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Core-shell hybrid nanoparticles (NPs) for drug delivery have attracted numerous
attentions due to their enhanced therapeutic efficacy and good biocompatibility.
In this work, we fabricate a two-stage microfluidic chip to implement a high-
throughput, one-step, and size-tunable synthesis of mono-disperse lipid-poly
(lactic-co-glycolic acid) NPs. The size of hybrid NPs is tunable by varying the
flow rates inside the two-stage microfluidic chip. To elucidate the mechanism of
size-controllable generation of hybrid NPs, we observe the flow field in the
microchannel with confocal microscope and perform the simulation by a numeri-
cal model. Both the experimental and numerical results indicate an enhanced
mixing effect at high flow rate, thus resulting in the assembly of small and mono-
disperse hybrid NPs. In vitro experiments show that the large hybrid NPs are
more likely to be aggregated in serum and exhibit a lower cellular uptake efficacy
than the small ones. This microfluidic chip shows great promise as a robust plat-
form for optimization of nano drug delivery system. © 2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4922957]

. INTRODUCTION

Core-shell type hybrid nanoparticles (NPs) for drug delivery have been widely investigated
for their improved therapeutic efficacy and enhanced biocompatibility.'™ The drugs can be
encapsulated in the core-region and the lipid shell provides a possibility of surface modifica-
tion.>® Lipid-shell poly (lactic-co-glycolic acid) (PLGA)-core NPs have attracted particular
attention as an ideal delivery system for several reasons. (1) The PLGA core can keep the
structure stable during the systemic circulation.” (2) The loaded drugs can be released from
PLGA cores in a controlled and sustained manner.®® (3) The lipid shell can keep the NP stealth
during the circulation.'® (4) The whole structure of NP is rigid, which can enhance the cellular
uptake as well as the biological effects.'''> However, to develop an efficient nano-drug deliv-
ery system, the size distribution of hybrid NPs, and their effects on cellular uptake and biologi-
cal effects, should be systemically investigated. To achieve this goal, methods for controlled
synthesis of hybrid NPs of mono-dispersion are highly required.

One of the most widely applied methods for fabricating core-shell type hybrid NPs is the
double emulsion method.'*'* In this approach, the synthesis process includes emulsion, sonica-
tion, evaporation of solvent, and purification of the generated NPs, which involves complex and
multi-step operations.'> Moreover, the synthesized NPs are always of poor size distribution,
low drug recovery rate, and unclear nanostructure.'® This might be due to the lack of fluidic
control in bulk methods. In order to synthesize structure- and size-controlled NPs, microfluidic
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techniques have been applied.'”'® Microfluidics enables the rapid mixing and precise control of
fluids, giving rise to the generation of polymeric NPs by nano-precipitation in a rapid man-
ner.'”?° The self-assembly of mono-disperse lipid-polymer NPs was achieved via the combina-
tion of hydrodynamic flow focusing and passive mixing inside a microfluidic chip with Tesla
structures.”’ The microfluidic hydrodynamic focusing was also employed to control the
convective-diffusive mixing of two miscible nanoparticle precursor solutions, thus leading to
the formation of liposome-hydrogel hybrid nanoparticles.*? In our previous work, we fabricated
a two-stage microfluidic chip for the synthesis of core-shell lipid-PLGA hybrid NPs.'? Briefly,
the PLGA core of hybrid NP is formed by nano-precipitation in the first stage of the microflui-
dic chip in which the PLGA solution is introduced from middle inlet and the two water sheaths
are injected from two side inlets. At the second stage, the lipid solution is introduced from the
center inlet, and the lipid shell is adsorbed onto the surface of PLGA core through hydrophobic
interaction between the aliphatic chain of lipid and PLGA, to form the lipid-PLGA core-shell
NP. Since the solid PLGA core can increase the particle Young’s modulus to ~1GPa, these
hybrid NPs loaded with chemotherapy drugs display an enhanced cellular uptake and cancer
treatment than flexible liposomes of similar sizes (Young’s modulus ~1 MPa) loaded with the
same drugs. However, the effects of size distribution of hybrid NPs on cellular uptake are still
far away from being conclusive.

