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Nanoparticles with diverse structures and unique properties
have attracted increasing attention for their widespread
applications. Co-precipitation under rapid mixing is an effective
method to obtained biocompatible nanoparticles and diverse
particle carriers are achieved by controlled phase separation via
interfacial tensions. In this Minireview, we summarize the
underlying mechanism of co-precipitation and show that rapid
mixing is important to ensure co-precipitation. In the binary
polymer system, the particles can form four different morphol-
ogies, including occluded particle, core-shell capsule, dimer

particle, and heteroaggregate, and we demonstrate that the
final morphology could be controlled by surface tensions
through surfactant, polymer composition, molecular weight,
and temperature. The applications of occluded particles, core-
shell capsules and dimer particles prepared by co-precipitation
or microfluidics upon the regulation of interfacial tensions are
discussed in detail, and show great potential in the areas of
functional materials, colloidal surfactants, drug delivery, nano-
medicine, bio-imaging, displays, and cargo encapsulation.

1. Introduction

Particles can be composed of biocompatible materials, metallic
materials, magnetic materials or optical materials,[1–4] and have
very rich functionality, showing broad application prospects.[5–15]

Nanoprecipitation is a green bottom-up technique to prepare
particles through nucleation and growth.[16–18] Generally, the
polymer is dissolved in a good solvent, which is then mixed
with an anti-solvent. Upon solvent exchange, the polymer
precipitates to form particles.[19] To load functional materials
inside the particles, co-precipitation is required when both the
functional materials and the polymer experience a fast solvent
exchange. Flash nanoprecipitation in microfluidic channels or
multi inlet vortex mixers has been developed to rapidly mix the
good solvent with the anti-solvent to ensure the co-precipita-
tion of polymers.[20] In addition to flash precipitation, sequential
precipitation is also an effect way for fast solvent exchange.[21]

Compared with other methods, such as emulsion polymer-
ization, nanoprecipitation is a one-step, versatile, scalable and
green method to prepare diverse biocompatible nanoparticles
with sizes ranging from tens to hundreds of nanometers and
readily disperse them in the solution.

In the co-precipitation process of two immiscible polymers,
diverse particles with different structural morphologies can be
obtained by adjusting the interfacial tensions, including dimer
particle, occluded particle, core-shell capsule and heteroaggre-
gate. The type of surfactant, the choice of polymer, the
molecular weight of polymer and the mixing temperature all
play an important role in determining the final equilibrium
particle shape, resulting in a high degree of structural variability

of the nanoparticles. The diverse particle carriers allow the
customization of cargo loading for targeted applications in
functional material, drug delivery, nanomedicine, bio-imaging
and display.

The systematic understanding of the particle formation and
the precise regulation of their structures could help the design
of particles with their properties tailored for specific demands
and provide general guidance for the development of novel
applications based on the particle carriers.

In this Minireview, we introduce the mechanism of nano-
particle preparation via co-precipitation under rapid mixing, the
effect of interfacial tensions on the equilibrium morphology of
two immiscible polymers, and the parameters of surfactant,
polymer composition, molecular weight and temperature used
to tune the particle morphology. At the end, we systematically
discuss the applications of particles for functional material,
cancer imaging, cargo encapsulation and drug delivery, the
applications of core-shell capsules for delivery vehicle, con-
trolled release and functional material, and the applications of
dimer particles for colloidal surfactant, display, microlaser and
drug release.

2. Mechanism of Co-Precipitation

Nanoprecipitation is a facile green technique to prepare diverse
nanoparticles. Polymer molecules precipitate and self-assemble
into spherical nanoparticles when the solvent mixes with the
anti-solvent. To load the cargo in the nanoparticles, organic
active and polymer molecules co-precipitate upon the solvent
exchange. During the co-precipitation process, rapid mixing
plays an important role in loading the active inside the
nanoparticles and achieving nanoparticles with smaller size and
size distribution.[25,26,27]

The self-assembly of nanoparticles upon the mixing of
solvent and anti-solvent is schematically demonstrated in
Figure 1a.[22] Organic active and amphiphilic diblock copolymer
are previously dissolved in an organic solvent. When the
organic solvent quickly mixes a miscible anti-solvent, both
organic active and diblock copolymer precipitate, which
involves the nucleation and growth of organic active, τng, and
the aggregation of copolymer, τagg. To achieve the co-precip-
itation of organic active and diblock copolymer and form
protected functional nanoparticles, the solvent mixing time,
τmix, should be smaller than the composite process, τflash =τng +
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τagg. If τmix is too large, either the organic active or the diblock
copolymer may precipitate well before the other and the two
processes may not interact sufficiently with each other to yield
active-loaded nanoparticles.

