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A Three-Dimensional Flow Focusing
Microsecond Mixer for Dynamic Assessment

of Nanoparticle Formation
Liguo Jiang and Shuhuai Yao

Abstract—This paper reports the design, fabrication, and
characterization of a three-dimensional flow focusing microfluidic
mixer. By hydrodynamically focusing the sample stream into a
very confined jet in both vertical and horizontal directions, the
mixer can achieve ultrafast mixing of reagents within ∼3 ± 1 μs.
Such rapid mixing allows us to dynamically assess the formation
of nanomaterial and study their assembly kinetics on microsecond
timescale. Using the mixer, we investigated the formation of the
hexaphenylsilole (HPS) nanoparticles. Compared to those formed
by bulk nanoprecipitation, the HPS nanoparticles formed in the
mixer have smaller size with narrower size distribution. We also
kinetically resolved that the microsecond molecular self-assembly
of HPS molecules displays two distinct steps. These results suggest
that the formation of HPS nanoparticles follows the classical
nucleation and growth theory.

Index Terms—3D flow focusing, nanoparticle, rapid mixing,
self-assembly kinetics.

I. INTRODUCTION

FUNCTIONAL and bioactive nanoparticles are very
promising for drug delivery, bioimaging, and sensor appli-

cations [1]–[3]. For instance, those biocompatible nanoparticles
synthesized from aggregation-induced emission (AIE) materi-
als [4] are promising for noninvasive long-term cell tracing [5].
In general, the synthesis of nanoparticles is based on molecular
self-assembly [6]–[8]. For the nanoparticles to serve as effec-
tive imaging and/or therapy agents, the size of nanoparticles is a
key factor in the biodistribution and clearance of the circulating
system [9]. Therefore, synthesis of nanoparticles with control-
lable size and good uniformity are crucial in many biological
applications. However, the conventional synthesis method by
bulk nanoprecipitation, in which a small volume of stock sam-
ple solution is dropped into a larger volume of water and mixing
of solutions by vortex, usually results in formed nanoparticles
with wide size distribution, because the mixing of reagents by
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vortex is slow and uncontrollable. This implies that rapid mix-
ing is crucial for synthesis of nanoparticles with narrow size
distribution.

Microfluidic mixing techniques with the ability of rapid and
controllable mixing of reagents provide an alternative way for
synthesis of nanoparticles [10], [11]. Particularly, the microflu-
idic mixing by hydrodynamic flow focusing (HFF) [12], in
which the central stream is hydrodynamically focused by two
side buffer streams at a cross junction under laminar flow con-
dition, is a very attractive technique for nanomaterial synthesis,
because it enables precise control of the convective-diffusive
mixing of reagents and provides a homogeneous reaction envi-
ronment after rapid mixing. Moreover, ultrafast mixing induced
by HFF also facilitate the measurement of fast biochemical reac-
tion kinetics [13], [14], including protein folding and molecular
self-assembly. To achieve controllable synthesis of nanoma-
terials, the kinetic investigation of molecular self-assembly is
indispensable. In addition, the time course of the reaction in
the HFF system is converted into the spatial course along the
focused jet. This allows us to follow and capture the kinetics of
the nanoparticle formation along the trajectory of the focused
jet. Further, the formed nanomaterials in the focused jet can be
characterized by fluorescence microscopy, Raman scattering, or
small angle X-ran scattering, etc.