To generate mono-disperse NPs of tunable sizes, microfluidics approaches are utilized with
the advantages of precise control of mixing inside the microfluidic channels.>**> A microfluidic
oscillator mixer which can generate high-frequency oscillatory flow to enhance the fluid mixing,
allowed for the fabrication of solid lipid nanoparticles of 50-240nm.?® Using parallel 3D
hydrodynamic flow focusing, polymeric NPs with sizes tunable in the range of 13-150nm
could be fabricated in a reproducible manner.”’ Self-assembly of smallest polymeric NPs of
~13nm in diameter is difficult to achieve by bulk methods. The microfluidic hydrodynamic
flow focusing technique was also adopted for synthesis of liposomes of distinct sizes ranging
from 40 to 277 nm.*® Cellular uptake of liposomes was strongly size-dependent, and the inter-
nalization pathways and uptake mechanisms of liposomes of different sizes were different. We
previously employed a microfluidic origami chip to prepare the mono-disperse PLGA NPs, the
diameter of which was tunable from ~50nm to 250 nm by manually folding the origami chip
to form a 3D geometry or adjusting the flow rate ratio between the middle PLGA inlet and two
side water sheaths. The doxorubicin (Dox)-loaded PLGA NPs with diameter of ~100nm exhib-
ited an enhanced cellular uptake and anticancer efficacy than free Dox of the same concentra-
tion.”” To achieve a high-throughput synthesis of PLGA NPs, we developed a robust intercon-
nection between the polydimethylsiloxane (PDMS) microfluidic chip and external equipment,
and enabled a maximum flow rate up to 410 ml/h.>° Accordingly, the microfluidic chip can gen-
erate PLGA NPs ranging from 55 to 135nm in diameter by changing the flow rate and flow
rate ratio in the channel. Although the size-controlled synthesis of polymeric NPs was achieved
by the aforementioned one-stage microfluidic chips, it is still difficult to synthesize the hybrid
core-shell NPs with tunable sizes due to their complex structures.

In this work, we employ a two-stage microfluidic platform for the size-controlled synthesis
of core-shell lipid-PLGA NPs. The diameter of NPs is regulated by changing the total flow rate
in the channel. The hybrid NPs are characterized with dynamic light scattering (DLS) and trans-
mission electronic microscope (TEM). The fluidic mixing at different flow rates inside the two-
stage chip is visualized by confocal laser scanner microscopy, and investigated by a numerical
model. After obtaining the hybrid NPs of different sizes, we evaluate their stability in serum
and the cellular uptake by labeling the NPs with Dil. Mono-disperse NPs with tunable diame-
ters may behave different in the in vitro experiments.

Il. MATERIALS AND METHODS

The design of the two-stage microfluidic chip is shown in Fig. 1. The width of the three
inlets in the first stage is 100 um, while the width of the main channel is 300 um. The height
of channel is 42 um. The three inlets (100 um wide x 42 um deep) in the first stage are
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FIG. 1. (a) Schematic of the two-stage microfluidic chip for synthesizing the lipid-PLGA hybrid NPs. The PLGA core of
hybrid NP is formed by nano-precipitation in the first stage of the microfluidic chip in which the PLGA solution is introduced
from middle inlet and the two water sheaths are injected from two side inlets. At the second stage, the lipid solution is intro-
duced from the center inlet, and the lipid shell is adsorbed onto the surface of PLGA core through hydrophobic interaction
between the aliphatic chain of lipid and PLGA, to form the lipid-PLGA core-shell NP. (b) Photograph of the microfluidic chip.

connected to a main straight channel (100 um wide x 42 um deep x 9 mm long), where the
nano-precipitation of PLGA cores of hybrid NPs occurs. The straight channel is then divided
to two branches as the two side streams for the second stage (300 um wide x 42 um deep),
and the center inlet of the second stage is 300 um wide x 42 um deep. The main channel of
the second stage is a 4-loop double spiral (300 um wide x 42 um deep), for assembling the
lipid shell onto the PLGA core to form the lipid-PLGA hybrid NPs, which are collected from
the outlet of the two-stage chip.*'**

The microfluidic device was fabricated following standard soft lithography protocol with
SU8-2050 on a 4-in. silicon substrate to get a mold with microchannel height of 42 ym.**-°
The PDMS base was mixed with curing agent (Sylgard 184, Dow Corning Inc.) at the mass ra-
tio of 10:1 and degassed before being poured over the mold. The mold with mixed PDMS was
baked at 100°C for 15min on a heating plate. The cured PDMS was cut by a lancet and
removed from the mold. Four inlets and one outlet were punched through the PDMS with a flat
tip needle. The plastic tube was inserted through the ports and glued by the liquid PDMS on
the top of device. The assembled device was placed into an oven and incubated at 80°C for
45 min to cure the second layer of PDMS, followed by cutting the PDMS slab off. The PDMS
slab was then bonded with a glass substrate (25 mm X 75mm) after oxygen plasma treatment.
The assembled device was finally placed into an oven at 70 °C for 20 min before use.

