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Nanoparticles have been widely implemented for healthcare and nanoscience industrial applications. Thus,
efficient and effective nanoparticle separation methods are essential for advancement in these fields. However, current technologies for separation, such as ultracentrifugation, electrophoresis, filtration, chromatography, and selective precipitation, are not continuous and require multiple preparation steps and a minimum sample volume. Microfluidics has offered a relatively simple, low-cost, and continuous particle
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separation approach, and has been well-established for micron-sized particle sorting. Here, we review the
recent advances in nanoparticle separation using microfluidic devices, focusing on its techniques, its advantages over conventional methods, and its potential applications, as well as foreseeable challenges in the
separation of synthetic nanoparticles and biological molecules, especially DNA, proteins, viruses, and
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exosomes.

Introduction
Nanoparticles have been widely employed for industrial applications spanning from photovoltaics,1 supercapacitors,2
cosmetics,3 food,4 and drug delivery,5 to medical diagnostics6
and therapy.7 The sorting and separation of nanoparticles
from heterogeneously sized mixtures are essential as nanoparticle synthesis procedures often result in a polydispersed
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size, and the physical and chemical properties of these nanoparticles depend on their size.8,9 More importantly, highperformance nanoparticle sorting methods to filter nanoparticles from household and industrial waste are critical, as
exposure to these nanoparticles introduces new hazards to
health and the environment.10,11 Improvement in nanoparticle separation methods is also important for the development
of medical diagnostic tools, as biomolecules are often used
as disease biomarkers, and the detection of viral particles is
of great interest for viral diagnostics.12,13 Moreover, recent research on nanometer-sized extracellular vesicles, such as exosomes, draws great interest for medical diagnostics and therapeutics.14 The purification and separation of these
extracellular vesicles from other molecules present in a
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sample are one of the challenges to be overcome before further diagnostic steps can be performed.15 There are several
conventional techniques that have been commonly applied to
perform these functions, including ultracentrifugation,
electrophoresis, chromatography, filtration, size-selective precipitation, and solvent addition.9,16 These techniques are
proven to have high separation efficiency and reproducibility.
However, they still have significant limitations, including the
need for a minimum sample volume, multi-step preparation,
and performance in batch mode. Additionally, each individual separation technique requires specific optimization for
the separation of various nanoparticles, depending on sample properties, such as purity, density, solubility, hydrophobicity, solution conductivity, and particle isoelectric charge.
As a result, the development of tools capable of addressing
these drawbacks is needed to obtain more robust, versatile,
and high-performance nanoparticle separation.
Recently, continuous particle separations with microfluidic technologies have been widely implemented due to
their low cost, low sample volume, and minimal sample handling with precise control. Various microfluidic techniques
have been explored extensively to separate micro-sized particles, such as blood cells,17 spores,18 parasites,19 circulating
tumor cells,20 and bacteria.21 Several review papers have also
discussed microfluidics for microparticle and cell
separation.22–25 To separate submicron particles, nanofluidics
has emerged as a suitable technique for separation. However,
fabrication of nanofluidic devices increases complexity and
requires expensive equipment.26 Meanwhile, the advancement of microfluidics research has extended the separation
resolution to reach the nano-regime, so as to perform nanoparticle purification and DNA isolation with superior efficiency compared to conventional nanoparticle separation
methods. However, microfluidic techniques for nanoparticle
separation have not been explored extensively, despite
gaining momentum in recent years. This review gives an overview of traditional techniques to separate nanoparticles and
explains the current development of nanoparticle separation
methods using microfluidics, their advantages, applications,
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and foreseeable challenges for the separation of nanoparticles and biological molecules.

Conventional techniques for
nanoparticle separation
Nanoparticle separation techniques have been employed for
industrial and research applications for a long time, and several gold-standard techniques have been widely implemented
for synthetic nanoparticle and biomolecule separation. These
conventional nanoparticle separation techniques can be classified into three main categories: separation using an external field, sieving, and colloidal stability.
External field
Nanoparticles have intrinsic properties, such as size, density,
magnetic properties, electric properties, and aggregation tendency. These properties could be used to fractionate nanoparticles using external fields, such as centrifugal force or an
electric field. These two external forces have been commonly
applied for nanoparticle sorting, namely, ultracentrifugation
and gel electrophoresis. Ultracentrifugation is the most common technique for separating and purifying nanoparticles.
This technique relies on the particle deposition through centrifugal force arising from the rotation of the ultracentrifuge.
Ultracentrifugation is able to separate nanoparticles by size
and shape, and the resolution can be improved with an additional gradient agent. Sun et al. demonstrated the separation
of FeCo@C and gold nanocrystals by varying the density gradient and ultracentrifugation duration. Sharma et al. were
able to separate gold nanoparticles and nanorods based on
their shape, as there is a distinction between the hydrodynamic behavior of rods and spherical particles under centrifugation.27,28 Although this technique is simple, the resolution is limited and requires a density gradient to achieve
better separation at the nanoscale. Furthermore, sample loss
during purification is inevitable, and exposing the particles
to a large gravity force, which can be up to 16 000g, increases
the tendency for the particles to aggregate.29 Furthermore,
the requirement for specialized equipment for ultracentrifugation makes this technique relatively expensive to apply for
nanoparticle separation. Besides ultracentrifugation, gel
electrophoresis is also extensively employed for DNA and
nanoparticle separation, with high resolution, depending on
the gel pore size. Gel electrophoresis separates samples based
on their size/charge ratio when the particles are suspended
in an electric field. Liu et al. demonstrated separation based
on the size and shape of silver nanorods and nanoparticles
with capillary electrophoresis.30 Gel electrophoresis has also
been shown to separate various metal nanoparticles by size,
shape, and charge with high resolution.31,32 Although it is a
gold standard for protein and DNA separation, this technique
is batch-limited and requires multiple steps to operate, takes
a long time for sample separation, and is cumbersome for
sample retrieval.33
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Sieving
In addition to external fields, physical holes or barriers, such
as membranes or columns to filter particles based on their
properties, are often used for nanoparticle separation. The
commonly used sieving techniques to separate nanoparticles
are chromatography and nanofiltration. In chromatography,
samples are separated in a mobile phase through a stationary
phase, and the rate of separation depends on the partitioning
speed of the particle through the stationary phase. There are
several types of chromatography for nanoparticle separation,
such as size-exclusion, affinity, ion-exchange, and highperformance liquid chromatography.34 This technique has
high separation efficiency, but requires a long time, multiple
preparation steps, and specialized beads, antibody and
buffers for separations. Wei et al. applied size-exclusion chromatography with 100 nm pore polymer-based columns to
separate gold nanoparticles with a size range of 5.3 to 38.3
nm.35 Another sieving technique that relies on a membrane
is nanofiltration. This is a simple process for particle separation, which allows particles smaller than certain cut-off sizes
to pass through the filter. Different membrane materials have
been implemented for nanosized filtration. Benfer et al.
implemented a filtration technique with a ceramic membrane for nanoparticle separation.36 A supramolecular membrane has been demonstrated to separate nanoparticles in
the sub 5 nm size range, which has the capability to be
recycled many times.37 The filtration technique is fast, requires a small volume of solvent, and can be scaled to large
sample separation for industrial application. However, the
membranes are prone to clogging, subsequently inducing
particle aggregation, which could decrease the throughput of
separation. It also requires many steps to separate samples
with multiple particle sizes.
Colloidal stability
Another bulk separation method for nanoparticle fractionation is to alter the nanoparticle stability and dispersibility
based on size or aggregation tendencies with size-selective
precipitation (SSP) or solvent addition. Size-selective precipitation relies on aggregation of nanoparticles caused by the
addition of unique solvents tailored to nanoparticle surface
chemistry, reactivity, or stability. Most of the nanoparticles
are surface-modified to improve stability and dispersion in
the solution, commonly by charge or steric hindrance. This
stability can be disrupted by introducing non-miscible solvents that result in aggregation. Once the aggregation of the
nanoparticle is achieved, centrifugation is performed to isolate the non-aggregated nanoparticles left in the supernatant.
Rapid salt-based size precipitation has been applied to separate larger nanocrystals from smaller ones by merely
adjusting the concentration of the salt in the sample, without
requiring traditional heating or condensation of the mixed
solutions.38 In solvent addition, the dispersibility of nanoparticles is manipulated by adding two solvent systems, a
highly miscible solvent and a poorly miscible solvent, which
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induce aggregation and precipitation of the well-dispersed
nanoparticles in a solution. Saunders et al. tuned the solubility and dispersibility of nanoparticles through carbon dioxide
gas-expanded liquids with non-polar aliphatic ligand hydrocarbons, such as hexane, to aggregate and precipitate gold
and silver nanoparticles.39 In another study, Duggan and
Roberts utilized a DMSO solvent system to alter the
dispersibility of gold nanoparticles.40

