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Nanoprecipitation is a well-established method that involves straightforward and rapid mixing to encapsulate
therapeutic drugs into polymeric nanoparticles (NPs). Microfluidic mixing has emerged as a powerful method for
achieving small and uniform NPs, which are particularly challenging with conventional bulk mixing. Various
geometries have been developed to enhance mixing efficiency in microfluidics. Efficient fluid mixing using Tesla
structures has been successfully established, but the integration of 3D obstructions into Tesla structures has not
yet been reported. Our focus is on enhancing mixing efficiency using a 3D microfluidic Tesla mixer, which was
achieved by integrating 3D obstructions (triangular prism, cylinder, and cone) into Tesla structures fabricated by
3D printing. We examine the impact of the Tesla structure and geometrical characteristics of the obstructions on
the flow phenomenon and chaotic mixing via computational fluid dynamics (CFD) simulations and experiments.
We demonstrate that the Tesla mixer with cone-shaped obstructions significantly improves the mixing efficiency,
resulting in a remarkable 99.4 % mixing index within 400 ms at a flow rate of 50 mL/h. We use the optimal 3D
microfluidic Tesla mixer to control the formulation of small and uniform poly(lactic-co-glycolic) acid (PLGA) NPs
by varying the solvent type, PLGA concentration and molecular weight, and flow condition. Importantly,
curcumin-encapsulated PLGA NPs (Cur-PLGA NPs) with high drug encapsulation efficiency (up to 68.40 %) and
exceptional curcumin loading (up to 43.01 %) are produced using our device with high mixing efficiency.
Furthermore, in vitro studies on curcumin drug release with different degradation rates as pH changes reveal that
our 3D microfluidic Tesla mixer has considerable potential as a scalable production device for drug delivery
applications with a highly unique efficacy.

1. Introduction

Engineering drug delivery systems hold significant promise for the
development of pharmaceutical products that can improve disease
treatment [1-3]. One of the most interesting fields involving drug de-
livery systems is nanotechnology, which enables the design of drug
nanocarriers with well-defined and controllable physicochemical prop-
erties, such as size, shape, porosity, and surface functionalization [4,5].
In particular, reducing the size of drug carriers to the nanometer scale
can enhance their therapeutic effect by promoting the penetration of
particles through gaps in the extracellular matrix or tumorous vascula-
ture. Among the various types of nanoparticles (NPs), polymeric NPs
have attracted significant interest over the past few decades because
they possess considerable potential for drug delivery owing to their
controllable functionalities [6,7]. Polymeric NPs can encapsulate
various therapeutic molecules, such as hydrophilic DNA, protein, and
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hydrophobic compounds, which make up the majority of active phar-
maceutical drugs. Such encapsulated drugs in functional polymeric NPs
improve pharmacological properties, such as bioavailability and bio-
logical half-life, protecting them from premature deactivation through
metabolism [8-10].

Among the various natural organic drug compounds that can be
encapsulated in polymeric NPs, curcumin is a notable bioactive
component with a wide range of important pharmacological treatment
efficacy, including anticancer, anti-inflammatory, antimicrobial, anti-
oxidant, and neuroprotective effects [11-14]. Although curcumin has
significant potential to treat several diseases, it has limited bioavail-
ability due to its poor aqueous solubility, pH-dependent degradation,
and quick conversion to metabolites in the body. These challenges can
be overcome by encapsulating curcumin in functional polymeric NPs
with controlled release, which would increase its solubility, decrease its
metabolic degradation rate, and ultimately improve its bioavailability
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and pharmacological activity.

One of the polymers that have been widely used as a drug carrier is
poly(lactic-co-glycolic) acid (PLGA), which is a synthetic biodegradable
polymer that decomposes into nontoxic metabolites lactic and glycolic
acid monomers [15]. Synthetic PLGA is appealing because its biode-
gradable rate can be manipulated by tuning the molecular weight and
ratio of lactic and glycolic acid, providing enhanced regulation and
control of drug release. Because of this, PLGA NPs is able to reduce
variations in the plasma concentration of a drug that could lead to un-
desired toxicity and side effects [16,17]. The encapsulated curcumin in
PLGA NPs has been reported to have higher stability (half-life of 2 days)
than free curcumin (half-life of 20 min) [18]. In addition, surfactant-
coated PLGA NPs have shown remarkably improved stability,
including long-term storage, in vitro and in vivo biodistribution and
bioavailability, and cellular uptake capability [19-22]. However,
advanced manufacturing technology for curcumin-encapsulated PLGA
NPs (Cur-PLGA NPs) is still required to improve quality control and drug
efficacy. The conventional batch-to-batch process has limited ability to
improve drug efficacy because of the polydisperse size and low drug
encapsulation efficiency (EE) of the produced NPs [23,24]. Thus, NP
production requires strict control of physicochemical properties, such as
size, shape, composition, and surface properties.