For the preparation of PLGA-core lipid-shell NPs (termed as PL), lipid solution (total concen-
tration: 2.94 mg/ml) composed of DPPC (2.28 mg/ml), DSPE-PEG (0.42 mg/ml) and cholesterol
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(0.24 mg/ml) was used to form the lipid shell, while 1% PLGA solution (10mg PLGA dissolved
in 0.3ml tetrafluoroethylene (TFE) and 0.7ml dimethylformamide (DMF)) was used to form the
polymeric core. Two different total flow rates were involved in the experiments. For the low flow
rate synthesis, the total flow rate was 41 ml/h and the final NPs were termed as PL-41. We intro-
duced the PLGA solution (0.5 ml/h) through the middle inlet and two water sheaths (20 ml/h each)
through the two side inlets of the first stage, while at the same time injecting the lipid solution
(0.5ml/h) via the centered inlet of the second stage. For high flow rate synthesis, the total flow
rate is 246ml/h and the final NPs were termed as PL-246. We introduced the PLGA solution
(3 ml/h) through the middle inlet and two water sheaths (120 ml/h each) through the two side inlets
of the first stage, while simultaneously injecting the lipid solution (3 ml/h) via the centered inlet of
the second stage. For the Dil-labeled NPs, 20 ug/ml Dil was dissolved in the 1% PLGA solution
before the Dil/PLGA solution was injected into the chip, and Dil-labeled NPs were synthesized
with the same protocol as aforementioned.

The size and the stability of the hybrid NPs were studied using dynamic light scattering
(DLS, Zetasizer 3000HS, Malvern Instruments Ltd.). A 40 ul NP suspension was placed in a
mini-DLS cuvette and measured with DLS. Three measurements were performed on each sam-
ple. We also used transmission electron microscopy (TEM, FEI Tecnai T20) to characterize the
hybrid NPs. The sample for TEM imaging was prepared by dropping a drop of the NP suspen-
sion onto a carbon-coated copper grid pretreated with oxygen plasma (60 W, 10s). The sample
was negatively stained with uranyl acetate staining solution for 2 min at room temperature. The
stained grid was air-dried at room temperature for 12h and observed by TEM at the accelera-
tion voltage of 200kV.

To visualize the flow field in the microchannels, 200 yM Rhodamine B was dissolved in
water which was introduced into the chip from the middle inlet of the first stage, and 50 uM
calcein dissolved in water was introduced from the center inlet of the second stage. The micro-
fluidic chip was mounted onto the stage of a Zeiss LSM710 confocal laser scanner microscope.
Fluorescent images at different sites of the chip were obtained by a CCD camera. The mixing
was detected at two different total flow rates, 41 ml/h and 246 ml/h.

Numerical simulation was performed to investigate the mixing process in the two-stage
microfluidic chip at both low (41 ml/h) and high (246 ml/h) flow rates. The flow field and spe-
cies transportation were numerically simulated by commercial CFD software Fluent 6.4 (Ansys
Inc.).’”*® Hexahedral grids inside the two-stage chip were generated by Gambit (Fluent 6.4,
Ansys Inc.). All walls of the microfluidic channels were set as non-slip boundary conditions.
Mass flow boundary condition was applied at the four inlets and outflow condition was applied
at the outlet.

We used the confocal laser scanner microscope to visualize the aggregation of NPs in com-
plete medium containing serum. The Dil-labeled NPs (PL-41 and PL-246) were diluted with
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) (1:10) and
added to a cell culture dish. The final concentration of Dil in the medium was 25 ng/ml. After
incubation for 3h, we visualized the fluorescent of Dil with a Zeiss LSM710 confocal laser
scanner microscope.