Nanoparticle separation in
microfluidics
Advantages of microfluidics for nanoparticle separation
Conventional techniques to separate nanoparticles have several limitations that reduce the overall performance of the
separation. The traditional ways of nanoparticle sorting, such
as chromatography and electrophoresis, require hours of
time and a large volume of sample for separation. Some
methods, such as selective precipitation and ultracentrifugation, have inevitable sample loss during the separation process, while several sieving sorting techniques, such as SSP,
chromatography, and nanofiltration, induce sample aggregation. Microfluidics offers miniaturization of conventional
techniques, which reduces the minimum sample volume, as
well as introducing improvements in the duration and resolution of separation. Microfluidics provides continuous separation for multiple sample sizes and allows for minimum aggregation and sample loss during the separation process.
Microfluidics also offers superiority beyond the separation
process, as it is able to give real-time control, such as size
control, by modulating the experimental parameters, such as
the buffer solution and the external field. Furthermore,
microfluidics also provides a low-cost solution for nanoparticle and biomolecule separation, which could be easily integrated with other techniques, such as mixing, counting, detection and analysis. On the other hand, nanofluidics has
been an emerging area for nanoparticle study, including
nanoparticle separation with very high separation efficiency
and resolution; however, fabrication of nanofluidic devices is
more expensive and complex, as it needs smaller and more
precise fabrication to produce submicron-sized channels.
Furthermore, nanofluidics for nanoparticle separation holds
challenges associated with a very small throughput, such as
in nano-DLD with a gap size of 25 nm, which has a flow rate
of 0.1–0.2 nL min−1, as compared to ∼1 μL min−1 in microfluidics.41 Therefore, microfluidics holds the upper hand for
nanoparticle separation compared to both conventional techniques and nanofluidics.
Nano-regime separation in microfluidics
Microfluidics for microparticle separation has been wellestablished and widely applied, mainly for cell separation.
There is an increasing trend to push the boundaries of microfluidic separation towards nano-regime separation. However,
several microfluidic separation techniques that have been
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successfully employed for microparticle separation are facing
difficulties with implementation for nanoparticle separation.
The commonly known parameters that influence the breakdown of separation in the nano-regime are size, diffusion,
conformational structure, surface forces, pH, and buffers. To
sort particles, additional forces need to act on the particle to
displace it away from its initial position. For sorting forces,
such as dielectrophoresis, acoustophoresis, and inertial
microfluidics, the effect of size reduction toward the nanoregime exponentially reduces the sorting forces acting on a
particle, as the magnitude of the force acting on the particle
is largely dependent on size.42–44 This can be solved by increasing the magnitude and frequency of acoustophoresis
and dielectrophoresis to cater for nanoparticle separation.45,46 The details of the effect of this smaller radius on
separation are discussed in the following section for each
microfluidic technique. In addition, a smaller size would result in faster Brownian motion of the nanoparticle, which
could impede its separation in certain microfluidic techniques.47 This is especially so when the effect of Brownian
motion is more prominent as compared to sorting forces,
which results in poor separation resolution. This can be tackled by increasing the primary sorting force or using different
approaches to decrease the time-dependent diffusive effects,
such as reducing the transit time of the particles within the
device. There is a large branch of microfluidics that utilizes
the microstructural fabrication of channels, pores, pillar obstacles, and filtration membranes to selectively separate particles by size with sieving or laminar flow-based methods.48–50
The need to fabricate and characterize these structures at the
nanoscale for nanoparticle separation may require specialized and expensive methods, such as e-beam lithography,
nanoimprint lithography, or the use of controlled material
deposition and growth in pores.49 Furthermore, unlike microparticles, such as cells, that mostly have relatively round and
uniform shapes, nano-biomolecules, such as DNA, RNA, and
protein, have unique shapes, structures, topology, and conformations, which increase the difficulties in the sorting process. On top of these challenges, the reduction in size for
nanoparticles introduces significant properties and influences that are generally negligible in microparticle separation. Nanoparticles have higher surface to volume ratios,
which results in higher surface energy, and hence they become more prone to aggregation as compared to microparticles.51 This leads to the importance of microfluidic surface
treatments, as well as the choice of buffer solutions, to prevent nanoparticle aggregation during separation. Moreover,
due to its small size, the electric double layer length of a
nanoparticle may be comparable to its size. For example, in
deionized water, the Debye length of the nanoparticle is 311
nm, which might be much larger than the size of proteins,
DNA, and RNA.52 This infers that nanoparticle surface interaction forces, which comprise electrostatics,53 hydrophobic,54,55 and Van der Waals forces, need to be carefully balanced and understood. As these effects become more
prominent, the separation behavior of nanoparticles depends
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largely on the properties of the surrounding environment,
such as materials, solvent, pH, and temperature.56 These
nano-regime properties can be used either to achieve nanoparticle separation or degrade the separation. For instance,
separation resolution in most microfluidic techniques can be
disrupted by diffusion, while for other techniques, diffusion
can be employed as the driving force for nanoparticle separation.57 Furthermore, the new separation technique of electrostatic sieving can be employed for nanoparticle separation in
microfluidics due to the large influence of surface interaction
forces on nano-regime microfluidics.53

Microfluidic techniques for
nanoparticle separation
Microfluidics is able to separate nanoparticles continuously
with relatively simple preparation steps compared to traditional methods. These particle-sorting techniques can be
classified into active and passive separation.22 The active
technique requires an external field to drive the separation;
on the other hand, the passive technique only relies on the
inherent properties of microfluidics, such as hydrodynamics,
channel geometry, and additionally surface forces for nanoparticle separation. Table 1 below summarizes recent studies
on nanoparticle separation using microfluidic techniques.
Active separation
Integration of microfluidics with external fields gives superiority to the separation as it can sort, deflect, or trap the particles based on their intrinsic properties to overcome Brownian
motion. Several active separation techniques that have been
implemented for nanoparticle separation include field flow
fractionation, centrifugal microfluidics, optical techniques,
magnetophoresis,
acoustophoresis,
electrophoresis,
dielectrophoresis, ion concentration polarization, and electrohydrodynamic vortices.
Field flow fractionation. Field flow fractionation (FFF) was
developed by Giddings et al. as a chromatography-like technique with flow injection methods to separate particles based
on size by the combination of hydrodynamic forces,
Brownian motion, and an external force field.58 The external
force field, which is applied perpendicularly to the direction
of the flow, induces the particles to laterally displace to the
side walls. At the wall, nanosized particles are mostly affected
by Brownian motion, which thereby displaces them away
from the wall to an equilibrium position. Eventually, as a result of their parabolic velocity profile, the nanoparticles travel
faster than larger particles. There are several external fields
commonly used for field flow fractionation, and each method
makes use of different intrinsic properties of the nanoparticles, such as magnetic FFF (mFFF), sedimentation FFF
(sFFF), flow FFF (F4), thermal FFF (ThFFF), and electrical FFF
(eFFF).25 Although FFF was first developed as a macro-scale
technique, miniaturization of FFF is generally able to improve the performance of the separation, particularly in
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Table 1 Summary of microfluidic techniques that have been implemented for nanoparticles

Separation
marker

Nanoparticles
separated
Efficiency

Asymmetrical
flow FFF

Size

5–250 nm

87–88%

400–1100
μL min−1

Centrifugal

Centrifugal
force

Size, density

50 nm, 100
nm, and 200
nm

—

500 μm s−1
(∼7.5 μL
min−1)

Optical

Optical force

Surface
interaction

70 nm, 500
nm, and 1
μm
100 nm

—

Affinity capture

100 μm s−1
(∼0.375 μL
min−1)
10 μL
min−1

Electrophoresis

Uniform
electric field

Size, refractive
index,
polarizability
Antigenic site,
hydrophobicity,
charge
Size, charge

<50 nm

97%

0.4 μL
min−1

Dielectrophoresis

Non-uniform
electric field

Polarizability
and size

30 nm, 60
nm

85–100%

10 μm s−1
(∼0.009 μL
min−1)

Magnetophoresis

Magnetic field

Size, magnetic
properties

5 nm, 7 nm
and 200 nm

Acoustophoresis

Ultrasonic
sound wave

Size, density,
compressibility

<200 nm

Ion concentration
polarization

Electric field

Size,
electrophoretic
mobility

500 nm, 100
nm

Electrohydrodynamic
vortices

Size, charge

200 nm

Deterministic lateral
displacement

Travelling
waves, ohmic
heating
Laminar flow
stream

Size,
deformability
and shape

190 nm, 2
μm and 600
nm

Hydrodynamic
filtration

Hydrodynamic
sieving

Size

100 nm and
1 μm

Spiral microfluidics

Dean vortices

Size, shape

590 nm,1.9
μm and 7.32
μm

Very high
throughput,
requires
relatively low
cost
>90%
1.5–2.8 mm High
separation
s−1 (0.43–
0.81 μL
efficiency,
min−1)
controlled cut
off separation
Requires low
—
0.5 μL
voltage, does
min−1
not require
internal
electrode
High
∼100%
0.033 μL
separation
min−1
efficiency
∼100%
400 μm s−1 Controllable
(∼0.01 μL
cut off size
(20 nm
and simple
resolution) min−1)
and efficient
technique with
very high
separation
efficiency
—
1 μL min−1 Simple
technique,
high
separation
efficiency,
medium
throughput
Very high
95%
10 μL
separation
min−1
efficiency,
throughput,
and simple
technique

Techniques

Mechanism

Field flow
fractionation

This journal is © The Royal Society of Chemistry 2017

—

90%

Throughput Advantages

300 μL
min−1

Very high
throughput
with high
separation
efficiency
High
throughput,
does not
require density
gradient and
dilution
High
separation
efficiency
High capture
efficiency and
purity
Very high
separation
efficiency and
resolution
High
throughput
and separation
efficiency

Drawbacks

Ref.

