs encapsulated in polymer-based nanoparticles using microfluidics.  

Therapeutic Application Microfluidic Device Polymer EE DL Refs. 

Single Therapeutic 

Docetaxel Anticancer 

3D HFF (Coaxial turbulent 
jet mixer) 
3D HFF 
2D HFF 

PEG5K-PLGA45K 

PEG5K-PLGA27K 

PLGA100K and PEG3.4K-
PLGA15K 

< 20% 
N/A 
51% 

< 2% 
1-4% 
7% 

[36] 
[81] 
[45] 

Doxorubicin Anticancer 
2D HFF 

Droplet device  
(Coaxial flow) 

pH sensitive PLGA 
PLGA 

> 90% 
47-80% 

N/A 
10-26% 

[27] 
[44] 

Paclitaxel Anticancer 2D HFF PLGA7-116K 65-70% N/A [30] 

Tamoxifen Anticancer 
2D HFF 

Droplet device  
(Coaxial flow) 

PMOXA-PDMS  
polymer 
PLGA 

96% 
77-88% 

N/A 
15-18% 

[14] 
[44] 

Insulin Antidiabetic 
3D HFF (Coaxial turbulent 

jet mixer) 
PEG5K-PLGA45K < 10% < 2% [36] 

Curcumin Anti-inflammatory 
SHM (NanoAssemblr®) 

2D HFF 

PLGA4 to 54K 
PEG2 or 5k-PLGA 

PLGA 

28-40% 
18-50% 
55-67% 

N/A 
N/A 
N/A 

[76] 
[29] 

Ribavirin Antiviral 3D HFF PLGA 74% N/A [10] 

Cytokine IL-10 Atherosclerosis 
2D HFF  

(Rapid-chip mixer) 
PLGA-NH2 and  

PEG2K-PLGA6.7 – 7.5K 
66-98% N/A [52] 

Cyclosporine Immunosuppressant 
2D HFF  

(Interdigital micromixer) 
PLGA 91% N/A [11] 

N-acetylcysteine Mucolytic SHM (NanoAssemblr®) PLGA 67% N/A [83] 

Multiple Therapeutics 

Doxorubicin 
Combretastatin 

A4 
Anticancer 2D HFF 

PLGA-(DPPC-DSPE-
PEG-Cholesterol) 

> 90% 
> 90% 

N/A 
N/A 

[16, 28] 

Cisplatin 
Docetaxel 

Anticancer 3D HFF PLA/PEG-PLGA 
95% 
80% 

5% 
1% 

[31] 

Doxorubicin 
Sorafib 

Anticancer 3D HFF 
PLGA-PEG-
Phospholipid 

26% 
66% 

N/A 
N/A 

[87] 

EE = Encapsulation efficiency, DL = Drug loading, HFF = Hydrodynamic flow focusing and SHM = Staggered herringbone mixer. 

 
drugs are incorporated into the lipid solvent pre-
cursor to encapsulate the drug simultaneously with 
the formation of LNP using microfluidics. A list of 
lipid-based nanomedicines prepared by microflu-
idic approaches is shown in Table 2. Propofol, a 

hydrophobic drug, was dissolved in ethanol with 
the lipid precursor and mixed with an aqueous 
phase in an SHM microfluidic device. Self-
assembly of the lipids resulted in the encapsulation 
of the drug, yielding 50% encapsulation efficiency 
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Fig. (6). Schematic of the passive loading (A) of lipid-soluble and water-soluble drugs into the LNP using the SHM 
microfluidic device and remote loading (B) of the drug into the liposome after its formation in the 2D-HFF micro-
fluidic design. This design also featured an in-line membrane dialysis process for the removal of the solvent after 
the formation of the liposome. Image reproduced with permission from Hood et al. [39]. 

(Fig. 6A) [46]. The hydrophilic drug, atenolol, was 
incorporated into the stream of buffer solution and 
resulted in almost complete encapsulation [88]. 
Alternatively, remote ‘active’ drug loading into 
preformed LNP can be achieved in the microfluid-
ic device [39]. As demonstrated by Hood et al. 
(Fig. 6B), doxorubicin was incorporated into a 
phospholipid-based liposome via a 2D HFF design 
subsequent to the formation of particles in the 

same device. The device could efficiently generate 
doxorubicin-loaded liposomes within the span of 3 
minutes as opposed to traditional methods that 
would take days to produce [39, 89].  

Multiple emulsions have been formulated for 
the encapsulation of proteins or hydrophilic com-
ponents for controlled release [90, 91]; however, 
little research has been conducted on the loading 
into emulsion-based LNP using microfluidics. 
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Table 2. Summary of drugs encapsulated in lipid nanoparticles using microfluidics.  

Therapeutic Application Microfluidic Device Polymer EE DL Refs. 