The aggregation of polymers into nanoparticles generally
occurs in three stages, involving nucleation of the nano-
particles, growth through aggregation and kinetically locked
nanoparticles after a characteristic aggregation time, as shown
in Figure 1b. For slow mixing (τmix>τagg), i. e. polymers start to
aggregate and form nanoparticles before solvent exchange is
complete, both hydrophobic and hydrophilic groups will easily
adsorb onto the nanoparticle aggregates, burying the hydro-
philic end groups inside the nanoparticles. The particle size will
increase over the mixing time, forming large nanoparticles.[23] If
solvent exchange completes quickly under rapid mixing (τmix<

τagg), polymers aggregate into smaller and more homogeneous
nanoparticles with the hydrophilic end groups located at the
surface.

Microfluidics, which is capable of precisely controlling the
fluids, has demonstrated great potential to ensure rapid mixing
of solvent and anti-solvent in microchannels.[24,28,29] We utilized
the flow-focusing design of a glass-capillary microfluidic device
and enhanced the mixing of ethanol with water via lamellar
vortices in the microfluidic channels. Under the rapid solvent
exchange, the mixing time (τmix ~ 10 ms) is shorter than the
typical nanoparticle aggregation time (τagg ~ 30 ms); both
curcumin and shellac polymer experience a sudden solvent
exchange and co-precipitate to form curcumin-loaded shellac
nanoparticles, as shown in Figure 1c.[24] An encapsulation
efficiency as high as 98 % is thus achieved. If ethanol and water
are mixed slowly, shellac would precipitate before curcumin as
the water content increases, resulting in failure of active
encapsulation.

Another strategy to effectively load active inside the nano-
particles is sequential nanoprecipitation, which form active
nanoaggregates first followed by the precipitation of polymer,
subsequently encapsulating the active nanoaggregates and
forming a core-shell structure, as shown in Figure 1d. Liu et al.
first precipitated the drugs into nanoaggregates and then
immediately precipitated the polymer to form stable drug-core
polymer-shell nanoparticles with a high drug loading capacity
up to 58.5 % and a high drug encapsulation efficiency up to
98.5 %. Various hydrophobic actives could be encapsulated
inside the nanoparticles by sequential nanoprecipitation and
achieve a high loading capacity and a high encapsulation

efficiency. The high-drug-loading nanoparticles also show very
high bioavailability, demonstrating an enhanced therapeutic
effect and improved safety.[21]

3. Morphology Control

During the co-precipitation process, four hierarchical structures
could be formed if the polymer system consists of two
immiscible polymers, including dimer particle, occluded par-
ticle, core-shell capsule and heteroaggregate, as shown in
Figure 2a.[34] The final morphology of the binary polymer system
is determined by the thermodynamic equilibrium, i. e. the
energy minimum state.[35,36] If we define the solvent, phase A,
and the two polymers, phase B and phase C, the energy of the
binary system is determined by the interfacial tensions between
the three phases, i. e. γAB, γAC and γBC,[35,37] where γAB, γAC and γBC

are the phase A/phase B, phase A/phase C and phase B/phase C
interfacial tensions, respectively. A systematic evaluation of the
interfacial tensions is generally performed using the spreading
coefficients, i. e. SA ¼ gBC � ðgAB þ gACÞ, SB ¼ gAC � gAB þ gBCð Þ

and SC ¼ gAB � ðgBC þ gACÞ.
[38] However, the conditions could be

simplified that i) gAB � gAC > gBC for dimer particle; ii)
gAB > gAC > gBC for occluded particle; iii) gAB > gAC þ gBC for

core-shell capsule; iv) gAB � gAC � gBC for heteroaggregate.
Therefore, the final particle morphology is determined by the
interface tensions and could be adjusted to achieve desired
structure by controlling the interfacial tensions via surfactant,
polymer composition, molecular weight and temperature.