Requires specific
sample, solvent or
membrane

63
and
64

Needs
centrifugation
equipment, not
continuous
separation

75

Heating and photo
damage to particles,
low throughput
Expensive antibody,
multiple
preparation steps
Flow rates change
with chemistry
(buffer types, wall
effects)
Requires high
voltage, depends on
medium
conductivity, very
low throughput
Requires long time
for magnetic bead
antibody labelling

80

Complex
fabrication, limited
device material to
transmit acoustic
power efficiently
Low resolution on
small size particles
and low throughput

107

116
and
161
124

85
and
88

45

137

Complex fabrication
of microelectrode,
low throughput
Very low
throughput,
requires precise
fabrication, pillar
clogging issue

140

Prone to membrane
clogging

48

152
and
156

Prone to
162
particle–particle
interaction and
diffusion disruption
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Table 1 (continued)

Separation
marker

Nanoparticles
separated
Efficiency

Size, shape

590 nm, 780
nm, and 1.9
μm

Electric double Size, charge
layer force

Chemotaxis
diffusion and
bacterial
motility

Techniques

Mechanism

Straight inertial
microfluidics

Shear and wall
lift

Electrostatic sieving

Bacteria chemotaxis

Selective
adhesion on
bacteria

Throughput Advantages

Drawbacks

—

—

Prone to
144
particle–particle
interaction and
diffusion disruption

19 nm and
39 nm, 50
nm

97%

0.6 μL
min−1

320 nm and
390 nm

81%

2.4 × 105
particles
per min
(∼0.013 μL
min−1)

μ-eFFF.59–61 Several studies also suggest that there is a
shorter analysis time and less peak spreading in miniaturized
FFF. Another improvement in FFF towards continuous separation is the development of SPLITT (split flow thin-cell fractionation), which is a modification of the FFF design,
achieved by adding a splitter on the inlet and outlet for
directing different particles to different outlets, as shown in
Fig. 1.62 The SPLITT technique has been implemented by De
Momi et al. for environmental fluid separation, which fractionates nanoparticles with sizes from <10 nm to 250 nm

Fig. 1 The field flow fractionation principle combines the parabolic
profile, an external field, and diffusion to separate nanoparticles. (A)
Asymmetrical flow FFF has a porous semipermeable membrane at the
bottom of the channels. Reproduced from ref. 70 (B) Continuous
separation using SPLITT, which is a modified FFF achieved by adding a
splitter on both inlet and outlet channels. This allows fractionation of
particles to different outlet locations based on particle size.
Reproduced from ref. 25 with permission from The Royal Society of
Chemistry.
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Very high
throughput,
separation
efficiency, and
simple
technique
Very high
separation
efficiency and
controllable
cut-off size
with buffer
Simple and
low cost
technique

Ref.

Only able to
53
separate
and
nanoparticles in low 163
ionic conditions,
low throughput
Requires antibody
164
conjugation for
selective adhesion
to bacteria, very low
throughput and
relatively medium
separation efficiency

from microparticles.63,64 For the purpose of nanoparticle separation, asymmetric flow FFF, with one crossflow filtration
membrane on the bottom surface, draws greater interest as it
has been demonstrated to separate nanoparticles efficiently,
such as for the characterization of gold,65,66 silver,67,68 and
non-metallic nanoparticles.69,70 Field flow fractionation has a
very high throughput and high separation efficiency, and has
been proven to separate particles ranging from several nanometers to 100 μm in size. However, extensive optimization is
required as each field flow fractionation method needs specific external field magnitudes, sample types, solvents, or
membranes for performing efficient separation.71
Centrifugal microfluidics. In conventional centrifugation,
a density gradient often needs to be added to overcome the
Rayleigh–Taylor hydrodynamic instability due to colloidal dispersion.72,73 However, it is difficult to choose a suitable gradient chemical and it requires a longer preparation time to apply the gradient.74 Arosio et al. developed a density-free
centrifugal microfluidic technique that does not rely on wall
interactions like sedimentation field flow fractionation, and
requires a shorter time than conventional centrifugation to
sort nanoparticles without the need for sample dilution. In
addition to the centrifugal force and hydrodynamic drag
force, a buoyancy force is also present on the nanoparticles.
The resultant of these forces creates a steady-state lateral velocity (u) that depends on the particle diameter (Dp), particle,
fluid density (ρp, ρf), and distance from the center of rotation
(rd)

The downstream velocity (v) depends on the hydrodynamic resistance of the channel (Rtot), the input and output
channel distances, and the area of the channel (A)
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Using this method, nanoparticles with sizes of 50 nm, 100
nm, and 200 nm can be separated by a microfluidic flow under a centrifugal force field without applying a density gradient, as the larger or denser particles are deflected towards
the outer wall, while the smaller or less dense particles stay
near the inner wall, as shown in Fig. 2.75 Another centrifugal
microfluidic technique designed by Kwon et al. was able to
separate nanoparticles based on the difference in the velocity
and duration of centrifugation between 300 nm and 700 nm
particles using 2 × 2 inlets and outlets.74,76 However, the requirement of for centrifugation equipment makes centrifugal
microfluidics relatively expensive to apply for nanoparticle
separation and it cannot perform continuous separation like
other microfluidic techniques.
Optical. Optical manipulation was first developed by
Ashkin using optical tweezers to trap and transport individual cells, particles, or molecules by inducing an optical force
on the particles based on their size, shape, and refractive index.77 Currently, the optical force has been widely
implemented for particle separation in microfluidics as the
application of an optical force perpendicular to the flow is
able to deflect the particle trajectories in a microchannel. In
the optofluidic system, there are three prominent forces: the
drag force that opposes the hydrodynamic flow, the optical
scattering force that acts on the particle towards the light
propagation direction, and the optical gradient force, which
pulls the particle into the peak of the electric fields.78,79 For a
Rayleigh particle,

Fig. 2 Density-free centrifugal microfluidic design shows multi-sized
nanoparticles at the inlet channel and separation of the particles by
the centrifugal force to different collector bins based on size and density. The smaller or less dense particles are less affected by the centrifugal force and stay at the inner wall of the channel, while larger or
denser particles are displaced to the outer wall of the channel.
Reprinted with permission from ref. 75 Copyright 2014 American
Chemical Society.
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where c is the speed of light, m is the ratio between the refractive index of the particle and the medium, and r is the
vector of position. As can be inferred from these equations,
nanosized particles have very small scattering forces, as these
are related to the power of six of the radius, which means
that larger particles can be influenced by both Stokes drag
and optical force, while smaller particles are only affected by
hydrodynamic forces. Yang et al. reported that a combination
of hydrodynamic focusing and subsequently optical force
treatment could separate a 70 nm particle from 500 nm and
1 μm particles, as illustrated in Fig. 3.80 They used a singlemode optical fiber with a numerical aperture of 0.12 perpendicular to the hydrodynamic flow direction. This can be
achieved as the optical gradient force is strong on particles
with a mid-size of 500 nm, and propels the particles to travel
to the light source, while particles larger than that (1 μm) are
more influenced by the radiation force that forces the particles to move further away from the fiber source. Near the
wall, the wall lift force equilibrates the particle position and
causes it to move in a straight line after separation. In another study by Shi et al., the separation of 200 nm from 500
nm particles with an interference pattern from double-axicon
optofluidics was demonstrated.81 Separation with an optical
force results in high separation efficiency and throughput, although the usage of an optical force, such as optical tweezers, could induce heating or photodamage in the sample.82

Fig. 3 Focused polydispersed particles from a center flow are
fractionated in the microchannel by the optical force perpendicular to
the flow. The largest particles (1 μm, orange) are more influenced by
the optical scattering force that pushes them away from the fiber
source. Particles larger than 200 nm (green) are predominantly
influenced by the optical gradient force that manipulates their
trajectories towards the optical fiber source, while the smallest
particles (50 nm, blue) are unaffected by the optical forces and
continue to follow the streamline.
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Magnetophoresis
Magnetophoresis utilizes the magnetic susceptibility properties of both particles and fluid for separation. There are two
types of magnetophoresis microfluidics based on the source
of the magnetic field, one with embedded electromagnetic
strips that need to be integrated during fabrication, and another that simply uses an external magnet to actuate magnetic particles. The particle movement under a magnetic field
can be classified into positive and negative magnetophoresis.
In positive magnetophoresis, particles move towards the
higher magnetic field, while in negative magnetophoresis,
particles travel away from the magnetic source due to the
mismatch between the magnetic susceptibility of the particle
and fluids.83
The force on a particle in a magnetic field depends on the
difference in the magnetic susceptibility of the particle and
the fluid (Δχ = χp − χf), the magnetic flux density (B), and its
gradient (∇B), which is expressed as,83,84

where μ0 is the vacuum permeability. Munir et al. developed
a simple tangential PDMS microfluidic channel to separate
nanoparticles of size 200 nm, which consisted of 80%
magnetite (Fe2O3) embedded in a polysaccharide matrix. This
microfluidic technique is simple to fabricate as it uses an external magnet as the source of the magnetic field.85 While
paramagnetic particles can be separated easily with a magnetic field, diamagnetic particles can be sorted only after
prior conjugation with paramagnetic nanoparticle beads.
This system uses antibody-conjugated magnetic beads to specifically bind with target particles, which confers magnetic
properties on the samples and allows for their separation
when exposed to an external magnetic field.86,87 Using beadbased magnetophoresis, Lee et al. purified hemoglobin with
a size of 5 nm from bovine serum albumin via a superparamagnetic nanocrystal, as the nanocrystal binds preferentially to hemoglobin through electrostatic interactions, as illustrated in Fig. 4.88 In another study, an antibodyconjugated superparamagnetic nanoparticle was used to capture the HIV-1 virus, as well as purify protein by mixing it in
a microfluidic channel and subsequently separating using
magnetic fields.89,90 This technique does not require large
sample elution and can isolate the captured nanoparticles at
a high throughput, even though it requires a long time and
additional processing for antibody labeling of magnetic
beads.
Acoustophoresis. An acoustic force is able to deflect particles depending on their size, density, and compressibility.
This acoustic force originates from standing acoustic waves
that are generated from a pressure wave of equal magnitude
and frequency traveling in the opposite direction, which results in the formation of a node and an antinode. There are
two types of acoustic standing waves, bulk and surface acous-
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Fig. 4 Superparamagnetic magnetite nanocrystal clusters (SMNC)
selectively attach to the hemoglobin, and the conjugated hemoglobin
particles are separated from the mixture of unbound bovine serum
albumin when the magnetic field is introduced to the channels.
Reproduced from ref. 88 with permission from SpringerLink.