In previous studies, the two-dimensional (2D) HFF system,
in which the sample in the central stream is only focused in
the lateral plane, may encounter several problems such as stick-
ing of molecules on the channel surface walls due to the hy-
drophobic or electrostatic forces, and non-uniform mixing due
to the parabolic velocity profile in the vertical plane. 3D HFF
offers a superior solution that could resolve those problems
encountered in the 2DHFF [15], [16]. For example, Rhee et
al. [15] successfully fabricated a single-layer 3DHFF device
for synthesizing of polymeric nanoparticles as drug carriers.
A more recent work of Lu et al. [17] achieved a 3DHFF
in a single layered, planar microfluidic device [18] to syn-
thesize of polyplexes nanomaterial with small size and high
transfection efficiency for drug delivery. In addition, with the
ability to precisely position the flow stream in microchannels,
3DHFF were also applied to achieve hydrodynamically focus
cells or particles as on-chip flow cytometer for high-throughput
flow cytometry measurements [19]. Nevertheless, most of the
3DHFF devices were made in polydimethylsiloxane (PDMS),
whereas they cannot withstand high pressure and most organic
solvent [20], limiting their applications in synthesis of organic
nanoparticles.
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In this work, we demonstrate an ultrafast mixing of reagents
within ∼3 ± 1 μs in a 3DHFF device fabricated in a silicon sub-
strate and the use of the fabricated device for dynamic assess-
ment of the formation of Hexaphenylsilole (HPS) nanoparticle.
HPS is among the first silole derivatives that were studied when
the AIE phenomenon was unearthed [21]. The HPS nanopar-
ticles formed in the mixer have small size with narrow size
distribution. We also resolved the microsecond self-assembly
kinetics of HPS, indicating HPS nanoparticle formation follows
the classical nucleation and growth theory.

II. 3DHFF MIXER DESIGN, FABRICATION, AND

IMPLEMENTATION

A. Design

Based on our previous investigation [14], [16], [22] and the
work of Gambin et al. [23], we designed the mixer as shown
in Fig. 1(a) to achieve 3D focusing and ultrafast mixing of the
sample stream. The mixer consists of a microchannel network
of a deep main central channel, two pairs of shallow connection
channels to achieve vertical focusing, a pair of side channels
intersects with a narrow shape-optimized nozzle [14] to achieve
horizontal focusing, and an exit channel with nozzle constrain.
Besides, lengths of each inlet and outlet channels were carefully
designed to render reasonable flow resistances for controlling
liquid volumetric flow rates.

B. Fabrication

The mixer was fabricated on a silicon substrate. Two shal-
low connection channels were firstly photolithography patterned
and etched ∼1.5 ± 0.2 μm using deep reactive ion etching
(DRIE), followed by patterning and etching of the main chan-
nels of ∼15.3 ± 0.4 μm in depth. The liquid access holes
of inlets and outlet were wet etched through the silicon sub-
strate by Tetramethylammonium hydroxide (TMAH) with sili-
con oxide as the protection mask. Finally, microchannels were
sealed by anodic bonding with 170 μm thick Pyrex glass and
individual chips (Fig. 1(b)) were diced using a wafer cutting
machine.

C. Implementation

The chip was mounted on a custom-designed holder
(Fig. 1(c)), which was used for loading the sample and reagents,
and connecting pressure driven lines to inlets. The volumetric
flow rate in each channel was controlled by the pressure above
the liquid reservoir. This pressure was regulated by LabVIEW
(National Instruments) operated pressure transducers (Marsh
Bellofram Type 2000, Newell, WV). In all experiments, the
pressure imposed at each inlet was kept constant, and the
volumetric total flow rate of the sample and other reagents was
∼425 μL/h. Such flow condition resulted in a maximum flow
velocity of ∼1.5 m/s in the exit channel as measured below.

D. 3D Focusing Effect

We then examined the 3D focusing effect of the mixer using
the laser scanning confocal microscope. Fig. 1(d) shows a two-

Fig. 1. (a) A SEM image shows the etched microchannels at intersection area
on the silicon based mixer for achieving 3D focusing of the sample stream
and ultrafast mixing of reagents. (b) An individual diced chip with a dimen-
sion of 2 cm × 2 cm. (c) The assembled chip holder (6 cm × 6 cm) for
liquid sample loading, products collection, and driven pressure access. (d) A
two-color fluorescence confocal image of liquid flow in the mixer clearly
shows the vertical and horizontal focusing effect. The cross section view of
the exit channel (the inset image with white dashed lines) shows the iso-
lated sample stream (red color) with nearly uniform width in the center of the
channel.

color fluorescence imaging of the liquid flow in the mixer. The
Rhodamine-dextran labeled sample streams (red color) origi-
nated from the first pair of connection channels was vertically
focused by FITC-dextran labeled streams (green color), form-
ing a vertically sandwiched stream in the main central chan-
nel. Then, the sandwiched stream was laterally focused by two
phosphate buffer (PB) streams from two side channels, resulting
in a 3D focused narrow jet of the Rhodamine-dextran stream.
The cross-sectional image of the exit channel (inset of Fig. 1(d))
shows that the sample stream is located in the center of the chan-
nel and isolated from all the channel walls (indicated by white
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dashed lines). Importantly, the 3D focused stream has a uniform
width, which ensures uniform mixing across the stream.