3.1. Effect of Surfactant

At the presence of surfactant molecules, which preferentially
adsorb at the interfaces, the polymer/water interfacial tensions
could significantly be reduced, causing their surface area to
increase. Lee et al. demonstrated that spherical Janus particles
of polystyrene (PS) and polyisoprene (PI) or core-shell capsule
of amine-terminated PS (PS-NH2) and PI could change to
snowman-like Janus particles in the presence of tween 80, a
typical nonionic surfactant soluble in water, as shown in
Figure 2b.[30] With tween 80 present in the system, amphiphilic
surfactant molecules at the interface interact with both the
polymer phase and the aqueous phase, which reduce the
polymer/water interfacial tensions, thus resulting in an increase
in their surface areas and causing the change to snowman-like
Janus particles. Systematic studies have demonstrated that
both the type and concentration of surfactants could tune the
interfacial tensions to achieve desired particle
morphology.[39,40,41]

3.2. Effect of Polymer Composition

Different polymers have different hydrophilicity, which could
also affect the polymer/water interfacial tensions; polymer
composition is thus another parameter that could tune the
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particle morphology, as shown in Figure 2c. Yabu et al. used
solubility parameter, δ, to characterize the hydrophilicity of the
polymers. Generally, the polymer is more hydrophilic, when the

solubility parameter is higher. The experiments show that the
combination of PI (δ~ 16.5) and poly(isobutylene) (PIB, δ~ 15.5)
forms core-shell capsules with relatively hydrophobic PIB core

Figure 1. Preparation of nanoparticles by co-precipitation under rapid mixing. (a) Organic active and amphiphilic diblock copolymer co-precipitate to form
functional nanoparticles when the solvent mixes with the anti-solvent and the mixing time, τmix, is smaller than the composite process, τflash. τflash is the sum of
copolymer aggregation time, τagg, and active nucleation and growth time, tng. Reprinted from ref. [22] with permission from CSIRO. (b) Slow mixing (τmix>τagg)
results in aggregation of polymers before mixing is complete, burying hydrophilic groups in hydrophobic aggregates. Rapid mixing (τmix<τagg) results in
aggregation of polymers after mixing is complete, leading to fewer hydrophilic end groups buried inside the nanoparticles and smaller particle size and size
distribution. Reprinted from ref. [23] with permission from American Chemical Society. (c) Co-precipitation of shellac polymer and curcumin is achieved under
rapid mixing. Shellac polymer would otherwise precipitate before curcumin under slow mixing, resulting in failure of active encapsulation. Reprinted from
ref. [24] with permission from Royal Society of Chemistry. (d) In sequential nanoprecipitation, drugs precipitate first, which are followed by the polymer,
covering the drug nanoaggregates and forming a core-shell structure. Reprinted from ref. [21] with permission from Wiley-VCH.

Figure 2. Controlling the particle morphology by interfacial tensions. (a) Four possible morphologies of two immiscible polymers: dimer particle, occluded
particle, core-shell capsule and heteroaggregate. The equilibrium particle morphology corresponds to the energy minimum state and is governed by the
interfacial tensions. Tuning of the particle morphology by (b) surfactant. Reprinted from ref. [30] with permission from American Chemical Society. (c) polymer
composition. Reprinted from ref. [31] with permission. Copyright 2012 Bulletin of the Chemical Society of Japan. (d) molecular weight. Reprinted from ref. [32]
with permission from The Chemical Society of Japan. (e) temperature. Reprinted from ref. [33] with permission from the American Chemical Society.
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inside PI shell. In the combination of PI with PtBuMA (δ~ 18) or
PS (δ~ 18.6), their solubility parameters are relatively close and
spherical Janus particles are observed. When the solubility
parameter of the polymers is much higher than that of PI, e. g.
poly(methyl methacrylate) (PMMA, δ~ 19.3) or PVAc (δ~ 19.6),
the relatively hydrophilic polymers tend to engulf PI polymer
inside the core of the nanoparticles.[31] Generally, when the
solubility parameters of the two polymers differ greatly, the
system will form a core-shell structure and the polymer with a
higher δ will be the shell. When the difference between the
solubility parameters is small, a Janus structure is preferred.[42]