tic waves (SAWs). Bulk acoustic waves use an ultrasound
wavelength that matches the dimension of the microchannel,
and this technique has been established for particle separation. However, the material selection for the microchannel is
limited due to the requirement for acoustic reflection properties. Meanwhile, surface acoustic waves draw greater interest
for nanoparticle separation as they do not require acoustic reflection properties in the material, as they use an interdigitated transducer (IDT), in which the acoustic field, as well as
the quantity and location of the pressure node and antinode,
can be controlled by the design and location of the IDT.91–95
SAWs can be further classified into traveling surface acoustic
waves (TSAWs) and standing surface acoustic waves
(SSAWs).96 A TSAW is formed from the AC signal that is
passed through the interdigitated transducer on piezoelectric
substrates, which creates longitudinal leakage waves and generates pressure fluctuation and an acoustic radial force, while
a SSAW is formed from the interference of two TSAWs in the
opposite direction.97–100 In a SSAW, the acoustic force on a
spherical particle depends on the acoustic pressure p, and
the compressibility of the medium βm as in the following expression,45

where the acoustic pressure can be determined by p = (PZ/
A)0.5, in which Z is the acoustic impedance, A is the area of
the IDT, and P is the power of the input. The ϕ is the acoustic
contrast factor, which determines the direction of the particle
movement. This factor is expressed as42

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 26 October 2016. Downloaded on 1/8/2023 1:44:48 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Lab on a Chip

Particles with a positive ϕ move towards the node, while
particles with a negative ϕ value travel towards the antinode.
Using this principle, Collins et al. separated nanoparticles
with sizes of 500 nm and 300 nm using virtual deterministic
lateral displacement by SSAW with high efficiency and
throughput.101 Lee et al. reported the separation of 190 nm
and 1 μm particles using a standing surface acoustic force
with a cut-off particle size separation determined in situ by
modulating acoustic power and flow speed.45 Destgeer et al.
demonstrated TSAW with a frequency of 200 MHz to separate
710 nm from 3 μm particles.99 While SSAW has a trade-off
between particle displacement and the width of the sorting
region, TSAW requires a higher strength of acoustic waves
and frequency than SSAW to see the effect of separation due
to the exponential decrease in acoustic strength.102 Acoustic
separation has high versatility, quick actuation, and is contact-free, biocompatible and has a high separation efficiency;
however, application of a high acoustic frequency leads to a
high acoustic streaming velocity that can cause the disruption of laminar fluid flow and hence separation in
microfluidics.103
Affinity-based sorting
Affinity separation has been widely employed to separate particles based on their affinity to specific surfaces, materials,
and binding targets, which enables separation of bound particles from unbound ones. This technique can be independently implemented to separate nanoparticles by nanoparticle immobilization or can be integrated with other
techniques, such as bead-based separation, using active separation methods like magnetophoresis. Conventionally, nanoparticles can be sorted with affinity chromatography by selectively binding a target that has an affinity to the stationary
phase, such as the separation of nanoparticles produced
from a molecularly imprinted polymer.104 In microfluidics,
this technique is most commonly used to separate biomolecules, such as proteins and exosomes. As biomolecules harbour unique sites for binding to specific antibodies, this can
be utilized for their purification from a mixture of molecules.
An example here is the purification of exosomes from a biological sample using the CD63 target in ExoChip microfluidics by way of the immunocapture method.105 In addition
to antibody-based binding, aptamers were also recently developed for selective purification of small molecules, peptides,
and viruses. For instance, microfluidics with aptamerconjugated beads has been used to purify adenosine monophosphate from a mixture of molecules.106 In addition to specific binding, another type of affinity-based sorting uses nonspecific surface adsorption, such as hydrophobic and electrostatic interactions, to capture nanoparticles or biomolecules.
A hydrophobic immobilization technique has been demon-
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strated using a pH-responsive coating of pĲNIPAAm-co-pAA)
on nanoparticles. This coating induces hydrophobic attachment of the nanoparticles onto the channel surface at low
pH.107 Although non-specific surface adsorption is less specific and weaker than antibody or aptamer binding, specific
affinity binding is often expensive as it requires a monoclonal antibody for target capture.108
Electrophoresis. Separation using electric fields is one of
the most popular techniques for particle separation as the
equipment is simple, and there are electrokinetic forces that
can be controlled, depending on the setup of the device.
While the particles undergo viscous drag inside the fluid, the
electric field provides three additional forces, namely electrophoresis, electroosmosis, and dielectrophoresis.109 The
electrophoretic effect refers to the movement of charged particles under an electric field. In the presence of a differential
voltage, particles move towards the opposite charge,
depending on the electrophoretic mobility of the particle.
This electrical mobility depends on the zeta potential (ζp) and
the dynamic viscosity of the fluid, which enables the method
to be used for charge-based separation. The electrophoretic
force is expressed as:
FEP = 6πζpεfaE
where a is the radius and E is the electric field. In a microfluidic channel, this principle is employed in capillary
electrophoresis (CE), which is similar to traditional electrophoresis but is implemented in micron-sized channels. Capillary electrophoresis has been implemented for the characterization of synthetic nanoparticles, such as gold nanoparticles
and biomolecules, especially DNA and proteins.110,111 Capillary electrophoresis-evaporative light scattering detection (CELSD) has been demonstrated to separate gold nanoparticles
with different sizes of 3.5, 6.5, and 10.5 nm.112 Franze et al.
utilized capillary electrophoresis with inductively coupled
plasma mass spectrophotometry (CE-ICP-MS) to separate and
analyze gold particles with sizes from 5–50 nm.113 Another
type of electrophoretic separation method in a microchannel
is miniaturizing free-flow electrophoresis (μ-FFE). Unlike capillary electrophoresis, which depends only on the migration
rate, as the electric field is parallel to the flow, μ-FFE combines both a pressure-driven flow and electrophoresis with a
perpendicular electric field direction to achieve continuous
separation.114 μ-FFE has been shown to separate analytes,
such as fluorescent molecules, membrane particles, proteins,
and enzymes.115 Using a T-shaped μ-FFE microfluidic device,
Jeon et al. separated small dyes of PTS4- and BODIPY2- with
sizes in the range of 1 nm with different electrophoretic mobilities associated with different charges.116 In addition, a bidirectional flow from a combination of electrophoretic movements, with opposing viscoelastic fluid flows, is able to
generate a force in the transverse direction, depending on
the particle size. With this method, Ranchon et al. managed
to separate nanoparticles with sizes of 100 nm and 300
nm.117
Although
separation
using
miniaturized
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electrophoresis can reduce the time to several minutes, capillary electrophoresis requires trained users and multiple
labor-intensive steps.
Dielectrophoresis. Dielectrophoresis (DEP) employs a nonuniform electric field to induce a force that depends on a
particle's electric dipole. This non-uniform electric field can
be produced from both alternating current and direct current.118 The magnitude and direction of the force depends on
the gradient of electric fields and particle polarity. There are
two different directions of the movements in DEP, which
classifies it as positive or negative DEP. Positive DEP occurs
when the particle's electric permittivity is smaller than that
of the fluid, and the particle is moving towards a higher electric field, while negative DEP has an effect on particles whose
electric permittivity is lower than that of the fluid, while travelling towards a low electric field region. There are two types
of DEP designs: AC DEP, which uses internal electrodes to
generate a non-uniform electric field, and DC insulator DEP
(DC iDEP), which uses insulator geometry to create a nonuniform electric field with two electrodes in both ends of the
channels.119 DC iDEP is superior as it does not need an additional external pressure flow, requires simpler fabrication,
and is bubble-free inside the separation regions.120 In DC
iDEP, there are two modes of DEP separation, which consist
of trapping DEP and streaming DEP. Trapping DEP occurs
when the DEP force is higher than the electrokinetic flow
that allows trapping of the particles, while streaming DEP occurs when the DEP is weaker than the electrokinetic
flow.121,122 The magnitude of the dielectrophoretic force on
the particle depends on the electric field strength (E), the permittivity of both particles and fluid (ε) and the Clausius–
Mossotti factor ReĲ fCM), which is expressed as
FDEP = −2πεfa 3Re( fCM)E·∇E
where the Clausius–Mossotti factor is expressed as,

in which

dielectrophoresis.124 Fig. 5 depicts the nanoparticle separation design using insulator dielectrophoresis. This nanoparticle separation is performed by applying streaming DEP with
a low electric field to concentrate the nanoparticles in a
highly parallel channel and subsequently trap the particles
with a higher electric field at a later stage of the lowbranching microfluidic channel.125 In addition to the
branched channel, insulator DEP has been studied to separate nanoparticles with insulating pillars in a microfluidic
channel that induces a non-uniform electric field across the
pillar gaps to concentrate nanoparticles.126 Another DEP design to separate nanoparticles is an asymmetric S-shaped
ridge, which is able to amplify the electric field by up to 9
times the bulk field. This design, which is reported by
Viefhues et al., is able to separate 20 nm and 100 nm nanoparticles.127 As the DEP separation technique is based on the
intrinsic properties of the particles, it does not need an immunochemical labeling process. However, dielectrophoretic
particle sorting has a low throughput and is highly dependent on a medium conductivity, which makes it difficult to
separate nanoparticles with specific solvent molecules.128,129
In addition, the voltage requirement is very high, mostly several hundred volts to kilovolts, which leads to the formation
of electrothermal flow and joule heating, which can interfere
with the separation process.130 This technique is also challenging as there are various parameters to be optimized for
controlled nanoparticle separation, including electric field
strength, buffer solutions, surface properties, and geometrical design.
Ion concentration polarization. Nanoparticles can be separated with ion concentration polarization (ICP) by the application of a Nafion nanojunction in microfluidics in the
presence of an electric field. The ICP technique has been
used to concentrate analytes, such as enzyme substrates,
antigens, and proteins. Previously, a review on the principles, fabrication, and application of ICP has been
presented.132 As Nafion selectively transports cations under
an electric field through its sulfonated nanopore clusters,

is the complex permittivity of the particle and

is the complex permittivity of the fluid, which can be derived from the permittivity value, the conductivity (σ) and the
angular frequency (ω) of the electric field