The Dil-labeled NPs (PL-41 and PL-246) were also used to study the cellular uptake of
hybrid NPs of different sizes. A375 cells (human melanoma cell line) were incubated in
DMEM supplemented with 10% (FBS) and 1% penicillin/streptomycin in a 5% CO,, 37 °C in-
cubator (Thermo Scientific). After co-incubation of Dil-labeled NPs (the final concentration of
Dil in the medium was 25ng/ml) and A375 cells for 6h, the cells were visualized with the
Zeiss LSM710 confocal laser scanner microscope. The fluorescence of the cells was quantified
with Image J (NIH, versionl.46r).

lll. RESULTS AND DISCUSSION
A. Preparation and characterization of the NPs

The NPs are synthesized in a one-step manner in the two-stage microfluidic chip. In the
first stage of the chip, the PLGA NPs are generated via a nano-precipitation process. The
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PLGA can be well dissolved in DMF/TFE, while is poorly dissolved in water. When the PLGA
solution (the middle inlet) is introduced into the chip and mixed by a large amount of sheath
water (flow rate ratio of PLGA:water is 1:80), the PLGA molecule is precipitated and the NP is
formed. The precipitation rate is important for the size-controlled synthesis, which can be influ-
enced by the mixing between the middle inlet and water sheath. Since the diameter of the
hybrid NPs is determined by the PLGA other than the lipid shell, the mixing in the first stage
is more important to the size-controlled synthesis. In the second stage, the lipid dissolved in
ethanol is introduced into the chip and the aliphatic chain is self-assembled to surface of the
PLGA core. We should note that the spiral channel at the second stage is designed for
enhanced mixing to efficiently assemble lipid shells onto the PLGA cores. Our previous investi-
gation shows that the curvature of spiral channel could induce secondary Dean flow perpendicu-
lar to the flow direction, resulting in the generation of two counter-rotating vortices to effi-
ciently increase the local mixing.>”>> For the Dil-loading NPs, the Dil is encapsulated in the
PLGA core as a result of the hydrophobic interaction between PLGA and Dil.

We synthesize NPs at two different total flow rates, 246 ml/h and 41 ml/h. The obtained
NPs are termed as PL-246 and PL-41 for the flow rate of 246 ml/h and 41 m/h, respectively.
The low flow rate results in the generation of large PL-41 NPs of 86.81 = 1.59 nm in diameter
with a polydispersity index (PDI) of 0.259 £ 0.025 (Fig. 2). In comparison, PL-246 NPs synthe-
sized at the high flow rate are 62.5 = 1.18 nm in diameter with a smaller PDI of 0.173 £ 0.018,
indicating a narrower size distribution than that of PL-41 (Fig. 2). We also fabricate the core-
shell NPs at several intermediate flow rates between 41 and 246 ml/h. The sizes of generated
NPs range from 60 to 90nm in diameter, but no gradual decrease in size with increased flow
rate is observed. This might be due to the sudden change from diffusive mixing at a low flow
rate to convective mixing at a high flow, which is very complex and not conclusive yet. To
investigate the flow phenomena inside the two-stage microfluidic chip, both the experimental
and numerical studies are performed in Sec. III B.

B. Mixing inside the two-stage microfluidic chip

Nano-precipitation is based on the interfacial deposition of polymeric NPs when water-
miscible solvents containing dissolved polymer mix with water.>” To generate uniform and
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FIG. 2. (a) Size distribution of lipid-PLGA hybrid NPs synthesized at different flow rates measured by dynamic light scat-
tering (DLS). (b) Polydispersity index (PDI) of lipid-PLGA hybrid NPs by DLS. (c) TEM images of lipid-PLGA hybrid
NPs synthesized at low (41 ml/h) and high (246 ml/h) flow rates. The inserted images clearly show the core-shell structure
of hybrid NPs.
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size-controlled NPs by nano-precipitation, rapid and sufficient mixing is generally required.
The mixing inside the two-stage microfluidic chip at both low (41 ml/h) and high (246 ml/h)
flow rates was observed by confocal microscope. At a low flow rate, the Rhodamine B solu-
tion introduced from the middle inlet of the first stage (0.5ml/h) was branched into two
streams (indicated by two fluorescent red bands) by the sided water sheaths at 20 ml/h each
(Fig. 3). As to the second stage, the calcein solution injected from the center inlet was hydro-
dynamically focused into a narrow band (indicated by fluorescent green line) by two diluted
Rhodamine B streams (Fig. 3). The mixing of calcein and Rhodamine B solutions was
occurred inside the 4-loop double spiral. If we increased the total flow rate to 246 ml/h while
kept the flow rate ratio constant, a convective and enhanced mixing of Rhodamine B solution
(at 3ml/h) and two water sheaths (at 120 ml/h each) was observed at the first stage (Fig. 3).
Meanwhile, the mixing of calcein (at 3ml/h) and Rhodamine B solutions was also signifi-
cantly enhanced at the second stage (Fig. 3). The violent mixing results in a more efficient
and rapid interfacial deposition of small-sized and mono-disperse lipid-PLGA NPs at the high
flow rate.