III. COMPUTATIONAL AND EXPERIMENTAL

CHARACTERIZATION OF THE MIXER

A. Computational Fluid Dynamics (CFD) Simulations

To quantify the fluid flow and mixing dynamics of 3D focused
stream in the micromixer, we performed CFD simulations using
a commercial finite element code, COMSOL multiphysics 4.1.
Fluid flow inside microchannel is governed by the incompress-
ible steady-state Navier-Stokes equations, represented by the
single phase laminar flow model in the simulation, and the mix-
ing is governed by the steady-state convective-diffusion equa-
tion, coupled into the simulation by the transport of diluted
species model:

∇ · −→V = 0 (1)

ρ(�V · ∇)�V = −∇P + μ∇2 �V (2)

�V · ∇C = D∇2C (3)

where �V is the flow velocity, ρ is the fluid density, P is the
pressure, μ is the fluid dynamic viscosity, C is the concentration
of a sample, and D is the diffusion coefficient of the sample in
water. Together with boundary and initial conditions, equations
(1)–(3) provide a numerical way to calculate the flow velocity
and concentration fields.

A symmetric 2D model of the micromixer was created to
simulate the fluid flow in the micromixer as illustrated in
Fig. 2(a) (together showing meshing elements). The model con-
tains two inlet boundary, one outlet boundary, one symmetric
boundary, and the surface wall boundary. The two flow inlets
were set as laminar inflows with the average flow velocity of
0.056 m/s at the central inlet and 1.03 m/s at the side inlet. The
flow outlet was set as laminar outflows with exit pressure of 0 Pa.
In the mesh setting, the model was separated into two regions:
the mixing region and non-mixing region. The mixing region is
the region where two streams are intersected and mixing takes
place. In the mixing region, extremely fine triangular meshes
with maximum element size of 10 nm was applied (the region
with denser mesh elements in Fig. 2(a)). Other than the mixing
region, triangular meshes were set with maximum element size
of 0.2 μm.

To quantify the fluid velocity in the microfluidic device, we
traced 10 streamlines from the focused central stream in our
2D model. Fig. 2(b) shows the result of simulated flow ve-
locity filed. Color map from dark blue to dark red represents
the magnitude of flow velocity from 0 to 5.5 m/s. Co-plotted
white lines are 10 traced streamlines. Fig. 2(c) shows the aver-
age flow velocity on the 10 streamlines along the x axis. The
results show that the maximum flow velocity is ∼5.5 m/s and
∼1.5 m/s at the constriction nozzle and in the exit channel,
respectively.

B. The Flow Circuit Model

We utilizes compressed gas (typically on the order of tens
of psi) to drive fluid flow inside the microchannels. Accord-

Fig. 2. (a) A schematic of the symmetric 2D model of the mixer with meshing
elements. An extremely fine triangular mesh with maximum element size of
10 nm was applied at denser element area. An extra fine triangular mesh with
maximum element size of 0.2 μm was applied at the other area. The model
has two inlets, one outlet, a symmetric boundary, and the other surface walls.
(b) Color map shows the simulated flow velocity field. The maximum flow
velocity located at the center of the exit constrained nozzle is ∼5.5 m/s. The
maximum flow velocity in the exit channel is ∼1.5 m/s. Co-plotted white lines
are 10 streamlines. (c) The simulation result of the averaged flow velocity along
10 streamlines.

ing to the Navier-Stokes equations (1) and (2), the volumetric
flow rates of each inlet can be theoretically calculated when
the inlets pressures and the geometries of microchannel net-
works are given. For microchannels with constant rectangular
cross section, the driving pressure drop ΔP is linearly corre-
lated with the microchannel length L and the volumetric flow
rate Q [24]:

ΔP = Q · Rhyd (4)