This ReĲ fCM) value determines whether the particles undergo positive or negative DEP, with a positive Re(fCM) inferring positive DEP and vice versa.44 Both positive and negative
DEP has been widely used for separation of nanoparticles
and biomolecules.123 Computational fluid dynamic simulation has demonstrated the possibility of continuous separation of 30 nm from 60 nm gold nanoparticles using
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Fig. 5 Designs of DEP for nanoparticle separation. (A) Insulating-pillar
DEP and (B) insulating trees for nanoparticle separation. Reproduced
from ref. 131 From SpringerOpen (C) DEP nanoparticle separation
using ridge structure. Reproduced from ref. 127 with permission from
The Royal Society of Chemistry, and (D) sawtooth structures.
Reproduced from ref. 46 with permission from The Royal Society of
Chemistry

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 26 October 2016. Downloaded on 1/8/2023 1:44:48 PM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Lab on a Chip

it induces an ion-depletion zone at the anodic sides, with
ion enrichment at cathodic sites, as negative ions cannot
cross the channel due to the flux of ions caused by diffusion and the electric gradient.133–135 There are two types of
design employed, which are single-channel and dualchannel ICP. Single-channel ICP only uses one channel to
create the ion depletion zone, while dual-channel ICP is
widely used by connecting two different channels with a
Nafion nanojunction.133 Under an electric field and hydrodynamic pressure in microfluidics, there are several forces
acting on the particle, including the hydrodynamic drag,
electrophoresis, and dielectrophoresis. In the ion-depleted
region, the electric field is amplified significantly, which
multiplies the electrophoretic forces acting on the particles.136 This electrophoretic force deflects the particle from
the streamline in proportion to its electrophoretic mobility, as seen in Fig. 6. With this method, Jeon et al. were
able to demonstrate the separation of 500 nm and 100
nm nanoparticles based on their electrophoretic mobilities,
because the electrophoretic effect is amplified 9 times.137
In addition to nanoparticle separation, the ion depletion
zone is also able to remove salts and microparticles from
seawater in a branched channel by deflecting the ions
away to the neighboring outlet channel for desalination.138
Although ion concentration polarization only requires a
low voltage, as the electric field is amplified in the ion
depletion region, the ion depletion region also causes a
high ionic concentration gradient that may reduce the
nanoparticle
separation
resolution
due
to
diffusiophoresis.139

Fig. 6 Nanoparticle separation using ion concentration polarization
with a Nafion nanojunction, which generates a repulsion distance,
depending on the electric field strength in the ion-depletion region. A
low electric field produces a small repulsion distance, while a high
electric field traps the nanoparticles in the ion depletion region.
Reproduced from ref. 137 with permission from Nature Publishing
Group.
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Electrohydrodynamic vortices. Microfluidics employs a
laminar flow as it has a low Reynolds number due to the
small dimensions of the channel. However, an electrohydrodynamic setup with parallel microelectrode strips in
microfluidics can disrupt the flow and induce vortices in the
channel. Parallel microelectrodes in a transverse direction of
the microfluidic channel can generate traveling waves as well
as induce ohmic heating, which causes a thermal gradient
and eddies in the laminar flow.140,141 These induced eddies
or vortices are then utilized to trap and concentrate nanoparticles, as depicted in Fig. 7. Another form of electrohydrodynamic vortex particle trapping is caused by a combination of hydrodynamic forces and AC electroosmosis on top
of the microelectrode strips.142 In addition to the electroosmosis, the DEP force from the microelectrodes also contributes to the generation of vortices.143 Boettcher et al. trapped
200 nm nanoparticles using this method and provided simulation of the flow. Although the efficiency can be up to 100%
trapping, this method needs complex fabrication and has a
very low throughput of 2 μL per hour.140
Passive separation
Although active techniques have a high separation performance, they are still limited by the need for integration
with other equipment to provide an external field, or specific substances, such as antibodies. On the other hand,
passive techniques use label-free methods to separate
nanoparticles and do not require any external field as the
driving force for separation. Instead, hydrodynamic and
surface forces are the primary separation mechanism. Six
types of passive techniques that have been reported to
sort nanoparticles are inertial, spiral, deterministic lateral
displacement, hydrodynamic filtration, electrostatic sieving,
and bacterial chemotaxis.
Inertial microfluidics. Inertial microfluidics is a passive
microfluidic technique that relies on an inertial fluid

Fig. 7 Nanoparticle trap using electrohydrodynamic vortices formed
in a high-frequency electric field generated with parallel microelectrode strips on the channel. The electric field produces travelling
waves and ohmic heating, which generates hydrodynamic vortices.
Near the microelectrode, the DEP force pushes the particles upward,
which supports the particle trapping.
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force. There are many types of inertial microfluidics that
have been developed, including straight microchannel, spiral microchannel, serpentine microchannel, and expansion
contraction array.43 Inertial microfluidics has been
established and widely applied for microparticle separation. However, there are only a few reports on nanosized
particle separation. This is due to the challenge of
Brownian motion, which can overcome the inertial lift effect. In a straight channel, inertial microfluidics relies on
shear inertial lift and wall lift forces that act in opposite
directions on the particle. The shear inertial lift force
pushes the particle to the wall, while the wall lift counters
this force, and the equilibrium of these two forces focuses
the particle position in the channel, as illustrated in
Fig. 8. The net lift forces (FL) acting on the particle can
be expressed as,

in which v is the fluid velocity, ρ is the particle density,
Dh is the hydraulic diameter, and d is the particle diame-
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ter. From this formula, it can be inferred that the smaller
the diameter, the greater the reduction in the inertial lift
force. For straight microchannels, the particle velocity focused at the lift equilibrium position can be determined
by the particle Reynold number (Rep), which depends on
the Reynold number (Re), and the square of the particle
diameter and the channel ratio

Different shapes of channel, including circle, square, rectangle, and trapezium have been reported for inertial separation. However, only a high-aspect rectangular channel developed by Bhagat et al. has been reported to be able to
separate nanoparticles of sizes 590 nm and 780 nm.144 There
is a limit to the minimum nanoparticle size to be separated
if only the lift force based on the channel geometry is used.
However, by using a viscoelastic fluid medium to generate a
medium elastic force, in addition to the wall inertial lift
force, nanoparticle separation of sizes 500 nm and 200 nm
can be achieved.145
Another inertial microfluidic geometry that has been used
to separate nanoparticles is spiral channel. This spiral geometry induces centrifugal forces on the particles, causing them
to travel outwards. On top of that, in a curved channel with a
relatively high Reynold number, a secondary flow is present
in the form of two symmetrical vortices that can spread small
particles on the channel without affecting larger particles positioned near the outer wall. This force is termed Dean vortices and can be expressed by a Dean number (De),25

in which R is the radius of the channel curvature and H is
the hydraulic diameter of the channels. The velocity of the
secondary flow can be expressed as
Fig. 8 Inertial force equilibration (A) circular and square channels
show uniform particle position near all the side walls, while the
rectangular channel inertial force results in a unique particle position
only on the left and right side of the walls, which allows it to separate
nanoparticles in the branched channel. Reproduced from ref. 144 with
permission from SpringerLink (B) Spiral microfluidics separates
particles by a combination of the lift force (FL) and the Dean force (FD).
Larger particles tend to move towards the inner wall, while smaller
particles disperse over the channel, as they are influenced more by
Dean vortices. Reproduced from ref. 146 with permission from The
Royal Society of Chemistry. (C) Inertial microfluidics with viscoelastic
fluids concentrates DNA and nanoparticles to the center of the
channel through a medium elastic force, in addition to the wall lift
force. Reproduced from ref. 145 with permission from The Royal
Society of Chemistry.
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De = 1.8 × 10−4 × De 1.63
Five-loop spiral microfluidic channels based on these principles were implemented by Bhagat et al., who demonstrated
the sorting of 590 nm from 1.9 μm and 7.32 μm
fluorescence-labeled polystyrene beads with a throughput of
10 μL min−1.147 The inertial microfluidic technique is simple
because it only relies on the force from both the fluid and
the wall, while also generating a high throughput. However,
particle–particle interactions can act as an internal force in
disrupting the equilibrium between the fluid and wall lift
force, which may lead to a reduction in separation
efficiency.22
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Deterministic lateral displacement. Deterministic lateral
displacement (DLD) consists of a structure of pillar arrays
tilted at an angle that generates unique flow streamlines. The
DLD technique has been widely used for microparticle separation, such as circulating tumor cells,148 blood cells,17 mammalian cells,149 spores,18 parasites,150 and bacteria.151 Huang
et al. found that in a laminar flow, the number of streamlines
formed in the gap from the row shift could result in sizebased separation.152 Particles larger than the first streamline
displace laterally in bumping mode, while particles smaller
than the first streamline flow in a zig-zag path through the
pillars without lateral displacement, as illustrated in Fig. 9.
The cut-off diameter between these trajectories is the critical
diameter (Dc) of the device.153 Davies et al. proposed a formula for the critical diameter empirically through experiments with various device gaps (G), shift fractions (ε) and
particle diameters.17
Dc = 1.4Gε 0.48
Based on this Dc formula, a device with a small gap or
row shift fraction is required to separate nanosized particles. However, a small gap size leads to high channel resistance and difficulty in fabrication, while a low row shift
fraction design needs a longer region for separation,
which increases the diffusion length. Alternatively, the use
of different pillar shapes, such as triangle,154 I-shaped,151
or asymmetric gap,155 could enhance the separation of
smaller particles, as the cut-off diameter is smaller than
normal circular DLD arrays. A review on deterministic lateral displacement has been previously published.50 Several
attempts to separate submicron particles with DLD have
been reported. Huang et al., who first developed DLD,
designed a device with a gap of 1.6 μm and a row shift
fraction of 0.1 to separate 600 nm and 800 nm polystyrene beads. Santana et al. implemented a DLD device with
a critical diameter of 250 nm and demonstrated the
sorting of 2 μm beads from 190 nm fluorescence-labeled
particles156 Moreover, Zeming et al. designed a DLD pillar
array with a gap of 2 μm to separate 350 nm particles.53