Single Therapeutic 

Doxorubicin Anticancer 2D HFF DMPC, Cholesterol 72% 32% [39] 

Doxorubicin Anticancer SHM (NanoAssemblr®) POPC, Triolein Cholesterol ~ 100% 0.2 mol/mol [34] 

Quercetin Anti-inflammatory Microchannel array device 
Capric acid, Caprylic acid 

Polyglyceryl-5-laurate 
70-80% N/A [93] 

Ivermectin Antiparasitic 
T-junction (Off-the-shelf) 

2D HFF 
PC, Cholesterol > 95% N/A [51] 

Atenolol 

Quinine 

Hypertension 

Antimalarial 
SHM (NanoAssemblr®) DMPC, DSPC, Cholesterol 

> 99% 

50-78% 
N/A [88] 

siRNA Gene therapy SHM (NanoAssemblr®) 
DSPC, Cholesterol,  

PEG-lipid 
> 95% N/A [33] 

ssDNA  
oligonucleotides 

Gene therapy 2D HFF 
DOTAP, DOPE, DOPC, 

DSPE PEG2K, DSPE-
PEG2K-FolA 

~ 80% N/A [94] 

siRNA Gene therapy SHM 
Glycerol monooleate, 

PEGylated GMO, DOTAP 
> 90% N/A [43] 

Propofol Sedative SHM (NanoAssemblr®) PC, Cholesterol 50% N/A [46] 

Multiple Therapeutics 

Glipizide 

Metformin HCl 
Antidiabetic SHM (NanoAssemblr®) PC, DMPC, DPPC, DSPC 

40% 

24% 
N/A [35] 

EE = Encapsulation efficiency, DL = Drug loading, HFF = Hydrodynamic flow focusing and SHM = Staggered herringbone mixer, DMPC = 1,2-dimyristoyl-
sn-glycero-3-phosphocholine, DSPC = 1,2-distearoyl-sn-glycero-3- phosphocholine, PC = Egg phosphatidylcholine, DSPE-PEG2K = 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000], DSPE-PEG2K-FolA = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(poly- 
ethylene glycol)- 2000], POPC = 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine and DPPC = 1,2-dipalmitoylphosphatidylcholine. 

 
Most applications of emulsions have been focused 
on nutrient delivery; however, there is potential for 
them to be re-purposed for drug delivery as has 
been the case for pharmaceutical milk products for 
antimalarial treatment [92]. An oil-in-water emul-
sion was generated in microfluidics where the fla-
vonol, quercetin, resided in the internal phase 
(soybean oil) and was encapsulated to an efficiency 
of at least 70% [93]. 

4. FUTURE OUTLOOK 

Microfluidics provides a promising outlook for 
the manufacturing process of polymeric and lipid-
based drug delivery systems and therefore the de-
velopment of a nanomedicine production on an 

industrial scale. The microfluidic technology can 
yield consistent nanoparticles and overcomes some 
of the inefficiencies related to the current bulk 
production processes such as inconsistent nanopar-
ticle characteristics (drug loading and size). De-
spite this, the formulation of nanomedicine using 
microfluidics will reach a production limit and mi-
crofluidics-related parameters, in particular, the 
flow rate can limit the production speed and scale-
up to commercial proportions. 

With the efficient production of nanomedicine 
in a microfluidic device, the production costs 
mainly depend on precursor materials, therapeutic 
agents, functionalization moieties, continuous pro-
duction, and purification steps. Currently, Dolo-
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mite Microfluidics claims the possibility to manu-
facture PLGA particles at a production rate of 10.1 
g/h or 1 tonne per month of liposomes through the 
parallelization of 10 microfluidic chips [95]. Simi-
larly, PEG-PLGA nanoparticles could be produced 
at a rate of up to 12.9 g/h in a 3D flow focusing 
microreactor benchtop device developed by Min et 
al. [12]. Of course, the specified flow rates for 
each different formulation can alter the production 
rate; however, given that the scale-up manufacture 
of these systems is comparable to the bench-top 
production of the equivalent system, moving to-
wards a more reproducible and reliable system 
may be worth the compromise. 

CONCLUSION 

Microfluidics is a versatile approach for the 
preparation of polymeric and lipid nanoparticles 
for drug delivery applications. There are a variety 
of microfluidic devices available and each device 
needs to be carefully assessed for compatibility of 
the construction material with solvents. The im-
pact of process-related parameters including flow 
rate and flow rate ratio on the potential to formu-
late nanoparticles with the desired size distribution 
and surface properties also needs to be evaluated. 
In general, a high flow rate and high flow rate ratio 
are advantageous to formulate small nanoparticles. 
In addition, the characteristics of the polymer such 
as type, concentration, and molecular weight need 
to be considered for the fine-tuning of nanoparticle 
size and to avoid a failure of the system due to 
polymer aggregation in the microchannel. Gener-
ally using a low concentration of polymer will 
prevent aggregation but reduces the yield of parti-
cles per volume of prepared material. The for-
mation and size of LNP prepared with microfluid-
ics are mainly influenced by shear forces, the flow 
rate ratio, and the composition of the lipids. Final-
ly, microfluidics can be used for the functionaliza-
tion of polymeric nanoparticles to enable targeted 
delivery and to increase the encapsulation of drugs 
in polymeric and lipid nanoparticles for controlled 
drug release.  
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