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ABSTRACT: Although a number of techniques exist for generating structured organic nanocomposites, it is still challenging to
fabricate them in a controllable, yet universal and scalable manner. In this work, a microfluidic platform, exploiting superfast
(milliseconds) time intervals between sequential nanoprecipitation processes, has been developed for high-throughput
production of structured core/shell nanocomposites. The extremely short time interval between the sequential nanoprecipitation
processes, facilitated by the multiplexed microfluidic design, allows us to solve the instability issues of nanocomposite cores
without using any stabilizers. Beyond high throughput production rate (∼700 g/day on a single device), the generated core/shell
nanocomposites harness the inherent ultrahigh drug loading degree and enhanced payload dissolution kinetics of drug
nanocrystals and the controlled drug release from polymer-based nanoparticles.
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Nanoparticles are of great scientific interest due to their
wide varieties of potential applications in medical,1

optical,2,3 and electronic4 fields. The synthesis approaches for
nanoparticles can be generally classified into top-down and
bottom-up. Top-down techniques, such as milling,5,6 ultra-
sonication,7 and high-pressure homogenization,8 involve the
size reduction of bulk materials to nanoscale. In this approach,
high energy or pressure input is typically required, yet the
efficiency of size reduction is limited, especially for nanoparticle
sizes below 100 nm.9 Moreover, fabrication of complex,
structured, and multilayered nanocomposites by top-down
approaches is technologically challenging. Conventional
bottom-up techniques yield nanoparticles through chemical
reactions,10 nucleation,11 or self-assembly.12 The organic
nanoparticles produced by such approaches are typically
characterized by a wide size distribution, which can be ascribed
to the alternation of synthesis conditions, as well as coagulation,

aggregation, and agglomeration during particle growth.13

Therefore, intensive formulation optimizations,14 such as the
case-specifically selection of stabilizers and adjustment of their
concentrations, are indispensable for bottom-up approaches.
These formulation optimizations ultimately impose constraints
on the types of layered nanoparticles prepared by such
approaches. For a core/shell structured organic nanocomposite
prepared by the bottom-up approach, it is typically made in a
two-step process: the formation of a nanoparticle core and then
the encapsulation of nanoparticle core within a polymer
nanomatrix. All intermediate steps, such as centrifugation,
sonication, and vortexing, introduce significant variability in the
characteristics of the formed core/shell nanocomposites.15
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Microfluidics nanoprecipitation, one of the bottom-up
techniques, has emerged for continuous production of a variety
of nanomaterials by utilizing fluid diffusion, mixing, emulsifi-
cation, or their combinations.16 Benefiting from their small
channel dimensions and the resulting large surface-to-volume
ratio, microfluidic setups offer rapid and uniform mass transfer
and consequently superior control over the characteristics of
produced nanomaterials.17 Liposomes,18 polymer nanopar-
ticles,11 quantum dots,19 iron oxide nanoparticles,20 gold
nanoparticles,21 and gold nanorods22 have been successfully
prepared by the microfluidic approaches, showing smaller
particle size and narrower size distribution than those prepared
by the conventional bulk methods. Microfluidic nanoprecipita-
tion is also an efficient approach toward the encapsulation of
nanoparticles. Inorganic nanoparticles, such as porous silicon
nanoparticles,23 iron oxide nanoparticles,24 gold nanopar-
ticles,24 and quantum dots,24,25 have been efficiently encapsu-
lated within the organic nanomatrix to synthesize the hybrid
nanocomposites for biomedical applications. In terms of
inorganic core/shell nanoparticles, an in situ redox process in
microfluidic reactors has been developed to synthesize hybrid

nanoparticles with amorphous metallic cores and uniform metal
oxide shells at a large scale.26