Rhyd =
12ηL

1 − 0.63(h/w)
1

h3w
(5)

where Rhyd is called the hydraulic resistance, η is the fluid vis-
cosity, h is the channel height, and w is the channel width.
Based on the design of the microchannel network and the
equations (4) and (5), a flow resistance circuit model can be
created to estimate the volumetric flow rate inside the mixer
as shown in Fig. 3(a). And the relationships between the input



JIANG AND YAO: THREE-DIMENSIONAL FLOW FOCUSING MICROSECOND MIXER FOR DYNAMIC ASSESSMENT OF NANOPARTICLE 831

Fig. 3. (a) A schematic shows the flow resistance circuit model for
theoretically calculating the volumetric flow rates in the designed 3D focus-
ing mixer. (b) A demonstration of a captured trajectory of a fluorescent mi-
croparticle. (c) The comparison of the experimentally measured flow velocities
(colored circles) and the theoretically calculated flow velocities (colored dots)
shows good agreement, indicating the accuracy of the circuit model for estimat-
ing the flow velocities in the mixer.

pressures and volumetric flow rates are:

Qc =
Pc

Rct
−

Pc
Rs

R c t
+ 2Ps

R c t Rs

Re
+ Rs + 2Rct

(6)

Qs =
Ps

Rs
−

Pc + 2Ps
R c t
Rs

R c t Rs

Re
+ Rs + 2Rct

(7)

where Qc is the total volumetric flow rates of center channels, Qs

is the volumetric flow rate of individual side channel, Pc is the
center input pressure, Ps is the side input pressure, Rct = Rc/3
is the combined hydraulic resistance of five center channels,
Rs is the side channel hydraulic resistance, and Re is the exit
channel hydraulic resistance.

C. The Measurement of Fluid Flow Velocity

The flow circuit model introduced above allows us to es-
timate the volumetric flow rate in each inlet channel at fixed
input pressures. To verify this model, we utilized the fluores-
cent microparticle trajectory imaging technique to measure the
flow velocities in the mid-plane of a side channel where the
channel width is 160 μm. The technique uses a high sensi-
tive CCD camera (Q-imaging) equipped on an epifluorescence
microscopy (Nikon) to capture the trajectories of flowing flu-
orescent polystyrene microparticles (0.5 μm diameter) inside
the mixer. And the flow velocity of the microparticle at specific

channel location can be calculated as:

V = L/t (8)

where L is the captured trajectory length of a fluorescent mi-
croparticle shown in the image and t is the exposure time of the
image.

Fig. 3(b) illustrates a captured trajectory of a microparticle
as indicated by L using the developed fluorescent microparticle
trajectory imaging technique. The length of this trajectory can
be well measured in pixels and the pixel size was precisely cal-
culated from the scale plate fabricated on the device. Therefore,
the flow velocity of this captured microparticle can be obtained
from equation (8). On the other hand, by using the calculated
volumetric flow rate from the flow circuit model at given input
pressures as the initial flow condition, the flow velocity in the
side channel also can be obtained by the CFD simulations. The
experimentally measured flow velocities on the mid-plane of the
side channel were compared with the simulated flow velocities
at two different input pressures, and the results are shown in
Fig. 3(c). Clearly, the experimental data matched very well with
the simulation data at both flow conditions. Those results sug-
gest that our flow circuit model provides accurately prediction
of the volumetric flow rate inside the micromixer. For instance,
at the input pressures of Pc = Ps = 16.3 psi, the maximum flow
velocity at the center of the exit channel is indeed ∼1.5 m/s.

D. Mixing Time Characterization by Dye Quenching
Experiments and Simulations

We further characterized the mixing time of the mixer us-
ing the dye quenching technique [13]. In dye quenching experi-
ments, the FITC-dextran labeled sample stream was 3D focused
and the PB buffer with the absent or present of fluorophore
quencher, the iodide ion [I−] at a concentration of 0.2 M, was
pumped into the two side channels. Confocal fluorescent images
were taken as shown in Fig. 4(a). Both images illustrate that the
fluorescent dye stream was tightly focused to a narrow jet with
a width of <200 nm. As the diffusion of iodide ions (diffusivity
of 2 × 10−9 m2/s) is ∼5 times faster than that of dextran 10K
labeled FITC molecules (diffusivity of 1 × 10−10 m2/s), mixing
is rapidly accomplished by the iodide ions diffusing across the
focused stream and quenching the fluorescent intensity of FITC-
dextran molecules in the focused central stream. Fig. 4(b) shows
the extracted fluorescent intensities of the unquenched (blue
dots) and quenched (green dots) samples along the focused jet.