Fig. 9 Nanoparticles can be separated with a deterministic lateral
displacement device. (A) Shows DLD design parameters, with d as pillar
diameter, and Γ and Λ as row and column periods, respectively, while
Δ is the shift fraction. Reproduced with permission from ref. 156 (B)
Nanoparticles whose diameter is less than the critical diameter move
in a zig-zag mode, while large particles cross the streamlines and displace laterally in bumping mode. Reproduced from ref. 158 with permission from The Royal Society of Chemistry.
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Although this technique is simple and has been widely
used for microparticles, the presence of a large number of
pillars leads to very low throughput and channel clogging
issues. Furthermore, for nanosized particles, the effect of
diffusion is more prominent, which reduces the separation
efficiency by having a large distribution of particles in the
outlet channel.157
Filtration.
Filtration
techniques
can
also
be
implemented inside a microfluidic channel. Microfluidic
filtration techniques require nanosized pores or membranes to separate nanoparticles. There are four classifications of filtration, depending on the structures of the filter, which are hydrodynamic, hydrophoretic, size-exclusion
and crossflow filtration.23 In hydrodynamic filtration, there
are multiple branched side channels to pull the particles
to different outlets based on their sizes. Hydrophoretic filtration uses ridges on the ceiling and floor of the channel
to induce a lateral pressure gradient for particle separation, while size-exclusion filtration uses a series of linear
arrays of posts to filter different-sized particles in each
tier of the array. The most prominent filtration system is
the crossflow filtration, which has its filter array arranged
in a direction parallel to the direction of the flow. This
gives it the advantage of having reduced clogging issues
as compared to other filtration techniques. Davies et al.
showed separation of 100 nm and 1 μm polystyrene beads
with a porous polymer monolith (PPM) membrane with a
cut-off size of 500 nm, using pressure-driven flow, as seen
in Fig. 10.48 Chen et al. implemented a crossflow filtration
silicon microfluidic device with a gap of 800 nm to separate plasma from blood cells,159 and Amato et al.
designed reusable microfluidics to separate 3 μm beads
from rhodamine 6G with a 3D pillar, with no clogging.160
A filtration technique with microfluidics is able to filter
precise sizes of particles in a small sample volume; however, the presence of a membrane for filtration induces
clogging or particle aggregation, which could decrease the
throughput of separation and render it non-reusable.

Fig. 10 Microfluidic filtration of nanoparticles can be performed with
a PPM filter with pressure-driven separation. (A) The PPM membrane
passes particles smaller than the membrane pores to the collection
outlet, while larger particles are retained in the sample channel. (B)
shows the separation of 100 nm fluorescent beads from 1 μm diameter
beads. Reproduced from ref. 48 with permission from The Royal Society of Chemistry.
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Electrostatic sieving. Electrostatic sieving employs an
electrostatic force arising from the surface potential of nanoparticles and microchannels. Common microfluidic materials, such as silicon and PDMS, have negative surface potentials that attract positive ions in the solution to generate an
electric double layer consisting of compact and diffuse
layers.165 As previously discussed, in nanosized particles, the
electric double layer length is comparable with the nanoparticle size. This property is important, as the electric double
layer (EDL) induces attractive or repulsive electrostatic forces
from the wall of the microchannel, which can be employed
for nanoparticle separation. This EDL force depends on the
Debye length as well as the particle and device's zeta potential, which is expressed as166

where ψp is the zeta potential of the particle, while ψs is the
zeta potential of the channel surface, and D is the distance
between the particles and the channel; κ is the inverse of the
Debye length, which depends on the ionic concentration (ci)
and ionic charge (zi), and is expressed by,

where NA is the Avogadro number, e is the electron charge, k
is the Boltzmann constant and T is the absolute temperature.
Nanoparticle trapping and separation using this electrostatic
effect have been reported.167 Regtmeier et al. developed a
microfluidic technique with overlapping EDL and separated
15 nm and 39 nm carboxylated polystyrene with a 525 nm
constriction design by modulating the ionic concentration of
the buffer.163 At low ionic concentrations, the electric double
layer length is longer. This results in a higher electrostatic
force that allows only smaller particles to pass through the
constriction. As the ionic concentration increases, the EDL
length is compressed, thereby allowing larger particles to
pass through the constriction, as seen in Fig. 11A. In addition to the constriction design, a DLD pillar array with a
small gap size shows a similar effect on particle separation.
Zeming et al. used DLD with a 2 μm gap size to separate
nanoparticles up to 50 nm in diameter using deionized water
instead of ionic buffers, since this has the lowest ionic
strength.53 The DLD effect alone cannot separate these nanoparticles, as the critical diameter of the DLD is 350 nm
according to the formula. This phenomenon is caused by the
electrostatic effect arising from the pillar's electric double
layer force, which virtually increases the apparent diameter
with an EDL distance (df-edl) of up to +800 nm in size in deionized water, as illustrated in Fig. 11B.53 Although this technique is passive and able to modulate separation easily by
changing the buffer, it requires the use of low ionic strength
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Fig. 11 (A) Nanoparticle separation with electrostatic sieving. In high
ionic strength buffer, both large and small particles are able to pass
through the constriction. In low ionic strength buffer, large particles
cannot pass the ridge due to the strong electrostatic force from the
electric double layer, while smaller particles still pass. (B) Microfluidic
DLD electrostatic sieving. In DLD, the electrostatic double layer
virtually increases the DLD pillar size with df-edl to reduce the critical
diameter, resulting in enhanced separation in the presence of low
ionic strength buffer solution but not in high ionic strength buffer
solution. Reproduced from ref. 53 with permission from The Royal
Society of Chemistry.

buffer to perform nanoparticle separation, since most of
the biomolecule samples, such as DNA, proteins, and exosomes, have individual ionic buffers that maintain their
structures.
Cell actuation. Cell actuation can be implemented to drive
separation using selective attachment of nanoparticles onto
the surfaces of the cells that undergo cell migration induced
by a chemoattractant. A review about microfluidics-based chemotaxis for cell migration has been published.168 The commonly used cell for migration is a bacterial cell as it is actively
motile with its cilia or flagella. Suh et al. employed cell actuation techniques to separate nanoparticles using the migration
of Escherichia coli towards the chemoattractant. These migrated bacteria have previously had nanoparticles selectively
attached to their surfaces. The compartmentalization of a
chemoattractant source and a cell migration pathway is
achieved by using three parallel channel designs with polyethylene glycol diacrylate (PEG-DA) porous materials that are able
to perform controlled transport of fluids and chemicals from
one channel compartment to another, depending on molecular weight.169 The E. coli bacteria is spread in the middle
channel with the buffer in the left channel, while the right
channel contains the chemoattractant, casamino acid. Selective attachment of nanoparticles is performed via biotinconjugated anti-lipopolysaccharide, which selectively binds
the 390 nm streptavidin-coated nanoparticles to E. coli bacteria, leaving behind the 320 nm uncoated nanoparticles, as illustrated in Fig. 12. This technique can separate nanoparticles
with an efficiency of 81%.164 Although this autonomous separation using bacteria is simple and does not need any external
equipment, it requires a specific binding mechanism between
nanoparticles and bacteria, even though the author also
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Fig. 12 Microfluidic bacterial chemotaxis for autonomous separation
of nanoparticles. (A) Channel designs for modulated diffusion of
chemoattractant (B) selective attachment of nanoparticle to E. coli
bacteria (C) chemotaxis migration of E. coli with attached
nanoparticles. Reproduced from ref. 164 with permission from The
Royal Society of Chemistry.

demonstrated charge-based separation via electrostatic interaction on 1000 nm polystyrene beads.