Recently, a lipid−polymer hybrid nanoparticle, comprising a
polymeric core to carry hydrophobic therapeutics and an outer
lipid shell to prolong the circulation half-life, has been
becoming a new class of nanocarrier for drug delivery
applications.15,27 The lipid−polymer hybrid nanoparticles
combine the merits of the polymeric nanoparticles and
liposomes. By varying the amounts of interfacial water between
the polymer core and lipid shell, the rigidity of lipid−polymer
hybrid nanoparticles can be tuned.28,29 The obtained hard
lipid−polymer hybrid nanoparticles demonstrated an enhanced
anticancer efficacy than soft ones with the same amount of
payload. Moreover, a hollow structured lipid−polymer hybrid
nanoparticle has been prepared by a three-stage-mixing
microfluidic device to efficiently entrap the hydrophilic
therapeutics, such as small interfering RNA (siRNA).30 The
siRNA and doxorubicin coloaded hollow-structured rigid
nanovesicle exhibits enhanced cancer treatment efficacy in a
multidrug resistance tumor model.
The mass fraction of therapeutics (drug loading degree) is

one of the most important features for particulate drug delivery

Figure 1. Superfast sequential nanoprecipitation microfluidic platform. (A) Overview and close-up of a 3D glass capillary device to prepare
structured core/shell nanocomposites. (B) Fluid mixing patterns in the first (left side) and second (right side) mixing processes visualized by light
microscope. (C and D) Plot of the ratios between the axial concentration (Cax) and completely mixing equilibrated one (Cequ) at the first (C) and
second (D) mixing processes. (E and F) Phase diagrams of flow regimes at the first (E) and second (F) mixing process. (G) Contour of the fluid
velocities in the first (left side) and second (right side) mixing processes. The color bar on the right side represents the normalized velocity
magnitude (0−1 m/s).
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systems. Although a variety of particles with distinguished
characteristics have been successfully synthesized, the obtained
carriers usually showed a low level of drug loading degrees. For
example, the mass fractions of atorvastatin and dipeptidylpepti-
dase-4 were <1% in enteric hypromellose acetate succinate
microparticles prepared by the droplet microfluidics.31−33

When paclitaxel (PTX) was encapsulated in poly(lactic-co-
glycolic acid) (PLGA) and acetalated dextran (AcDX),34 the
mass fraction of PTX in the microfluidic nanoprecipitated
nanoparticles was only ∼6%,11 although this value was
significantly higher than those prepared by the bulk nano-
precipitation. In terms of microfluidic assembled docetaxel-
loaded PLGA nanoparticles, the drug loading degree varied
from ∼1% to ∼7%.20,35,36 Because of the limited mass fraction
of therapeutics, a large number of particles are unavoidable to
be administrated to deliver a clinically relevant therapeutic
dose. Consequently, the administrated large amount of
nontherapeutic excipients may cause undesirable side effects.37

When polymer nanoparticles were prepared by conventional
methods, such as emulsion−solvent evaporation or polymer
film hydration, the drug loading degree could achieve ∼27%
and ∼15% for PTX38,39 and sorafenib (SFN),40 respectively.
The PTX loading degree could reach up to 59% in
poly(ethylene glycol)-b-PLGA nanomicelles,41 after adjusting
the hydrophobicity and hydrolytic lability of PTX by forming
PTX−silicate conjugates. In comparison to the conventional
emulsion−solvent evaporation or polymer film hydration
methods, there is an urgent need to improve the drug loading
degree of particles prepared by microfluidic approaches.
In this work, we present a new method for controlled of

multilayered core/shell organic nanocomposites by multiplex
microfluidics. Our microfluidic process is scalable and exploits
sequential mixing of nanocomposite precursors with the
corresponding nonsolvents to create superfast time intervals
(in milliseconds range) between the sequential nanoprecipita-
tion processes. In this manner, we can produce core/shell
structured organic nanocomposites in a continuous process that
is scalable to industrial production rate, with speed and easiness
similar to production of single-material nanoparticles. Thanks
to the short time interval between the repeated nano-
precipitation processes, we can overcome the instability of
the nanocomposite cores, without any stabilizers, by simply
encapsulating them in the nanomatrix (shell) immediately after
the first precipitation process. This makes the presented
approach universally applicable to production of a variety of
nanocomposites, without the need of optimization of the
stabilizer contents. When a drug nanocrystal has been
encapsulated in the polymeric nanomatrix, the obtained core/
shell organic nanocomposites harnessed the advantages of both
polymeric nanoparticles, such as biodegradability and con-
trolled drug release,42 and those of drug nanocrystals, including
the ultrahigh drug loading degree and enhanced dissolution
rate.43