The experimental results are further confirmed by dissipative
particle dynamics simulations.[29]

3.3. Effect of Molecular Weight

Generally, the interfacial tension between polymers increases as
the polymer molecular weights increase, leading to morpho-
logic changes.[43,44,45,46] Ge et al. demonstrated that low molec-
ular weight PS (L-PS) and low molecular weight PMMA (L-
PMMA) form spherical Janus particles while H-PS and H-PMMA
form snowman-like Janus particles.[47] The difference between
the final morphologies is attributed to the different interfacial
tensions between PS and PMMA with different molecular
weights, i. e. the polymer/polymer interfacial tension increases
as the polymer molecular weights increase, causing less
interfacial area between the polymers. In addition to interfacial
tension, Yoshida et al. argued that the effect of molecular
weight on the mobility of the polymer also plays an important
role in determining the particle morphology. Reducing the
molecular weight of PMMA in the dispersed phase accelerates
the translational speed of the PMMA-rich phase and enables
the engulfing of PBTPA polymer by PMMA polymer, which
changes its morphology from an spherical Janus structure to an
incomplete core-shell structure, as shown in Figure 2d.[32]

3.4. Effect of Temperature

Temperature could also affect the mobility of polymers and
thus the phase separation and the final particle morphology.
Sosa et al. co-precipitated glassy polymer (PS) and nonglassy
polymer (PI) at temperature below the glass transition temper-
ature (Tg) of PS, below which the vitrified PS polymer inhibits
the structural change and the two polymers phase-separate
into a nonequilibrium structure of heteroaggregate, as shown
in Figure 2e.[33] If the particles are annealed at 135 °C, which is
higher than the Tg of PS, PS aggregates start to form a single
domain, forming spherical Janus particles. This is because
vitrified PS aggregates are able to anneal above Tg to reach the
thermal equilibrium state. At even higher temperature, the PS
bulb could even detach from the PI bulb. By using thermores-
ponsive poly(N-isopropylacrylamide) (pNIPAM), which becomes
hydrophobic above its low critical solution temperature (LCST),
Motoyoshi et al. demonstrated reversible changes between
core-shell capsules (T LCST) and Janus particles (T LCST) of the

binary system of PNIPAM and poly(N-isopropylacrylamide-co-N-
dodecylacrylamide) (TRP) by changing the temperature.[42]

In general, the addition of surfactants could significantly
reduce the polymer/water interfacial tensions, causing their
surface area to increase; hydrophilic polymers tend to increase
the polymer/water surface area while hydrophobic polymers
tend to minimize the polymer/water surface area; the interfacial
tension between polymers increases as the polymer molecular
weights increase, leading to the decrease of the polymer/
polymer surface area; particles could kinetically be locked in a
high-energy intermediate state at low temperature, which could
anneal to the equilibrium state at high temperature. These rules
will provide guidance for the design and fabrication of func-
tional nanoparticle with desired structures.

4. Applications

4.1. Applications of Nanoparticles

As discussed above, nanoparticles with a high degree of
structural variability could be achieved by co-precipitation and
controlled phase separation. Among the four morphologies,
occluded nanoparticles are widely used as a versatile vehicle to
load various functional materials, showing a high degree of
functional variability; diverse nanoparticles are developed for
functional material, cancer imaging, cargo encapsulation and
drug delivery, as shown in Figure 3.

By loading chlorophyll in shellac polymer via co-precipita-
tion and subsequently incorporating chlorophyll-loaded shellac
nanoparticles into calcite crystals grown in the gel medium, we
developed an organic-inorganic hybrid functional material for
bioactive molecules, as shown in Figure 3a.[48] The hybrid
material could greatly improve the shelf-life of chlorophyll and
possess a unique pH-triggered release, mimicking the pH
changes in human stomach and intestine.