Recently, nanotechnology and microfluidics have experienced sus-
tained growth because of the confluence of both fields for drug delivery
applications. Microfluidic technology has emerged as a promising
alternative process for improving the properties of nanocarriers,
including uniformity, complex shape, controlling size, and encapsula-
tion/loading efficiency [25,26]. Microfluidic technology has attracted
such vast interest because of its unique and versatile advantages over
conventional batch processes, including nanoliter volume manipulation,
reduced reaction time, and rapid fluid mixing [24]. Recent studies have
focused on functional NP formulation and drug encapsulation via
nanoprecipitation under fast and elaborate fluid mixing, taking advan-
tage of the excellent performance of microfluidics [27-29].

Unlike in the bulk process, where fluid mixing occurs via turbulent
flow, mixing in microfluidic channels is generally accomplished via
diffusion due to laminar flow, which is influenced by convective flow.
Although diffusion-based mixing is an inherently slow process, it is
much faster than bulk mixing because of the short diffusion length of
tiny microfluidic channels. Fluid mixing in microfluidics can be classi-
fied into two categories: active and passive mixing [30]. Active micro-
fluidic mixers are achieved by integrating externally applied fields (such
as electric, magnetic, acoustic, and thermal) that can generate fluid
oscillation and microvortex [31-35]. Although these mixers can perform
fluid mixing extremely faster than passive mixers, their NP production is
challenging to scale-up because of the need for external apparatuses and
high costs. Thus, active micromixers are particularly suitable for mixing
specific samples, such as high-molecular-weight and viscous fluids.
Meanwhile, passive microfluidic mixers, based on geometric manipu-
lation of flow, can achieve scalable and high mixing performance
without any external actuator [36,37]. A common example of 1D
streamline-based passive mixing is hydrodynamic flow-focusing (HFF)
in a simple straight microchannel; the HFF depends predominantly on
diffusion-based mixing because of the inherent laminar flow at low
Reynolds numbers (Re). Although drug-loaded PLGA NPs synthesized
using a 1D microfluidic mixer show a smaller size and narrower size
distribution compared with those produced using the bulk method, it
poses a significant challenge in mixing strategies to overcome the
clogging of the channels resulting from NP aggregation on the channel
wall and low encapsulation efficiency (<60 %) and drug loading (<10
%). To improve the mixing efficiency even at low Re, researchers have
designed specific geometries to generate secondary 2D vortices in a
microfluidic mixer, such as serpentine and split-and-recombine micro-
channels, a herringbone structure, and pillar structures [36,38-40]. In
these designs, the mixing efficiency can be improved by generating
secondary flow unlike 1D mixing, owing to the increased contact area
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and interaction time between the two mixing species. However, it still
suffers from channel clogging and low drug loading (<10 %) [18,41]. To
date, several previous studies have observed that 3D designed micro-
fluidic mixer generate effective vortices and achieve high mixing effi-
ciency [29,42,43]. However, the use of 3D microfluidic mixers for drug
encapsulation in NPs has not been well reported. Alternatively,
microfluidic-assisted flash nanoprecipitation offers a versatile method
for generating 3D coaxial flows and for drug encapsulation, which are
critical for turbulent flow-based rapid mixing and preventing channel
clogging; however, in this method, there is limited scope for scaling up
the production rate via parallelization for single-set fluid operation
[44-46]. Thus, it is significantly challenging to design a special 3D
structure based on a scalable passive microfluidic mixer to enhance the
mixing efficiency for simultaneously achieving high encapsulation effi-
ciency and high drug loading.