Our novel microfluidic platform that generates core/shell
structured organic nanocomposites through a superfast
sequential nanoprecipitation method is illustrated in Figure
1A. The microfluidic device consists of three sequentially
nested cylindrical glass capillary tubes. In a general preparation
process, the inner fluid 1 (F1, nanocomposite core and shell
precursors) is pumped through the space between the two
tapered capillaries 1 (C1) and 2 (C2), while the inner fluid 2
(F2, nonsolvent for the core precursor only) flows through the
tapered C2. The outer fluid 3 (F3, nonsolvent for both core

and shell precursors) is pumped through the space between C1
and capillary 3 (C3). The studied mass flow ratio among the
F1, F2, and F3 is 1:5:30 unless otherwise specified. The specific
flow rate of each fluid in terms of Reynolds number (Re, eq S1)
has been listed in Table S1. All fluids flow in the same direction.
By ensuring the small difference (∼0.1 mm) between the outer
diameter of C2 and inner diameter of C1, as well as the outer
diameter of C1 and inner diameter of C3, a coaxial geometry is
achieved. Taking advantage of the coaxial geometry, this
microfluidic device provides a distinct capability of rapid and
uniform mass transfer.44,45

Fluid flow and mixing patterns of the device in terms of Re
are visualized by adding bromophenol blue to F1 (Figure 1B).
The bromophenol blue is used as a pH indicator; its color
reversibly changes from blue at pH 4.6 to yellow at pH 3.0.
Therefore, the color of fluids gradually became yellow upon
mixing with the acidic F3 (pH 3). The highest Re achieved for
this microfluidic device is 1300. This limit is constrained by the
maximum force of the syringe pumps. Computational fluid
dynamics (CFD) simulations are used to compute the
concentration and velocity fields in the microfluidic domain.
The CFD model is described by eqs S2−S4, and the finite
element method has been implemented to solve the laminar
flow when Re ≤ 100. At Re 10, a coaxial jet forms, and two
microvortices generate beside the jet at the downstream of C2
nozzle in the first mixing process for both microscope imaging
(Figure 1B) and CFD simulation (Figure S1). The bigger the
Re, the larger the recirculation areas (microvortices). In the
second mixing process, the F1 and F2 mixtures are focused by
F3 at the downstream of C1 nozzle at Re 10 and 50, as shown
in the microscope images and CFD simulation. The color of
the F1 and F2 mixture flow changes to yellow farther in the
downstream in CFD simulation, which can be attributed to the
fluid diffusion between the F1 and F2 mixture and F3. Because
of the fluid diffusion and decrease of the fluid pH conditions, a
similar phenomenon was observed in microscope images. No
complete mixing at the first and second mixing processes was
detected within 50 mm downstream of C2 and C1 nozzles,
which is confirmed by the nonconstant axial concentration (Cax;
Figure 1C and D).
By increasing flow rate, the flow regime in the first and

second mixing process both transit to turbulent jet20 at Re 500
and 1300. Therefore, the flow domain needs to be solved using
direct numerical simulation (DNS) which requires an extremely
fine mesh to solve the small-scale eddies. To overcome the
computational limitation of using DNS, a turbulent flow model
(eqs S5−S10) was employed to simulate the fluids mixing
patterns at Re 500 and 1300. The coaxial jet disappears, and the
uniform color of the fluids mixture at the downstream of C2
and C1 nozzles indicates the complete fluids mixing for both
the first and second mixing process (Figures 1B and S1). Cax
reaches a plateau within 2 mm in the downstream of the
nozzles (Figure 1C and D), further proving the complete
mixing between the fluids. In CFD simulation, the later
transition to turbulent flow than that in microscope imaging
can be ascribed to oversized turbulent viscosity in the
turbulence model which reduce the turbulence effect on
mixing.46