When nanoparticles are loaded with fluorescent dyes, they
could be used for sensing and imaging in living cells with very
high spatial and temporal resolution. Runser et al. monitored
the behavior of Rhodamine B-loaded nanoparticles at the level
of single particle and showed that the particles diffuse freely
within the cytoplasm of living cells.[52] Fathi et al. prepared
biliverdin-loaded nanoparticles, a naturally occurring heme-
based pigment, and demonstrated that injection of the nano-
particles into mice can lead to enhanced photoacoustic
signals.[53] Li et al. prepared charge-conversion nanoparticles
with amphiphilic polymers at the surface by flash nanoprecipi-
tation. The critical pH for the charge transition (pH ~ 7.2) enables
negative charge at physiological pH, resisting protein adsorp-
tion, and the negative-to-positive charge transition occurs
under slightly acidic condition, increasing their cellular uptake
at weakly acidic tumor tissue, as shown in Figure 3b.[49]

The nanoparticles formed by co-precipitation are widely
used to encapsulate cargos, such as β-carotene, doxorubicin,
paclitaxel, curcumin, insulin, DNA and so on, to solve the
problems of low water solubility, poor stability, poor bioavail-
ability and controlled release.[54,55,56,57,58,59,60,61,62,63] Lu et al. used
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flash nanoprecipitation to prepare water-dispersible nanopar-
ticles of 50–400 nm in size containing OZ439, a poor orally
bioavailable but promising candidate for single-dose malaria
treatment. Compared with unencapsulated drug, OZ439-loaded
nanoparticles show characteristics of sustained release and the
released drug concentration is several times higher, effectively
improving the drug’s bioavailability, as shown in Figure 3c.[50]

The nanoparticles could also reduce the amount of drug
required per patient and the cost for the development of
single-dose oral malaria therapeutics.

By engineering the polymers, nanoparticles can also achieve
target drug delivery by actively delivering the particles to the
diseased tissues through enhanced permeability and retention
(EPR) effect.[64,65,66] Lale et al. prepared AS1411 aptamer and folic
acid functionalized pH-responsive pPEGMA-PCL-pPEGMA poly-
meric nanoparticles via atom transfer radical polymerization
(ATRP). The folate-mediated endocytosis improves the targeting
efficiency of the nanoparticles to the cancer cells and their
accumulation. Doxorubicin is then released under the acidic
environment of cancer cells via the breakage of acid-labile
hydrazone linkage, through which doxorubicin is conjugated to
the triblock polymer, as shown in Figure 3d.[51] Gao et al.
prepared DM1-NO, a nitrosylated maytansine analogue, and
encapsulated it inside PLGA-b-PEG nanoparticles. The toxicity of
DM1 is suppressed by nitrosylation and encapsulation. Under

irradiation at the tumor site, oxidative stress increases, leading
to the S� N bond breakage and the release of DM1 and NO,
both of which could suppress the tumors.[67]

4.2. Applications of Core-Shell Capsules

Similar to occluded particles, capsules with a hierarchical core-
shell structure are widely used for delivery vehicle, controlled
release and functional material, as shown in Figure 4.[70,71,72,73,74,75]

Via one-step co-precipitation and controlled phase separation,
we actively encapsulated various oils in the biocompatible core-
shell nanocapsules and used them as delivery vehicle to
improve the bioavailability of capsanthin, paclitaxel and doxor-
ubicin, as shown in Figure 4a.