Microfluidic nanoparticle separation
applications
As microfluidic technology for nanoparticle separation is superior to conventional techniques, microfluidic techniques
draw great interest for several potential applications, ranging
from the purification of monodisperse nanoparticles for various industries, and waste water treatment, to nanobiomolecule separation, such as DNA, protein, virus, and exosome isolation.
Biomolecule separation
The ability of microfluidics to separate nanoparticles can also
be applied to the separation of biomolecules, such as DNA,
proteins, viruses, and exosomes, which has significance in
healthcare fields, such as medical diagnostics and therapeutics. These molecules and particles are more complex than
synthetic nanoparticles because they can be easily degraded
in unsuitable or harsh environments and do not have rigid
forms. As it is more difficult to separate such molecules, current approaches to biomolecule separation still largely rely
on external fields or immunological techniques, as they have
the highest separation efficiency.
DNA. The separation of DNA is important for the detection of disease biomarkers, such as genetic mutations. Furthermore, isolation of DNA is also useful for purification of
DNA segments from DNA recombination in research settings.
DNA has a size ranging from the nanometer to the micron
scale, and can form several complex topologies and secondary structures. A commonly applied technique for DNA separation is gel electrophoresis, which has high reproducibility
and efficiency. However, gel electrophoresis is a timeconsuming process as it requires ∼2 hours, is performed in
batch mode, and needs additional sample handling to retrieve the DNA after the separation process. Microfluidics has
been developed as a superior alternative to separate DNA.
Both active and passive microfluidics have been implemented
for a DNA separation platform.170 The active microfluidic
techniques include electrophoresis and dielectrophoresis.
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Minc et al. performed the separation of λ and T4 bacteriophage genomes by electrophoresis in a self-assembled magnetic matrix column microfluidic system with high reproducibility.171 DNA separation can be achieved using DEP trapping
in microfluidic ridges to sort different sizes and topologies,
such as linear, plasmid, and mini-circle; a DNA–protein complex has also been reported.172 Recently, Ranchon et al. utilized electric fields and a bidirectional viscoelastic fluid flow
to create a modulation of a transverse force to separate DNA
with respect to the wall and subsequently enrich by more than
1000× with a funnel in only 15 minutes with high resolution.117 Passive techniques have also been implemented for
DNA separation. Austin et al. designed an asymmetric twodimensional array post and used Brownian motion to separate
DNA based on size. Smaller DNA has higher diffusion rates as
compared to larger DNA sizes, which results in the lateral displacement of smaller but not larger DNA.173 Recently, Chen
et al. were able to apply a label-free passive deterministic lateral displacement technique to continuously concentrate
genomic-length DNA by increasing the genome's shear modulus with 10% polyethylene glycol.174 Kim et al. employed a viscoelastic fluid flow to concentrate DNA towards the center of a
microfluidic channel by both a flexibility-induced wall lift
force and a fluid elastic force.145
Protein. Protein separation is also essential for medical diagnostics and disease detection. Various proteins have different sizes and isoelectric points that can be used for the separation process. Traditional techniques to purify proteins include
SDS-PAGE and 2D electrophoresis. Other common methods to
separate proteins are chromatography and immunological capture using bead-based techniques or protein immobilization.
Protein separation using microfluidics has been developed especially because of the need for a low sample volume, and the
common microfluidic protein separation is achieved based on
the isoelectric points and electric mobility. Wen et al. developed free-flow isoelectrics, focusing on a triangular microfluidic device to separate proteins based on their isoelectric
point with a 350 V cm−1 electric field and a high flow rate.175
Herzog et al. developed an integrated microfluidic system for
protein or peptide separation with free-flow isoelectric focusing, labeling, and an isoelectric point sensor.176 Continuous
separation of four types of amino acid and proteins, such as
trypsin inhibitor and RNAse A, using microflow electrophoresis
(μ-FFE) and its simulation has been reported.177 In another report,
Tekin and Gijs separated and purified proteins using antibodyconjugated magnetic nanoparticles with magnetophoresis.90
DEP can also be used for protein fractionation, as a simulation and an experiment to concentrate protein using
insulator-based DEP has been shown.178,179 Nakano et al.
concentrated IgG antibodies with streaming DEP in a pH
range of 6–8 on microfluidic pillar arrays, which coincided
well with the simulation study.180
Virus
A virus is an agent that causes disease, such as HIV, Ebola,
Zika, and SARS. Detection of viral particles has important
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implications for medical diagnostics. However, isolation of a
virus is difficult due to the diversity of virus sizes from small
sizes of 20 nm to 400 nm, different shapes, surface charges,
genome types, and protein contents.181 Furthermore, a virus
sample is extracted from complex bodily fluids, such as
blood, urine, and saliva, and requires purification from large
cells or contaminants for accurate disease detection, as
reported for HIV and dengue virus detection.182,183 Although
ultrafiltration with a charge-based membrane is effective for
viral particle separation, this technique is relatively expensive
and needs additional elution steps, while still requiring the
use of a suitable charge, buffer, and pH for the different
types of viruses.184 Both passive and active microfluidic separation can be utilized to concentrate the virus and eliminate
the contaminant in the samples. Wang et al. implemented
passive microfluidic size-exclusion filtration to separate HIV
virus from blood.185 Active microfluidic techniques for the
enrichment of Sindbis viruses with a size of ∼70 nm has
been achieved using iDEP in a sawtooth structured gradient.46 Acoustic microfluidics has also enabled dengue virus
separation from cells with an efficiency of 70%.186
Exosome. An exosome is an extracellular vesicle with a
lipid membrane bilayer, which has an important role in cell
communication, as it carries signals and miRNA from one
cell to another, especially in cancer developments.187 Moreover, its presence in extracellular fluid, blood, and urine provides a platform for liquid biopsy for cancer diagnosis.188 Unlike DNA and protein, exosome separation has not been
explored extensively. Exosome separation is challenging, as
there are other microvesicles or debris in the size range of
exosomes, in addition to its small size ranging from 50 nm
to 150 nm.189,190 Conventionally, ultracentrifugation is used
for exosome isolation; however, it is a time-consuming process with a complex protocol and has a low separation efficiency.191 In microfluidics, there are currently both passive
and active methods that have been developed for exosome
separation. Three passive microfluidic techniques to separate
exosomes, namely immunological separation, sieving and
trapping, and DLD, are depicted in Fig. 13. On the other
hand, the active technique of acoustophoresis has been
reported for exosome separation.192,193 Although label-free
methods can separate small microvesicles based on size, the
exosomes must be labeled using an antibody, as there are
many types of extracellular vesicles, such as apoptotic and
membrane vesicles, whose size overlaps with those of exosomes in the samples.194 Using an immunological separation
method, membrane-bound proteins are used in a microfluidic immunoaffinity system to separate exosomes from
blood serum and extracellular cell culture medium.105,125
This immunological separation can also achieve multiplex
exosome detection, which has been implemented for ovarian
cancer diagnosis.195
With label-free sieving methods, exosome separation with
PPM-based membrane filtration from whole blood is demonstrated. The sieving technique can be performed with
undiluted samples, such as whole blood, but it has a low re-
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Fig. 13 (A) ExoChip shows anti-CD63 immobilized in a microfluidic
surface to capture exosome from serum. Reproduced from ref. 105
with permission from The Royal Society of Chemistry (B) trapping of
exosomes with ciliated pillar structure on microfluidic device. Particles
larger than cilia pores are not trapped on the cilia while particles much
smaller than the pores pass through the structures. The cilia trap particles whose size matches the exosomes and SEM of the ciliated structure on pillar arrays. Reproduced from ref. 49 with permission from
The Royal Society of Chemistry. (C) Acoustic forces in microfluidics are
able to purify exosomes using a high-frequency field through IDT.
Reprinted with permission from ref. 45 Copyright 2015 American
Chemical Society.

covery and sometimes there is damage to the vesicles.48 In
addition to sieving, Wang et al. proposed a microfluidic trapping system with a ciliated micropost in a microfluidic device. The cilia on the pillars capture and immobilize the exosome, while larger structures flow around these
microstructures. The immobilization of 83 nm lipid vesicles
from 120 nm lipid vesicles and 500 nm nanoparticles was
demonstrated.49 Although this technique can capture high
purity exosomes from samples, it requires a long time for the
separation, as the sample must be diluted to avoid device
clogging. While several passive separations have been
reported, there are fewer reports about active techniques for
exosome separation. The active separation of exosomes from
blood components using acoustic purification has been developed using a pair of interdigitated transducers (IDT), generating symmetric surface acoustic waves with a high ultrasound frequency to generate a cut-off size of 200 nm.45
Monodisperse nanoparticle production
Nanoparticle synthesis is currently shifting towards the modification of individual nanoparticles into higher-ordered structures and nanomaterials for various industrial applications.9
Metallic nanoparticles, such as gold, silver, and palladium,
are utilized as sensors, solar cells, foods, drugs, paints, and
other consumer products. Nanoparticle synthesis in these
processes often yields polydispersed particles. Therefore, the
control of size is crucial for achieving maximum nanoparticle
performance, as the physical and chemical properties of
these nanoparticles, such as aggregation tendency, depend
on their size. For instance, monodispersed nanoparticles
have been useful for achieving the maximum catalytic activity
of a nanocatalyst in industrial reactions.196 The cytotoxicity
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of gold nanoparticles also depends on their size.197 Hence,
the development of microfluidics to continuously purify
monodispersed nanoparticles with high efficiency is beneficial for these industries. This application of microfluidics to
purify nanoparticles for industrial purposes has not been
implemented as it requires a large volume of sample, and
hence high throughput separation is needed for this
purpose.
Environmental application
In addition to nanoparticle purification, microfluidic nanoparticle separation has the potential for environmental application, such as wastewater treatment and water desalination. Recently, nanoparticles have started to be used in consumer
products, such as foods and cosmetics; therefore, nanoparticles will inevitably be found in domestic wastewater, and
the presence of these nanosized particles could be hazardous
for both health and environment. In addition to domestic
waste, industrial nanoparticle waste must also be treated to
avoid exposure of humans or the environment to nanoparticles, as traditional water treatment may not be enough to
filter all of this ultra-small nanoparticle waste. For instance, silica nanoparticles are present in electronic chips and integrated
circuits, resulting in industrial waste in China and Taiwan.10
Asymmetric FFF has been reported to separate nanoparticles
for environmental applications to fractionate colloids, such as
pollutants.198 Another application of microfluidics for environmental application is seawater desalination, such as that demonstrated by ICP, which is able to remove 99% of the salt from
seawater with a low energy and cost.138
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in which k is the Boltzmann constant, T is the absolute temperature, and μ is the dynamic viscosity of the fluid. The particle moves without significant diffusion if Pe ≫ 1 because
the convection influences the movement of the particle much
more than diffusion.156 While several techniques, such as
field flow fractionation, employ Brownian motion to perform
separation, the diffusion of nanoparticles mostly reduces the
separation efficiency in other microfluidic techniques, especially in passive techniques where there is no external force
that strongly opposes the Brownian motion. For a nanosized
particle, the radius is of the order of 10−9, hence the Peclet
number is higher compared to a micron-sized particle in the
same channel. A nanoparticle diffusion effect is observed in
electrostatic DLD for 50 nm size separation, inertial microfluidics in the separation of 200 nm, and ICP-induced separation of 100 nm nanoparticles, in which the spread of the particle is wider compared to the micron-sized particles, as seen
in Fig. 14.53,137,145
Throughput. Microfluidics has been proven to have high
efficiency for nanoparticle separation. However, compared to
conventional methods, the throughput of microfluidic nanoparticle separation techniques still poses a challenge for industrial applications, as it needs to process high volumes of