The flow behavior is categorized into laminar, vortex, and
turbulent jet regimes as summarized in Figure 1E and F. Local
Re (LRe) and flow ratios in C1 and C3, respectively, were used
to simplify the comparison. In the first mixing process, F2 is
focused by F1 when the flow ratio between F2 and F1 (FR21) is
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close to 1. This regime transits to vortices and turbulence by
increasing Re and FR21. In the second mixing process, a laminar
flow of the F1 and F2 mixture focused by F3 is observed when
Re < 40. As Re gets bigger, the flow becomes unstable and
changes to a turbulent jet regime in both mixing processes. The
fluid mixing pattern transition is accelerated by accelerated the
FR21 in the first mixing process. An opposite trend was
observed in the second mixing process after boosting the flow
ratio between F3 and mixture of F1 and F2.
As expected, the larger the Re, the higher the fluid velocity of

this device (Figure 1G). The velocity of the fluids flowing
through the capillary nozzles is much faster than that flowing in
the rest space of the device, which can be attributed to the small
dimension (∼90 μm) of the nozzles. According to the flow rate
and the mixing distance in the CFD simulation, extremely fast
complete mixing (<0.5 ms) can be achieved for both the first
and the second mixing at Re 500 and 1300, independent of the
flow ratios. Our superfast sequential microfluidic nano-
precipitation platform enables fast fluids mixing on a small
length scale at turbulence regime, as well as minimization of the
device dimension.
To demonstrate the possible application of this micro-

capillary device, two poorly water-soluble anticancer drugs,
PTX and SFN, and one enteric coating polymer hypromellose
acetate succinate (H grade fine powders, HF; Figure S2) were
selected to synthesize the drug nanocrystals encapsulated core/
shell nanocomposites. Figure 2A outlines the solubility
diagrams of nanocomposite precursors. We introduced the

mixture fraction (ξ), which has the value ξ = 1 for the
nonsolvent (water), and ξ = 0 for the solvent (acetone), to
quantify the solubility of the nanocomposite precursors. When
basic water (pH 10.5) served as the nonsolvent, the mixture
fraction values at which the solubility limit crossed are
approximately ξ ≈ 0.5 for both PTX and SFN, and no
solubility limit crossing has been observed for the HF. The
solubility limit crossing mixture fraction value is ξ ≈ 0.6 for HF
by using acidic water (pH 3.0) as the nonsolvent. Once the
solubility limit is crossed, diffusion controlled nucleation and
aggregation of the drug and polymer molecules occur
spontaneously, which can be ascribed to the poor solubility
of these compounds in the nonsolvent.47

The precipitation process starts with supersaturation initiated
by the diffusion and rapid mixing between the solvent and
nonsolvent streams, driving the nucleation and precipitation of
drug and polymers molecules sequentially. Specifically, drug
nanocrystal cores formed at first by mixing a drug−acetone
solution containing HF (F1) with a basic aqueous solution (pH
10.5, F2). Due to its pH-responsive feature, no precipitation of
HF occurred at this stage. This drug nanocrystal suspension
containing dissolved HF can then mix with another acidic
aqueous solution (pH 4, F3). Because of the decreasing pH, the
HF was precipitated and deposited onto the surface of firstly
formed drug nanocrystals in the second mixing process.
We identified the structure and morphology of obtained

nanocomposites by taking transmission (TEM) and scanning
(SEM) electron microscope images. Clear core/shell structures