We also simulated the diffusion of iodide ion [I−] in the mi-
cromixer using the CFD model presented above. For compari-
son, we set the mixing condition in the CFD simulation being
consistent with that in dye quenching experiments above. We set
the iodide ions flowing from the side streams and diffusing into
the focused central stream. Followed the suggestion from Hert-
zog et al. [13] and Park et al. [25], we traced 10 streamlines from
the focused central stream, and to define the mixing time ti of
each streamline in the focused jet, of which the clock starts when
the concentration of [I−] along the streamline has increased to
the 1% of the concentration in the side stream, and the aver-
age mixing time 〈t〉 at x location is calculated by summing and
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Fig. 4. Simulation and the dye quenching experiments demonstrate the mixer
has a mixing time of∼3± 1 μs. (a) Fluorescence confocal images of 3D focused
stream when FITC-dextran fluorescence is unquenched (up) and quenched (low)
upon mixing with iodide ions. (b) The plot of extracted unquenched (blue dots)
and quenched (green dots) fluorescence intensities along the focused stream.
The ratio of the two intensities (red dots) indicates the mixing of dye molecules
with iodide ions in the space domain. (c) Color map shows the simulated [I−]
concentration field. [I−] ions originally come from the side channel and diffuse
into the center of the exit channel. (d) The intensity ratio was converted to the
concentration of the iodide ions [I−] based on the Stern-Volmer equation, and
the spatial coordinates were converted to the time coordinates based on the flow
field in the exit channel obtained in Fig. 3(a), indicating the mixing time of ∼3
± 1 μs. Co-plotted blue line is the CFD simulation result of mixing time in (c).

averaging the contribution of mixing times from all streamlines:

ti(x) =
∫ x

x0 ,c=0.01c0

dx

ui(x)
(9)

〈t(x)〉 =
∑

i ti(x)wi(x)∑
i wi(x)

(10)

and standard deviation of the mixing time, which represents the
mixing uniformity across the x location, is defined as:

σ(x) =

√∑
i (ti(x) − 〈t(x)〉)2wi(x)∑

i wi(x)
(ti > 0) (11)

where ui is the x component of the flow velocity in the ith
streamline, wi is the width of the ith streamline, and C0 is the
initial concentration of the iodide ion. All the simulated data
were analyzed using customer-built programs in MATLAB.
Fig. 4(c) shows the simulated concentration filed with color map
representing [I−] concentration from 0 to 0.2 M. The results
show that the [I−] concentration among the streamlines is
rapidly approaching to the bulk concentration at downstream af-
ter mixing is initialized. Mixing time and mixing uniformity (the
standard deviation of the mixing time) as defined in the equa-
tions (10) and (11) are two crucial parameters that quantify the
mixing performance of a micromixer. The mixing time directly
reveals the time that the micromixer is needed to trigger a reac-
tion, and the mixing uniformity directly influences the deviation
of the reaction kinetics. Our designed and fabricated micromixer
can achieve ultrafast mixing within a few microseconds while
minimize the mixing time deviation (below 10% of the
mixing time).

To obtain the concentration of the quencher [I−] along the
jet, we further performed a calibration of the Stern-Volmer
equation:

I0/I = 1 + KSV
[
I−

]
(12)

where I0 and I are fluorescence intensities of the unquenched
and quenched samples; [I−] is the concentration of the quencher,
and Ksv is the Stern-Volmer constant. In our experiments, Ksv
has a value of 10.5, which was obtained from the calibra-
tion of fluorescent intensities at different concentrations of the
iodine ions [I−].