Microfluidic nanoparticle separation challenges
The implementation of nanoparticle separation using microfluidics is still limited because there are several challenges
that need to be addressed before it can be widely developed
and used for real-world applications. These challenges include nanoparticle diffusion, limited throughput, and
detection.
Diffusion. Brownian motion is the random movements of
particles in fluids. In a microfluidic channel, a dimensionless
number called a Peclet number shows the influence of diffusion on the particle trajectories, from the ratio of advection
to the diffusion rate for particles in moving fluids.47

where L is the channel length and Df is the diffusion coefficient of the particle, which depends on its size and shape.
The Stokes–Einstein relationship expresses the diffusion coefficient as,
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Fig. 14 Wider separation spread caused by Brownian motion of
nanoparticles in (A) electrostatic DLD of 50 nm and 190 nm
nanoparticle size. Reproduced from ref. 53 with permission from The
Royal Society of Chemistry (B) 500 and 200 nm in viscoelastic flow
separation. Reproduced from ref. 145 with permission from The Royal
Society of Chemistry, and (C) 100 nm nanoparticle size with ion
concentration polarization. Reproduced from ref. 137 with permission
from Nature Publishing Group.
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nanoparticle samples. Microfluidic devices have micron-sized
channel dimensions that provide a lower volume of sample
to be used for effective separation. The relationship between
flow rate and resistance in pressure-driven flow is expressed
as,

where R is the fluidic resistance, ΔP is the pressure difference
and Q is the flow rate. In a simple rectangular channel, the
resistance of a microfluidic device depends on the viscosity
(μ), length (L), width (w) and height (h) of the device, and is
expressed as199

Most microfluidic designs have dimensions of several to a
hundred microns for length, width, and height, which results
in a high resistance to fluidic movement. For several
pressure-driven flow methods, especially passive ones, such
as filtration and electrostatic sieving, used for nanoparticle
separation, the channel has small pores (down to 2 μm size),
which significantly increases their resistance to fluid flow.155
Other methods that are not driven by pressure differences,
such as electrophoresis and electroosmosis, have a slower
particle velocity and require high electric fields to increase
the throughput. The current approach to increase the
throughput is to stack the microfluidic devices in parallel.
Inglis et al. were able to produce a flow rate of 1 mL min−1 by
running six DLD devices in parallel for leucocyte enrichment.200 Khoo et al. also stacked three spiral microfluidic devices vertically to develop an ultra-high throughput for the
detection and enrichment of circulating tumor cells.201
Detection. Compared to micron-sized particle detection,
such as cells, nanoparticle detection after separation is more
challenging, as it cannot be observed directly under a standard laboratory microscope without staining. There are currently three ways of detecting nanoparticles after separation,
and these can be classified into optical, electrochemical, and
mass spectrophotometry techniques. These detection techniques can be performed either off-chip or on-chip. While
the off-chip method requires collection of the sample after
separation in order for it to be analyzed in a detector, the onchip detection method integrates both separation and detection on the same chip, and is thus more convenient and
deemed suitable for lab-on-chip applications.202 The optical
method is the most common method to detect nanoparticles
and biomolecules, as they are often tagged by dyes/fluorescence. Several optical methods that have been commonly
used for nanoparticle or biomolecule detection are fluorescent imaging, dynamic light scattering (DLS), TEM, and SEM.
Within a research setting, commercialized nanoparticles often have fluorescent signals for detection, and a non-
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fluorescent sample of nanoparticles can first be labeled for
observation under a fluorescent microscope. For nanobiomolecule separation, common methods used for detection
are dye and immunofluorescence labelling.105 However, the
labeling process for non-fluorescent nanoparticles or biomolecules in real samples, such as detection of exosomes from
blood, is difficult as there is only a small number of particles,
with much noise, in the sample. Both off-chip and on-chip
optical techniques coupled with separation have been
reported. Off-chip optical characterization and detection have
been performed on nanoparticle samples after their separation with dynamic light scattering and TEM analysis,203 while
on-chip separation-cum-detection of DNA and RNA was
reported with fluorescent imaging, as well as another study
that reported nanoparticle detection with integrated on-chip
UV-vis absorption.204,205 Besides optical methods, biomolecule detection can be achieved through electrochemical detection by sensing the redox activity through a change in current, voltage, and the impedance of the sensors.206 This
technique has been employed for detection of proteins, neurotransmitters, and hormone molecules, and a review on the
current development of electrochemical biosensors in microfluidics has been published.206 On-chip integration of electrochemical sensors and separation in microfluidics has been
developed to analyze catecholamine and dopamine-derived
DNA adducts using capillary electrophoresis and electrochemical detection.207,208 Another emerging detection technique for nanoparticles in microfluidics is using mass
spectrophotometry, which can identify the molecular weight
of the molecules by ionization. Although mass spectrophotometry has high accuracy for molecular identification, the
application of this technique for detection in microfluidics is
limited by the difficulties in interfacing between microfluidics and mass spectrophotometry. This coupling can be
achieved through the integration of emitters on microfluidic
devices during fabrication, or using external emitters to couple with electrospray ionization, as reported in previous studies that demonstrate the coupling of external emitters with
liquid chromatography and capillary electrophoresis, following separation of a protein sample.209,210 Furthermore, capillary electrophoresis with inductively coupled plasma mass
spectrophotometry (CE-ICP-MS) has been reported to separate and analyze gold particles with sizes from 5–50 nm.113 A
full review on the coupling of mass spectrophotometry and
microfluidics has been published.211,212
Recently, several innovations on detection techniques were
able to achieve nanosized range detection. In optical
methods, flow cytometry is one of the popular detection techniques for cells and microparticles as it is fast and accurate;
however, conventional flow cytometry has a minimum detection limit of 200–500 nm with a resolution of 100–200 nm,
and detection of smaller nanoparticles results in noise overlap from the system. Pospicalova et al. developed a dedicated
flow cytometry, which is a modified flow cytometry with a different type of light scattering angle, to detect nanoparticles,
and successfully performed the detection of fluorescently
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labeled exosomes and extracellular vesicles.213 Additionally,
integration of microfluidics with micro-nuclear magnetic resonance (μ-NMR) for on-chip detection after separation has
been reported to detect exosomes labeled with magnetic
nanoparticles after the separation process.214 On top of detection with benchtop instruments, portable detection, such as
using a smartphone, is recently an emerging field to detect
micro/nanoparticles and bioparticles. Wei et al. demonstrated the imaging of a single 100 nm nanoparticle and a
fluorescently labeled cytomegalovirus using a smartphone
with a dongle developed for optical control of light excitation
and emission, with embedded image processing for
analysis.215

Conclusion
Nanoparticle separation plays an important role in many
fields, in monodispersed nanoparticle production, water purification, and biomolecule separation. However, conventional
methods to separate nanoparticles impose several limitations, such as not being continuous, and requiring multiple
steps, a minimum sample volume, a specific buffer, and additional sample handling. Despite still being in the developing stages, both active and passive microfluidic separation
techniques are starting to be implemented for nanoparticle
and nano-biomolecule separation, as they can overcome
these limitations. This brings more opportunities, especially
in the medical diagnostic field, for simple, continuous, and
faster separation of biomolecules. However, there is a need to
explore more possibilities and more prototypes to prove the
concept of nanoparticle separation in microfluidics. Microfluidics for nanoparticle separation is more likely to advance
towards label-free passive separation, as this is a simpler
technique without external fields or surface markers for separation. However, further research is needed to overcome the
Brownian motion of nanoparticles in the microchannel to increase the separation efficiency. The application of microfluidics for large industrial nanoparticle separation also still
poses a challenge, as improvement in throughput is required
to process large sample volumes. Finally, each microfluidic
technique has its own advantages and drawbacks for nanoparticle separation, and there is no single technique that can
be tailored to all the sample needs.
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