Figure 2. Superfast structured core/shell nanocomposites. (A) Solubility diagram of the nanocomposite precursors (n = 3). The straight short dot
line connecting the solvent and nonsolvent is the mixing line. C and C0 are the concentrations of nanocomposite precursors before and after adding
nonsolvent, respectively. (B) TEM images of PTX@HF (1, 3 and 5) and SFN@HF (2, 4, and 6) prepared under different conditions. (1) and (2),
Re 100 with a drug−polymer weight ratio of 1:1 in F1; (3) and (4), Re 100 with a drug−polymer weight ratio of 2:1 in F1; and (5) and (6), Re 1300
with a drug−polymer weight ratio of 1:1 in F1. (C) TEM images of PLGA@HF (1), PLGA@AcDX (2), PLGA@AcDXSP (3), and AcDXSP@HF
(4). (D) Impact of Re on particle size and size distribution, obtained from dynamic light scattering, of PTX@HF (1) and SFN@HF (2) (n = 3).
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for both PTX and SFN nanocomposites (PTX@HF and SFN@
HF) demonstrate the successful encapsulation of drug
nanocrystals (Figure 2B). We checked the effect of the
nanocomposite precursors ratio on the structure of the
obtained nanocomposites at Re 100. The smaller is the
polymer and drug weight ratio, the thinner is the polymer shell,
independent of the types of drug nanocrystals encapsulated.
When the drug−polymer weight ratio was 1:1, the sizes of drug
nanocrystal cores and the whole core/shell nanocomposites
decreased by simply increasing the Re from 100 to 1300. All the
particles showed core/shell structures, indicating the high
efficiency of this superfast sequential nanoprecipitation method.
After encapsulation within the HF shell, the prepared
nanocomposites were spherical in morphology (Figure S3).
Both SEM and TEM images indicate that the polymer shells
fully cover the surface of drug nanocrystals.
To demonstrate the versatility of our platform, different

core/shell nanocomposites were fabricated (Figure 2C). The
selection of poly(lactic-co-glycolic acid) (PLGA) to form the
nanocomposite core is because of its higher brightness than
other materials in TEM imaging (Figure S4), making the
structure of generated nanomaterials easier to be identified. As
expected, the obtained PLGA nanocomposites, PLGA@HF,
presented a clearer core/shell structure than those of PTX@HF
and SFN@HF. The negatively charged AcDX34 and positively
charged spermine-functionalized AcDX (AcDXSP)48 were
employed to encapsulate the PLGA cores (PLGA@AcDX
and PLGA@AcDXSP). Regardless of the polymer charges,
clear core/shell structures were always detected for both
PLGA@AcDX and PLGA@AcDXSP. Moreover, our platform
can also encapsulate the AcDXSP core within HF polymer
nanomatrix to form core/shell structured AcDXSP@HF.
Next, we evaluated the impact of Re on the particle size and

size distribution of PTX@HF and SFN@HF (Figure 2D). With
Re > 10, the polydispersity index (PDI) was <0.2 for all the

fabricated drug nanocrystals encapsulated nanocomposites,
showing high size homogeneity. The microfluidic platform
enables the superfast mixing of three fluids at higher Re and
assembly of nanocomposite precursors sequentially. For both
core/shell nanocomposites prepared, the higher the Re, the
faster the mixing rate between fluids, and consequently, the
smaller their average particle size and the narrower their size
distribution.25 By simply changing the Re, the reproducibility of
the core/shell nanocomposites was controlled in the range of
60−450 nm and 70−550 nm for PTX@HF and SFN@HF,
respectively. This microfluidics platform offers a good control
of preparation process, leading to tunable particle size with
narrow size distribution.17,49 The average particle size obtained
from dynamic light scattering is in accordance to the size of
separated nanocomposites showed in the TEM and SEM
images. As shown in Figure S5, the solid bridges among the
nanocomposites disappeared after 5 times diluting of the
suspension. According to the dynamic light scattering results
and EM images of diluted suspensions, the solid bridge forming
among the nanocomposites can be attributed to the drying
process. To show more representative nanocomposites, we still
chose the nanocomposites with relatively high concentrations
for SEM and TEM imaging. With regard to the reproducible
nanocomposites synthesis, PTX@HF and SFN@HF with the
desired particle size and narrow size distribution were obtained
in over 20 independent nanoprecipitation experiments at Re 50
and 500 (Figure S6). The operation of this microfluidic
platform in a continuous mode offers a high batch-to-batch
reproducibility for fabricated nanomaterials.
The freshly produced bare PTX and SFN particles were in