To investigate the flow fields inside the two-stage microfluidic chip, we performed a three-
dimensional (3D) numerical simulation using Fluent. For the first stage at a low flow rate, four
vortices perpendicular to the flow direction were generated at the junction between three inlets
and main channel due to a high flow rate ratio of 80 between two side inlet steams (20 ml/h
each) to the middle inlet stream (0.5ml/h) (Fig. 4(a), indicated by four black ellipses). These
four vortices might be responsible for the branched streams in Fig. 3. For the second stage at a
low total flow rate of 41 ml/h, no vortices were observed, so that the center stream (0.5 ml/h)
could be hydrodynamically focused (Fig. 4(a)). As to the first stage at a high flow rate (3 ml/h
for the middle inlet and 120 ml/h for each side inlet), four vortices perpendicular to the flow
direction at the intersection of the inlets became stronger, thus leading to a chaotic mixing (Fig.
4(a)). These vortices were also generated at the second stage due to the increased flow rate,
resulting in an efficient mixing. The mixing inside the two-stage chip at different flow rates
was also simulated by Fluent (Fig. 4(b)), which was in good agreement with experimental ob-
servation (Fig. 3).

41 mL/hr

FIG. 3. Confocal images of fluidic mixing at different regions of two-stage microfluidic chip under low (41 ml/h) and high
(246 ml/h) flow rates. Rhodamine B solution (fluorescent red) is introduced into the first stage from the middle inlet, and
calcein solution (fluorescent green) is injected into the second stage from the center inlet. The flow rate ratio of two side
water sheaths to Rhodamine B solution is 80 at the first stage. The flow rate of Rhodamine B (or calcein) is 0.5 ml/h when
the total flow rate is 41 ml/h, and 3 ml/h when the total flow rate is 246 ml/h.
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FIG. 4. (a) Simulating prediction of the velocity field at the intersection of the inlets of the first and second stage at low
(41 ml/h) and high (246 ml/h) flow rates. At a low flow rate of 41 ml/h, four counter-rotating vortices (indicated by black
ellipses) perpendicular to the flow direction are generated at the first stage, while no vortices are observed at the second
stage. At a high flow rate of 246 ml/h, vortices at the intersection of inlets at the first stage become stronger compared to
those generated by the low flow rate. Four vortices (indicated by black ellipses) are also formed at the second stage at a
total flow rate of 246 ml/h. (b) Simulating prediction of mixing inside the two-stage chip at different flow rates, which is in
good agreement with experimental observation in Fig. 3.

C. The stability of NPs with different sizes

The good stability of the NPs in a serum existing environment is a prerequisite for poten-
tial biological applications. In this study, we used confocal laser scanner microscope to investi-
gate the stability of Dil-labeled PL-41 and PL-246 NPs in complete medium containing serum,
which can mimic the physiological condition. Dil is a kind of lipophilic fluorescent stain for
labeling cell membranes and other hydrophobic structures, which has been widely used to label
NPs for in vitro observation. Instead of labeling the lipid shell of hybrid NPs, Dil was used to
label the PLGA core, so that the chance of Dil leakage from the NPs was significantly reduced.
The Dil-labeled NPs were then incubated inside the complete medium (the final concentration
of Dil in the medium was 25 ng/ml). Since the resolution of the confocal laser scanner micro-
scope is ~several hundreds of nm, we cannot detect the fluorescence signal of well-dispersed
Dil-labeled NPs. However, if several NPs aggregated into a large one, the fluorescence signal
of aggregated NPs became detectable. As Fig. 5 presents, there are several fluorescent dots
observed by confocal microscope in the medium containing PL-41 NPs due to the particle
aggregation, while no dots are detected in the medium containing PL-246 NPs, indicating that
the small PL-246 NPs are not prone to aggregate. Previous study indicated that lipid-polymer
hybrid NPs showed a good stability in serum existing environment since the lipid shell could
act as a stealth corona to avoid aggregation, whereas the bare PLGA NPs aggregated visibly in
medium containing serum.”” In our study, we also find that the small hybrid NPs are more
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FIG. 5. Confocal images of the aggregated lipid-PLGA NPs in complete medium containing serum. The Dil-labeled NPs
(PL-41 and PL-246) are incubated with complete medium (DMEM with 10% FBS) for 3 h. The final concentration of Dil
in medium is 25 ng/ml. After incubation, the NPs in medium are visualized with confocal laser scanner microscope and the
aggregated NPs can be detected as fluorescent dots (orange dots).