An emerging approach in this field is 3D printing, which can improve
the performance of passive microfluidic mixers by integrating 3D com-
plex designs. Unlike cleanroom processes, 3D printing ensures the
automatic construction of 3D architectures with a computer-aided
design (CAD) model, eliminating complex procedures and the need for
specialized training [47,48]. Generally, 3D flow can generate stronger
convective circulations and vortices than 2D planar mixing. The devel-
opment of special geometries using 3D printing has resulted in a
significantly increased fluid—fluid interface area, which enhances the
mixing speed in tiny microchannels that generally support laminal flow
[42,49,50]. Among all the several passive micromixers that have been
investigated, modified Tesla structures have been found to exhibit
excellent mixing performance via the Coanda effect, which can induce
transverse dispersion between fluids [51-53]. However, the mixing of
fluids in these previously modified Tesla structures is based on two-
dimensional (2D) flow, which has limited mixing efficiency.

This study aims to design a 3D-geometry-based passive microfluidic
mixer with high mixing efficiency for the production of Cur-PLGA NPs
(Fig. 1A) with greater control compared with bulk mixing (Fig. 1B). Our
passive mixer is constructed by integrating a 3D-HFF microfluidic device
with a modified Tesla structure (Fig. 1(C)). To further enhance the
mixing performance, we incorporate 3D geometric obstructions (a
triangular prism, a cylinder, and a cone) between the Tesla mixing units
(Fig. 1(D)). These 3D microfluidic Tesla mixers can be successfully
fabricated using a 3D printer. Simulation and experimental results
reveal that the Tesla mixer exhibit stronger chaotic advection and better
mixing performance with the 3D cone obstructions than with the 2D and
3D triangular prism and cylinder obstructions. By employing the
optimal 3D microfluidic Tesla mixer with the cone obstruction, the size
and uniformity of PLGA NP formulations can be controlled by varying
the solvent type, polymer concentration/molecular weight, and flow
condition. Importantly, this microfluidic method enable the Cur-PLGA
NPs to exhibit better encapsulation efficiency (EE) and drug loading
(DL) when compared to the conventional bulk method. To validate drug
delivery application, in vitro studies are conducted on curcumin release
with different degradation rates as the pH changed.

2. Experiments
2.1. Materials

A photocurable resin (PlasClear V2) for 3D printing was purchased
from ASIGA. Four types of PLGA polymers (PLGA 50:50, 30-60 kDa;
PLGA ester terminated 50:50, 24-38 kDa: PLGA ester terminated 50:50,
38-54 kDa; PLGA ester terminated 50:50, 54-69 kDa; PLGA ester
terminated 50:50, 100 kDa), acetonitrile (ACN), acetone, dimethyl
sulfoxide, 1,4-dioxane, tetrahydrofuran (THF), ethanol, phosphate-
buffered saline (PBS), citric acid, sodium citrate, curcumin, and tween
80 were purchased from Sigma-Aldrich.
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Fig. 1. Microfluidic and bulk methods for producing Cur-PLGA NPs via nanoprecipitation. (A) Chemical structures of curcumin and PLGA and the schematic
illustration of the Cur-PLGA NPs. (B) Schematic illustration of the bulk method for producing Cur-PLGA NPs using solvent and antisolvent phases. (C) Schematic
illustration of the microfluidic device with 11 Tesla mixers. (D) Detailed Tesla structure with three different 3D obstructions (triangular prism, cylinder, and cone).