nanoscale; however, their size increased ∼37 times after 192 h
(Figure 3A). The size evolution rate of SFN particles was
slower than that of PTX. As shown in Figure 3B, the
precipitation of bare PTX yielded several micrometer long
rods, whereas flat trapezoids of several micrometer wide formed

Figure 3. Stability of fabricated nanocomposites. (A) The size evolution of bare drug nanocrystals as a function of time (n = 3); the average size of
freshly prepared nanoparticles served as the control. (B) SEM images of bare PTX (1) and SFN (2) particles after storing at 4 °C for 1 month. (C)
The average residence time of drug nanocrystals in C1 in terms of Re. (D) The size evolution of drug nanocrystals encapsulated nanocomposites
over time (n = 3); the average size of freshly prepared nanoparticles served as the control. (E) SEM images of PTX@HF (1) and SFN@HF (2) after
storing at 4 °C for 1 month. (F) The SFN@HF production rate at Re 100 and 1300 with different flow ratios (1:2:6 and 1:5:30).
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for the bare SFN particles. Similar evolution trends on the PDI
of PTX and SFN particles were observed (Figure S7). The
small increasing times on the PDI for PTX can be ascribed to
its fast particle size evolution, leading to a large PDI for the
control sample. Due to coagulation, aggregation, or agglomer-
ation, the size of the obtained drug particles further grew,50

making the size retaining of drug particles prepared by bottom-
up approaches.51,52 The Ostwald ripening, the growth of bigger
particles in expense of the smaller ones, is another important
explanation for the increasing average particle size of bare drug
nanocrystals.51,52

We argue that the polymer shells can immediately cover the
surface of freshly formed drug nanocrystals in this superfast
sequential nanoprecipitation method, which can address the
size stability issue for drug nanocrystals synthesized by bottom-
up approaches. We measured the residence time distribution
(RTD, eqs S11−S14) of drug nanocrystals inside C1 (Figure
S8). In this microfluidic device, the higher the Re, the shorter
the average residence time of drug nanocrystals in C1 (Figure

3C). We consider the time spent for drug nanocrystals to pass
through C1 as the time intervals between the first and second
nanoprecipitation. The time interval between the two
precipitations can be tuned from over 10 s at Re 10 to less
than 0.1 s at Re 1300. The rapid process between two
nanoprecipitation processes enable the superfast deposition of
HF to cover the surfaces of freshly formed drug nanocrystals.
When the amount of HF deposited onto drug nanocrystals
increases sufficiently, the growth of drug nanocrystals are
stabilized. Benefiting from the superfast formation of polymer
shells, we can prepare drug nanocrystals encapsulated core/
shell structured nanocomposites without using any stabilizers
and easily keep their size below 100 nm. No significant changes
on the average particle size (Figure 3D), particle size
distribution (Figure S7), and particle morphology (Figure
3E) were observed for PTX@HF and SFN@HF after one-
month storage at 4 °C.
Since the residence time of drug nanocrystals in the alkaline