Using the Stern-Volmer equation, we converted the intensity
ratio (red dots in Fig. 4(b)) to the iodine concentration as shown
in Fig. 4(d) (red dots). The spatial coordinates along the focused
jet were converted to the time coordinates using the flow field
obtained from the simulation and experimental characterization
presented above. Co-plotted solid blue line is the numerical
simulation results of [I−] diffusing into the focused stream in
the time domain. Both experimental and simulation results show
that the mixing is essentially completed within ∼3 ± 1 μs.

IV. APPLICATION OF THE MIXER FOR DYNAMIC ASSESSMENT

OF HPS NANOPARTICLE FORMATION

A. HPS Nanoparticle Formation in the Mixer

HPS molecules (inset of Fig. 5 shows the chemical struc-
ture of HPS) are well dissolved in many organic solvents, but
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Fig. 5. Results of the DLS measurement show the nanoparticles formed by
the mixer (up) has a relatively smaller size and narrower size distribution,
compared to those formed by bulk nanoprecipitation (below) at the identical
final HPS concentration and solvent condition. The inset shows the chemical
structure of HPS molecule.

they tend to self-assemble into nanoparticles when mixing with
water. The force that drives HPS molecules to self-assemble is
the strong intermolecular hydrophobic interactions due to the
six aromatic rings of a molecule. Chen et al. [21] demonstrated
that HPS nanoparticles were formed when the addition of water
molecules occupied a volume fraction larger than 0.5. In this
work, we applied the micromixer to investigate the formation
of HPS nanoparticle. TEM images showed that the formed HPS
nanoparticles have perfect spherical shape [26]. In our experi-
ments, the sample solution of HPS dissolved in pure Dimethyl
sulfoxide (DMSO) solvent at a concentration of 3 mM was
pumped into the first pair of shallow connecting channels (e.g.
the two channels contain red streams in Fig. 1(d)). The pure
DMSO solvent was pumped into the deep main central channel
and the second pair of shallow connecting channels (e.g. the
three channels contain green streams in Fig. 1(d)). And pure
water was pumped into two side channels (e.g. the two buffer
streams in the Fig. 1(d)). The HPS stream was first vertically
focused by pure DMSO streams and then horizontally focused
by pure water stream to achieve 3D focusing. The formed HPS
nanoparticles in the mixer were collected at the exit channel
for further analysis. We also used the bulk nanoprecipitation
method to form HPS nanoparticles by dropping a small amount
of HPS stock solution into water and bulk vortex mixing. In both
experiments, the final HPS concentration (∼10 μM) and DMSO
solvent volume fraction (3%) were kept identical for compar-
ison. Fig. 5 shows the nanoparticle size distribution measured
by DLS. Nanoparticles formed by bulk nanoprecipitation (ma-
genta bars) have a wide size range, with diameters of ∼80 to

Fig. 6. CFD simulating the depletion of DMSO solvent and the diffusion of
HPS in the mixer. (a) Enlarged focused streams show the diffusion of DMSO
and HPS molecules. The HPS molecules were confined in the focused central
stream at high concentrations whereas the DMSO molecules rapidly diffuse out
of the focused central stream in the lateral direction resulting a jump decrease of
its mole fraction. (b) Detailed plot of the depletion of DMSO mole fraction along
streamlines defined in Fig. 2(b). The DMSO mole fraction depletes rapidly to a
value of ∼0.2 within ∼3 μs.

300 nm. However, the nanoparticles formed in the mixer (cyan
bars) shows a much smaller size and relatively narrower size
distribution, with diameters of ∼30 to 130 nm. The more con-
trollable synthesis of nanoparticle by the mixer is likely due to
the rapid mixing and the relatively homogeneous environment
created in the 3D focused stream.