2.2. Design and fabrication of the microfluidic mixing device by 3D
printing

To directly fabricate the microfluidic mixer, we used a stereo-
lithography and a digital light process (SLA-DLP) 3D printer (MAX
X27, ASIGA). First, the microfluidic mixers were designed using Auto-
desk® Inventor software. The printing part had a total dimension of 35
mm x 8 mm and consisted of two parts: a microfluidic part with a
mixing channel (2.0 mm in thickness) and two injection ports as well as
one outlet port (3.0 mm in height and 1.0 mm in diameter) (Fig. 1C).
Additionally, the design of the microfluidic mixer comprised two parts: a
3D-HFF component (0.5 mm in length, 0.2 mm in width, and 0.2 mm in
height) and a Tesla structure mixing channel. For dimensions below 0.2
mm, the microchannel can be blocked during 3D printing. The smallest
dimension obtained using the SLA-DLP 3D printer is 200 pm for our
optimized printing condition. Fig. 1D shows the detailed Tesla structure.
The Tesla mixer part has a height and length of 1.0 mm and 24.3 mm,
respectively. There are obstructions along it and upon the bottom sur-
face of the channel with a height of 0.5 mm. Three types of obstructions
were designed, namely triangular prism (side length: 0.2 mm), cylinder
(diameter: 0.2 mm), and cone (diameter: 0.2 mm), and their mixing
performance was compared. For 3D printing of a cone obstruction in a
microchannel, the dimensions of the conical structure that can be con-
structed with the SLA-DLP 3D printer are limited to 0.5 mm for the
height and 0.2 mm for the diameter. Next, we converted the 3D CAD file
to STL format and set up the UV exposure (wavelength: 385 nm and
power: 40 mW/cm?) on the 3D printer. The exposure time for the initial
10 printed layers was set at 10 s per layer and subsequently reduced to
1.5 s for the remaining printed layers. After the 3D printing process, the
printed devices were removed from the constructed platform, washed
with ethanol, and dried. Finally, we post-cured printed device for 20 min
in the ASIGA Flash (ASIGA).

2.3. Computational fluid dynamics (CFD) simulation

The microfluidic mixers were designed using the CAD software
Autodesk® Inventor. Thereafter, to simulate the fluid-flow profile in the
microchannel, mixer models were exported and meshed in COMSOL
Multiphysics 6.0 using a laminar flow module with 3D models. The
operating fluid was water with a specific density of 999 kg/m?> and a
dynamic viscosity of 8.8 x 1074 kg/(m-s) at 293.15 K. The assumed
equations for the analyses of flow velocity are as follows:

Conservation of mass:

v.(ﬁ) -0 ¢))

Navier-Stokes equation:

p(uV)u=V.[-pl+K|+F (2)

where p, V, u, p, K, and F are the fluid density, fluid velocity, flow ve-
locity vector field, pressure, viscous stress tensor, and surface tension
force, respectively.

A steady-state flow regime was assumed during the numerical solu-
tion of the governing equations. Uniform velocity profiles were imposed
at the inlets with a total fluid flow rate of 50 mL/h, which is similar to
the experimental parameters for microfluidic mixing. The outlet was
assigned a static pressure of zero, whereas the wall condition was
specified as a no-slip boundary condition.

2.4. Evaluation of mixing performance

To analyze the mixing performance, we injected deionized (DI) water
and 0.05 mg/mL of fluorescein sodium salt into the device via a poly-
ethylene tube using syringe pumps (Standard PHD ULTRA™ CP, Har-
vard Apparatus). Flow rates of 45 mL/h and 5 mL/h were used for the DI
water and dye solution, respectively. The fluorescence was monitored
using an inverted microscope (Eclipse Ti2-U, Nikon Instruments Inc.)
with a digital camera (DS-Qi2, Nikon Instruments Inc.) supported by
NIS-Elements AR software, and then it was analyzed using ImageJ
software (ImageJ, NIH). The mixing index was calculated using Eq. (3)
based on changes in the coefficient of variation (CV) of the gray value in
a defined area.

Mixing index = (1 —%) x 100% 3)

2

where CV; is the CV of the gray value measured when two inlets are
filled with water as the continuous phase and a dye solution as the
disperse phase, and CVy is the CV of the gray value measured when both
inlets are filled with the dye solution. This was considered a state of
complete mixing and used for the control samples.