condition is extremely short and the final pH value of the

Figure 4. Physicochemical characterization of fabricated nanocomposites. (A) Drug loading degrees of PTX and SFN loaded nanomaterials
fabricated by either single or sequential nanoprecipitations (n = 10). (B) X-ray powder diffractogram of PTX (1), PTX-HF PM (2), PTX@HF (3),
and HF (4). (C) Diffractogram of SFN (1), SFN-HF PM (2), SFN@HF (3), and HF (4). (D) DSC curve of PTX (1), PTX-HF PM (2), PTX@HF
(3), and HF (4). (E) DSC curve of SFN (1), SFN-HF PM (2), SFN@HF (3), and HF (4). (F) FTIR spectrum of PTX (1), PTX-HF PM (2),
PTX@HF (3), and HF (4). (G) FTIR spectrum of SFN (1), SFN-HF PM (2), SFN@HF (3), and HF (4). (H−J) The SEM images of PTX@HF
(1) and SFN@HF (2) after incubating with a buffer solution of pH 1.2 (H), pH 5.0 (I), and pH 7.4 (J) for 10 min. (K) Drug release profiles of
prepared core/shell nanocomposites with continuous changes in the pH conditions starting from pH 1.2 to 7.4 at 37 °C (n = 3).
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nanosuspension is close to neutral, the loaded therapeutics are
expected to be stable. The chromatograms of loaded
therapeutics obtained by reversed-phase high-performance
liquid chromatography (HPLC) are presented in Figure S9.
The symmetric and sharp chromatographic peaks of PTX and
SFN indicate the good stability of loaded therapeutics during
the core/shell nanocomposite preparation process.
One major concern for the synthesis of nanomaterials using

microfluidic platforms is their productivity.27,36 We assume that
all of the precursors pumped into the microfluidic platform can
be converted into the core/shell nanocomposites. High flow
rates of this microfluidic device offer an inherently high
throughput with superfast nanocomposite production. When
the concentrations of SFN and HF were respectively fixed at 25
mg/mL with a flow ratio of 1:2:6 (F1:F2:F3), the production
rate of the nanocomposites can reach ∼700 g/day at Re 1300
(Figure 3F and Table S2). The single microfluidic device can
meet the nanomaterials production rate requirements for both
the clinical studies (0.1 kg/day) and industrial-scale production
(1 kg/day).20

Most drug-loaded nanoparticles are composed primarily of
nontherapeutic hosting components. For instance, the PTX and
SFN loading degree (mass fraction of therapeutics in
nanoparticles) was only ∼6% for the drug loaded HF
nanoparticles prepared by the single microfluidic nano-
precipitation method (Figure 4A).11 Consequently, a large
amount of nanocarriers are needed to deliver a clinically
relevant therapeutic dose, which may cause undesirable side
effects and drive up the treatment cost.37 The simultaneous
nanoprecipitation of nanoparticle precursors and therapeutic
molecules limits the space inside the polymer matrix to
incorporate therapeutics. In the core/shell nanocomposites
generated by the superfast sequential nanoprecipitation
method, the encapsulated drug nanocrystal takes the major
part of the obtained nanocomposite; therefore, ultrahigh drug
loading degree can be achieved. Specifically, the PTX loading
degree increased from ∼6.7% to 42.6% and from 6.2% to 45.2%
for SFN after using the superfast sequential nanoprecipitation
method with a polymer−drug ratio of 1:1 in F1 (Figure 4A).
The reproducible syntheses of core/shell nanocomposites with
desired drug loading degrees were obtained with respect to
PTX@HF and SFN@HF in 10 independent experiments,
showing good batch-to-batch reproducibility.
Because amorphous materials are generally unstable,

cohesive, potentially hygroscopic, and prone to recrystallization,
the ideal drug nanoparticle cores for long-term storage should
be in crystalline form.9 We confirmed the solid state of the
payloads in the core/shell nanocomposites by X-ray diffraction
(XRD; Figures 4B and C) and differential scanning calorimetry
(DSC; Figures 4D and E). The XRD diffractograms of the
PTX-HF physical mixture (PTX-HF PM) and PTX@HF show
that the samples appear to have retained their crystallinity.
While the PTX@HF did not present a melting endotherm, the
dehydration of the PTX crystals in the encapsulated sample was
clearly observable confirming the XRD observations. Similar
XRD profiles were also identified between the SFN and HF
physical mixture (SFN-HF PM) and SFN@HF, in which SFN
was in crystal form. This was also confirmed by the DSC
results, showing the SFN to have retained its crystallinity in
SFN@HF, although its melting temperature was clearly
reduced due to the small size of the nanocomposites (Table
S3). The PTX@HF and SFN@HF nanocompoistes were
further characterized by the Fourier transformed infrared