stable than large ones, possibly due to the decreased surface free energy of small NPs which
may lead to an increased stability.*

D. Cellular uptake of Dil-labeled NPs

For a nano-delivery system, the cellular uptake is considered to be the first and most im-
portant indicator of biological effects.*' In this study, the cellular uptake of hybrid NPs (PL-41
and PL-246) of different diameters was investigated by co-incubation of NPs with A375 cells,
and observed using a confocal laser scanner microscope. The Dil-labeled NPs were added into
the complete medium to prepare the NPs-contained medium (the Dil concentration in medium
was 25 ng/ml). A375 cells were cultured for 8 h to be attached to the cell culture dish. The cell

A

PL-41

Dil

Bright Field Merge

PL-246

w

Mean Flourescent Intensity
N

o
L

PL-41 PL-246

FIG. 6. Cellular uptake of lipid-PLGA NPs (PL-41 and PL-246) synthesized at different flow rates. The Dil is used to label
the NPs (the final concentration of Dil in complete medium is 25 ng/ml). (a) Confocal images of A375 cells treated with
NPs synthesized at different flow rates. (b) Quantitative results of the fluorescent intensity in (a) measured by Image J.
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culture medium was then replaced with the fresh medium containing Dil-labeled NPs. After
incubating for 6h, the cells were visualized with a confocal microscope. The cells treated with
the PL-246 NPs exhibit much higher fluorescent intensity than those treated with PL-41 NPs,
showing that the small PL-246 NPs could be uptaken by A375 cells more easily than large PL-
41 NPs (Fig. 6).

The cellular uptake of NPs of different sizes has been investigated intensively. NPs could
be internalized via receptor-mediate endocytosis, while small NPs are more efficient in
particle-cell membrane interaction than large ones.*” The chitosan NPs of around 150 nm
could be internalized into non-phagocytic cells by endocytosis more rapidly than NPs of
300nm in diameter.*’ The smaller gold NPs were more prone to be uptaken by cells than
large ones.** Our study also showed that the small PLGA-core lipid-shell NPs of ~60nm
were more efficient for cell internalization than large ones of ~90nm. As the optimal size of
NPs is dependent on the particle material, surface charge, and so forth, our microfluidic sys-
tem could provide a feasible platform for rapidly generating NPs of different biophysical
properties.

IV. CONCLUSION

In this work, we synthesized size-tunable PLGA-core lipid-shell type hybrid NPs with a
two-stage microfluidic platform at different flow rates. The low flow rate (41 ml/h) resulted in
the generation of large NPs (average diameter of 86.8 nm with PDI of ~0.26), whereas the high
flow rate (246 ml/h) yielded small and uniform NPs (average diameter of 62.5 nm with PDI of
~0.17). To elucidate the underlying mechanism, the mixing inside the two-stage chip was
observed by confocal microscope and simulated by a 3D numerical model. Both experimental
and numerical results indicated an enhanced mixing effect at the high flow rate, thus resulting
in the assembly of small and mono-disperse hybrid NPs. Moreover, we demonstrated that the
large lipid-PLGA NPs were more likely to be aggregated in serum and exhibited a lower cellu-
lar uptake efficacy than the small ones. This high-throughput and versatile microfluidic platform
might be widely applicable for controlled synthesis of functional NPs and rapid screening of
nano-drug delivery systems.
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