2.5. Formulation of polymeric NPs

PLGA NPs were prepared using both the bulk method and the
microfluidic mixer (Fig. 1B and C). We prepared an antisolvent phase
comprising 1 mg/mL of tween 80 in DI water and a solvent phase
comprising PLGA or a PLGA and curcumin mixture dissolved in ACN. All
solutions were filtered through a 0.22 um pore filter (Advantec®, Tokyo
Roshi Kaisha) to eliminate contaminants. For NP formulation using the
bulk method, the solvent-phase solution containing PLGA (2 mL) was
directly dropped onto the antisolvent solution (20 mL) under stirring for
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1 min. The mixture solution was stirred overnight. For the microfluidic
formulation, the two solutions were injected through the inlets at
various flow rates, and then the NP suspension was collected in the tube.
To control the PLGA NP formulation, we varied the experimental con-
ditions, including the solvent type, PLGA concentration, PLGA molecu-
lar weight, flow rate ratio, and total flow rate. Experiments were
conducted to evaluate the effects of the solvent types, PLGA concen-
tration, and PLGA molecular weight, with the flow rates of the anti-
solvent and solvent phases set at 80 mL/h and 32 mL/h, respectively.
Meanwhile, to examine the impacts of the flow rate ratio and total flow
rate, we varied the flow rates of the two phases using 2.5 mg/mL of the
24-38 kDa PLGA solution as the solvent phase and D.I. water as the
antisolvent phase. The NP solutions produced using the bulk and
microfluidic methods were centrifuged (12500 rpm, 12 min) three times
using a microcentrifuge (Smart 13, Hanil Scientific Inc.) to remove any
residual chemicals and organic solvent. The sedimented particles were
dried completely under a vacuum at room temperature.

2.6. Characterization of the hydrodynamic size and morphology

A zeta-potential and particle-size analyzer (ELSZ-2000, Otsuka
Electronics) was used for dynamic light scattering (DLS) measurements
to determine the hydrodynamic diameter and polydispersity index (PDI)
of the NPs. SEM images were obtained using a field-emission scanning
electron microscope (Sigma 500 VP, Zeiss) at 5 kV.

2.7. Characterization of the EE and DL of the Cur-PLGA NPs

The EE and DL of the Cur-PLGA NPs were evaluated using a UV-Vis
spectrophotometer (Ubi-490, MicroDigital Co., Ltd.) at 420 nm absor-
bance. Briefly, a calibration curve was obtained using different curcu-
min concentrations of 0.001-0.050 mg/mL in ACN. The Cur-PLGA NPs
were washed with DI water or ethanol, and then 1.5 mg of the Cur-PLGA
NPs were dissolved in ACN to completely release curcumin. Next, the
absorbance of this solution was measured at 420 nm to determine the
amount of released curcumin.

curcumin amount in NPs

EE (\%) = x 100\% “

initial curcumin amount

curcumin amount in NPs

DL (\%) = x 100\% )

mass of NPs

2.8. In vitro curcumin release and stability study

To determine the kinetics of the release of curcumin from the PLGA
NPs, 1.0 mg of the Cur-PLGA NPs were redispersed in 10 mL of PBS
buffer (pH 7.2) or citric acid buffer (pH 5.5), and then the suspensions
were incubated in an incubated shaker (IST-3075, JeioTech) at 100 rpm
and 37 °C. The Cur-PLGA NP solution was periodically collected and
centrifuged at 12500 rpm for 12 min. The supernatant was measured
using the UV-Vis spectrophotometer to determine the amount of
released curcumin. The stability of the Cur-PLGA NPs was carried out in
PBS buffer (pH 7.2) within 7 days at 25 °C. The NPs solution was sealed
in glass vials, samples were withdrawn at different intervals (1, 3, 5, and
7 days), and the z-average size and polydispersity index (PDI) were
analyzed via dynamic light scattering (DLS).

3. Results and discussion
3.1. Microfluidic mixer design and numerical modeling

As shown in Fig. 1C, the microfluidic mixing device comprises a 3D-
HFF cross-junction and eleven repeating Tesla mixing units for mixing

purposes. Fig. 1D shows details of our geometric consideration for the
Tesla structure with three types of 3D obstructions. The fluid stream
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with the polymer solvent phase centered inside the antisolvent phase is
introduced into the Tesla mixers through 3D-HFF. The edge sharp
structure splits this fluid stream into two sub-streams. One sub-stream is
strongly squeezed and directed to combine with the transverse direction
flow of another side fluid stream, which can enhance micromixing due
to the increased inertia effect that occurs after a strong collision between
the fluid streams with different flow rates. Additionally, the Tesla
structure exhibits the Coanda effect, which is the tendency for fluid to
flow along a curved surface rather than a straight line, which can
enhance mixing performance by introducing chaotic advection [54]. We
expect that fluid flow can behave very differently when 3D obstructions,
including triangular prism, cylinder, and cone, are incorporated into a
Tesla mixer.