In addition to co-precipitation, microfluidics has also been
applied to prepare uniform core-shell microcapsules via con-
trolled phase separation.[76,77,78] The preparation of microcap-
sules by microfluidics generally use single emulsions as
templates or double emulsions as templates. When using single
emulsions as templates, the microcapsules are prepared by the
controlled phase separation of the polymer upon solvent
evaporation.[79,80] Tang et al. used a flow-focusing microfluidics
device and prepared uniform droplets of oil and polymer in
chloroform. Upon fast solvent evaporation, the polymer phase

Figure 3. Applications of nanoparticles. Diverse designs of nanoparticles for (a) functional material, e. g. chlorophyll-loaded shellac nanoparticles in gel-grown
calcite crystals. Reprinted from ref. [48] with permission from Elsevier. (b) cancer imaging, e. g. charge-tunable nanoparticles for improved serum stability and
enhanced cancer cellular uptake. Reprinted from ref. [49] with permission from the American Chemical Society. (c) cargo encapsulation, e. g. increased
bioavailability of mesylate-loaded nanoparticles in simulated intestinal fluid. Reprinted from ref. [50] with permission from the American Chemical Society. (d)
drug delivery, e. g. dual-targeted (AS1411 aptamer and folic acid) and pH-sensitive pPEGMA-PCL-pPEGMA nanoparticles for targeted doxorubicin delivery in
cancer therapy. Reprinted from ref. [51] with permission from the American Chemical Society.
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separates into small polymer-rich droplets, which then migrate
to the water/oil interface, coalescing to form core-shell micro-
capsules, as shown in Figure 4b.[68] The oil could subsequently
be released by dissolving the polymer shells under acidic
environment.

When using double emulsions as templates, the interfacial
tensions between the phases are engineered. Deng et al.
adjusted the spreading coefficients between the phases so that
droplets of one fluid completely engulf droplets of the other
immiscible fluid, as shown in Figure 4c.[69] These core-shell
microcapsules could be used as templates to develop various
functional materials.

4.3. Applications of Dimer Particles

Dimer particles with two different chemical compositions, also
called Janus particles, have great potential in colloidal surfac-
tant, display, microlaser and drug release.[85,86,87,88,89] Similar to
surfactant molecules, Janus dimer particles could also be
amphiphilic and have a much stronger anchoring strength at
the water/oil interface. We successfully prepared amphiphilic
dimer particles consisting of a hydrophobic PLA bulb and a
hydrophilic shellac-PEG bulb and demonstrated that by engi-
neering the diameter ratio of the dimer particles, i. e. the ratio
of the hydrophobic bulb to the hydrophilic bulb, the curvature
of the water/oil interface could easily be tuned, thus giving a
flexible control over the type of emulsions, as shown in
Figure 5a.[81] By designing the Janus particles, shape-changeable
and amphiphilicity-tunable colloidal surfactants are also devel-
oped, which could reverse the emulsion type under proper
conditions, such as pH changes.[90,91,92]

A well-known application of Janus dimer particles with
asymmetric optical and magnetic properties is display. The
motion of two-color Janus particles can be controlled remotely
under the action of external electric or magnetic field. By
magnetizing the Janus particles consisting of PS bulb and Fe3O4

bulb along different direction, two kinds of magnetic Janus
particles (J-1 magnetized along the PS/Fe3O4 interface and J-2
magnetized perpendicular to the PS/Fe3O4 interface) are
achieved and their applications as switch and display are
demonstrated in Figure 5b.[82] The magnetic Janus particles can
easily be flipped or rotated under an external magnetic field,
making it a good pixel unit in display,[93,94] and a magnetic
needle can be used to freely write on the display panel.[95]

Encapsulation of functional materials in the dimer particles
enables the functionalization of the particles for microlaser and
imaging. Wei et al. took advantages of the different affinity of
different dyes with different polymers and successfully prepared
dual-color fluorescent dimer particles, whose two sides are
distinctively doped with hydrophilic and hydrophobic dyes for
the achievement of dual-color microlaser, as shown in Fig-
ure 5c.[83] When loaded with iron oxides, the dimer nano-
particles could be applied to sensitive MPI tracking after
implantation into mice.[96]

Janus dimer particles could also be used as carriers to load
different drugs simultaneously for drug delivery and
nanomedicine.[97,98,99] Li et al. made oil-in-water single emulsions
using microfluidics and obtained biocompatible and biodegrad-
able PLGA/PCL Janus dimer particles by precisely controlling
the phase separation of the two immiscible components upon
solvent evaporation. Because PLGA is hydrophilic and PCL is
hydrophobic, different drugs with different hydrophobicity can
simultaneously be encapsulated in different bulbs. For example,