spectroscopy (FTIR) using a horizontal attenuated total
reflectance (ATR) accessory. The FTIR spectra of PTX-HF
PM and PTX@HF showed the characteristic bands from HF
and PTX (Figure 4F). The characteristic bands of PTX in the
FTIR spectrum of PTX@HF were weaker than those of PTX-
HF PM, although they have similar PTX-HF weight ratios.
When looking at the FTIR spectrum of SFN@HF, the SFN
characteristic bands almost disappeared (Figure 4G). The
weaker characteristic bands of payloads for both PTX@HF and
SFN@HF can be ascribed to their core/shell structure and the
encapsulation of drug nanocrystals within the HF matrix.
Next, we investigated the morphological changes and drug

release kinetics of the obtained core/shell nanocomposites at
different pH conditions, which can provide information on the
integrity of the polymer shells. All nanomaterials, PTX@HF,
SFN@HF, and HF nanoparticles, maintained their structure at
pH 1.2 and 5.0 (Figures 4H, I and S10). As a result of the
polymer dissolution, the bare HF nanoparticles became smaller
and eventually disappeared at pH 7.4 (Figure S10). After the
HF dissolution, the exposure of the drug nanocrystals was
observed for both PTX@HF and SFN@HF (Figure 4J). Owing
to their low aqueous solubility, fetal bovine serum (FBS; 10%,
v/v) was added into the release medium to solubilize PTX and
SFN. Because of its poor aqueous solubility, no drug was
released from the SFN bulk powders at pH 1.2, 5.0, and 7.4
(Figure S11). Slow drug dissolution kinetics (<20% within 6 h)
was detected for the PTX bulk powders at all three tested pH
values. Independent on the pH conditions of the release media
tested, both bare PTX and SFN nanocrystals reached complete
drug release within 5 min (Figure S12). Barely no drug (<7%)
was released from the PTX@HF and SFN@HF at pH 1.2 and
5.0 (Figures 4K and S13), allowing us to conclude that both
PTX and SFN nanocrystals have been tightly entrapped inside
the HF polymer shell. Regardless of the loaded drugs, both
core/shell nanocomposites showed similar complete drug
release profiles after increasing the pH value to 7.4 (Figures
4K and S13), which can be ascribed to the dissolution of HF
and the exposure of the encapsulated drug nanocrystals. In
comparison to bulk drug powders, the dissolution kinetics was
enhanced for the bare drug nanocrystals at all three pH
conditions and the core/shell structured nanocomposites at pH
7.4, benefiting from their nanoscale particle size and high
surface area. Overall, the drug release kinetics together with the
particle morphology at different pH conditions confirmed the
full surface coverage of drug nanocrystals within the HF shells.
In conclusion, we have developed a superfast sequential

microfluidic nanoprecipitation platform, through which core/
shell structured nanocomposites can be efficiently synthesized
at a super high speed in one continuous process. The short
time interval between the sequential nanoprecipitation
processes enables the preparation of core/shell nanocomposites
without using any stabilizers and also improves the stability of
the encapsulated cargos. The operation of this microfluidic
platform in a continuous mode offers a high batch-to-batch
reproducibility and high throughput production of drug
nanocrystal encapsulated nanocomposites at rates up to 700
g/day on a single device. The superfast mixing of fluids at high
Re results in a homogeneous size distribution of core/shell
nanocomposites. Furthermore, the obtained nanocomposites
with drug nanocrystal cores combine the controlled drug
release feature of the polymer nanoparticles and the ultrahigh
drug loading degree and enhanced therapeutic dissolution
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kinetics of the drug nanocrystals, showing its great potential in
drug delivery applications.
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