To better understand the mechanism of nanoparticle precipi-
tation in the mixer, we performed CFD simulation to capture the
DMSO solvent depletion and the diffusion of HPS molecules in
the mixer using the CFD model presented above. In the simula-
tion, the fluid density, dynamic viscosity, and diffusion coeffi-
cient in equations (2) and (3) were a function of the DMSO molar
concentration and were expressed by a fourth-order polynomial
fitting density data, viscosity data, and diffusion coefficient data
as reported in literatures [27], [28]. The diffusion coefficient
of HPS molecules was calculated based on the Stokes–Einstein
equation with a diffusive radius of 6.3 Å. Fig. 6(a) shows the
simulation results. Both DMSO and HPS laterally diffuse out
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Fig. 7. The microsecond kinetics of HPS nanoparticle formation measured
in the mixer. The solid red line is the two-exponential growth model fitting of
the experimental data. The fitted two growth rates, 0.21 μs−1 and 0.039 μs−1,
indicate that two distinct steps are involved in the HPS nanoparticle formation.
The measured kinetics clearly demonstrates the capability of the mixer for
studies of molecular self-assembly kinetics on the microsecond timescale.

of the focused stream in the mixer. Clearly, the HPS molecules
were confined in the focused central stream and remained a
high concentration whereas the DMSO solvent rapidly deplete
in mole fraction (ratio of DMSO molar concentration to the total
DMSO and water molar concentrations) along the focused cen-
tral stream. Detailed plots of DMSO mole fraction (Fig. 6(b))
indicate that the DMSO mole fraction depletes rapidly to a value
of ∼0.2 within ∼3 μs whereas the HPS maintains a high con-
centration (80–90% of its initial concentration) in the focused
stream. Consequently, this rapid depletion of the DMSO in the
focused stream provides a homogenous solvent environment to
trigger HPS molecules self-assembling into nanoparticles.

B. Microsecond Self-Assembly of HPS Molecules

To understand the molecular mechanism of the HPS nanopar-
ticle formation, we further measured the kinetics of HPS molec-
ular self-assembly. HPS is an AIE fluorophore [21], which is
non-emissive in free molecule state but highly luminescent when
they are forming nanoparticles in water. Hence, by capturing the
fluorescence on the trajectory of the 3D focused jet under the
laser scanning confocal microscope, the kinetics of the HPS
nanoparticle formation can be exactly followed in the time do-
main. The measured kinetics (Fig. 7) can be well fitted by the
two-exponential growth model with growth rate of 0.21 μs−1

and 0.039 μs−1, indicating that two distinct steps are involved
in the HPS nanoparticle formation. These results suggests that
the formation of the HPS nanoparticles very likely obeys the
classical nucleation and growth theory [29].

Rapid mixing is key in obtaining smaller and uniform size of
HPS nanoparticles as demonstrated in Fig. 5. When the DMSO
stream carrying HPS molecules flow into the mixer, fast mix-
ing of DMSO stream with water streams is critical to provide

a homogenous solvent environment for HPS nuclei formation
and growth (Fig. 7). Hence, we speculate that by controlling the
mixing condition in the mixer (e.g. changing the total flow rates
and flow rate ratios of HPS sample streams, DMSO streams,
and pure water streams), we can achieve controllable forma-
tion of HPS nanoparticles with tunable size. In addition, the
initial concentration of HPS dissolved in DMSO solvent is also
a critical parameter for controlling HPS nanoparticle nucleation
and growth processes. According to the classical nucleation and
growth theory [29], the supersaturation ratio, which is the ratio
of the concentration of a solute in the solution to the solubility of
the solute, determines the nucleation rate and growth rate during
nanoparticle formation. Hence, the initial concentration of HPS
in the solution governs the nucleus formation and controls the
growth of HPS nuclei.

V. CONCLUSION

In conclusion, we report the design, fabrication, and char-
acterization of a silicon based mixer with 3D focusing. The
3D focused sample stream was isolated from the surface walls
by the sheath flow in both vertical and horizontal directions,
thereby preventing surface sticking and channel clogging prob-
lems. The sample in the focused stream was rapidly mixed with
other reagents within ∼3 ± 1 μs. The ultrafast mixing was con-
firmed by CFD simulations and dye quenching experiments.
We demonstrated the application of the mixer for dynamic as-
sessment of the HPS nanoparticle formation. The nanoparticles
formed in the mixer showed smaller size with narrower size dis-
tribution, compared to those formed by bulk nanoprecipitation.
Moreover, the measured formation kinetics suggests that two
distinct steps are involved in the HPS nanoparticle formation.
In principle, the mixer is applicable for dynamically assessing
the formation of a wide range of nanomaterials.
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