Figure 4. Applications of core-shell capsules. (a) Controlled preparation of hierarchical core-shell nanocapsules by co-precipitation upon rapid mixing and
their application as delivery vehicle. (b) Core-shell microcapsules formed by the precipitation of cPPA polymer at the water/oil interface upon fast solvent
evaporation and their controlled release of the core material by crushing. Reprinted from ref. [68] with permission from the American Chemical Society. (c)
Thickness-tunable microcapsules prepared by wetting of one liquid by the other and their application as functional material. Reprinted from ref. [69] with
permission from the Royal Society of Chemistry.
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the hydrophilic fluorescent dye, Rhodamine B, preferentially
stains PLGA bulb instead of PCL bulb. In addition, the
degradation rate of PLGA is much faster than that of PCL and
Janus dimer particles thus can realize controllable and program-
mable drug release, first releasing drug A in PLGA and then
releasing drug B in PCL, as shown in Figure 5d.[84] Two drugs
simultaneously loaded in Janus dimer particles could also show
pH-sensitive release of individual drugs.[100] Local inhalation
treatment of mice bearing lung tumors using Janus dimer
nanoparticles loaded with two anticancer drugs are able to
successfully suppress the tumor growth.[101]

5. Conclusions and Outlook

Co-precipitation under rapid mixing and controlled phase
separation by tuning the interfacial tensions are a versatile
method to prepare occluded particle, core-shell capsule, dimer
particle and heteroaggregate, providing countless interesting
possibilities in various fields. The diverse particle carries provide
an excellent platform for the development of various functional
materials on demand. For example, by loading drugs, dyes or
magnets, the particles could be applied in drug delivery,
imaging or display, respectively. The systematic understanding
of the particle formation and the precise regulation of their
structures will help the design of particles with their properties
optimized for targeted applications and provide general
guidance for the development of novel applications based on

the particle carriers. We believe that the diverse particle carriers
will play a more and more important role in both science and
technology, especially their applications in biological fields.

Acknowledgements

This work is supported by the National Natural Science Founda-
tion of China (Grant No. 21878258 and 11704331), Zhejiang
Provincial Natural Science Foundation of China (Grant No.
Y20B060027) and Zhejiang University Education Foundation
Global Partnership Fund. This work is also supported by the
National Science Foundation (DMR1310266) and the Harvard
Materials Research Science and Engineering Center (DMR-
1420570). B. Wu acknowledges the financial support from China
postdoctoral Science Foundation (Grant No. 2019TQ0274). C.-X.
Zhao acknowledges the financial support from the Australian
Research Council under Future Fellowship (FT140100726).

Conflict of Interest

The authors declare no conflict of interest.

Keywords: cargo delivery · interfacial tension · microfluidics ·
nanostructures · precipitation

Figure 5. Application of dimer particles. (a) Application of amphiphilic dimer particles as colloidal surfactants and tuning of the interfacial curvature and thus
the emulsion type by the particle diameter ratio. Reprinted from ref. [81] with permission from Wiley-VCH. (b) Preparation of magnetic dimer particles by
microfluidics and their application as display. Reprinted from ref. [82] with permission from the Royal Society of Chemistry. (c) Bicolor Janus particles prepared
by polarity-driven encapsulation of two different dyes in separate bulbs and their application as microlaser. Reprinted from ref. [83] with permission from the
American Chemical Society. (d) Preparation of PLGA/PCL Janus particles by solvent evaporation and phase separation and their application for drug release.
Reprinted from ref. [84] with permission from the Royal Society of Chemistry.
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Mixing matters: Co-precipitation
under rapid mixing and controlled
phase separation by tuning the inter-
facial tensions are versatile method
to prepare occluded particles, core-
shell capsules, dimer particles and
heteroaggregates. This Minireview
outlines the formation and applica-
tions of these particles, which
provide countless interesting possi-
bilities in functional materials,
colloidal surfactants, imaging, cargo
encapsulation and drug delivery.
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