To confirm our hypothesis, we use COMSOL multi-physics to
numerically investigate the flow behavior of the incompressible solution
by solving the continuity and Navier-Stokes equations and the con-
vection—diffusion equations. The velocity vectors for six distinct Tesla
mixers with 2D planar and incorporated 2D and 3D obstructions are
shown on the x-y and x-z planes (Fig. 2). The 2D obstructions have the
same height as the channel, and the 3D obstructions have a lower height
than the channel, affecting fluid flow in three dimensions. We observe
nearly horizontal streamlines along the channel length in the reference
2D planar Tesla mixer (Fig. 2A), but no secondary flow, such as vortical
flow, is observed. Contrarily, vortical flows are frequently generated in
front and behind the obstructions in the other Tesla mixers with 2D
(Fig. 2B and D) and 3D (Fig. 2C, E, and F) obstructions. Additionally,
when compared to the 2D planar Tesla mixer, the Tesla mixers with
obstructions have a higher difference in flow rate between the two sub-
streams at the joint where the sub-streams from the squeezed and curved
channels collide. This is because of the presence of obstructions. The
fluid stream unevenly splits into two streams because of the different
flow resistances between the squeezed and curved directional channels
[55]. The curved channel has relatively high flow resistance due to its
long channel length. Meanwhile, for the Tesla mixers with obstructions,
the obstruction tends to induce additional fluid flow to the curved
channel, which can increase the residence time for enhanced mixing,
unlike the 2D planar Tesla mixer. We observe that the 3D obstructions
induce stronger vortical flows than the 2D obstructions for both the
triangular prism and cylinder shapes (Fig. 2B-E). Although the vortical
flow in the wake region behind the obstruction is minimized, the flow
streamlines are generally well dispersed in the Tesla mixing channel,
even onto the 3D obstructions (on the x-y plane, Fig. 2B-E). Addition-
ally, the vortical flows generated in front of the 3D obstructions are
stronger than those generated in the 2D obstructions (Fig. 2C and E).
These 3D obstructions can induce significant deformations in the flow
stream around the surface wall of the obstruction and the gap between
the roof of the obstruction and the ceiling wall of the channel, which
may contribute to efficient mixing performance (on the x-z plane,
Fig. 2C and E).

The interesting 3D geometry is a conical structure with different
curved surfaces that taper smoothly from a flat circle base to a single
point. As shown in Fig. 2F, the Tesla mixer with a 3D cone obstruction
has denser streamlines at the vortical flow region than the Tesla mixers
with triangular prism and cylinder obstructions. Conversely, no sec-
ondary vortical flows are observed in front of both the 2D and 3D ob-
structions when a simple straight channel is used, unlike in the case of
the Tesla mixer channel (Fig. S1). We predict that the main causes of the
strong vortical flow at the 3D cone obstruction in the Tesla mixer are as
follows: (1) When the fluid approaches the cone obstruction, the hy-
drodynamic pressure increases owing to the narrowing of the space
between the microchannel and obstruction. Such hydrodynamic pres-
sure is uneven near the conical structure because the narrowing space
gradually changes depending on the tapered circle diameter. This in-
dicates that under laminar flow in the microchannel, large differences in
shear force between fluid layers from uneven flows induce significant
deformations in fluid flow, possibly generating rotational secondary
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200 um

Fig. 2. Flow streamlines obtained from the 2D velocity profile simulation (x—y and x—z planes) for six different Tesla mixers: (A) 2D planar Tesla mixer, Tesla mixers
with (B) 2D triangular prism, (C) 3D triangular prism, (D) 2D cylinder, (E) 3D cylinder, and (F) 3D cone obstructions.

flows. (2) The squeezed fluid flow in the Tesla structure expands in front
of the obstruction, thereby inducing variations in velocity and pressure
[56]. Such dynamic fluid flow behavior caused by the special structure
provides a unique opportunity to use the driving force for better mixing
performance when compared to using a simple straight channel.

3.2. Mixing performance of the 3D-obstruction-integrated microfluidic
Tesla mixer

As briefly discussed above, the 3D obstruction existing under fluid
flow can enhance the mixing performance; thus, we attempt to fabricate
a microfluidic mixer by incorporating the three obstructions between
the Tesla mixing units to validate numerical simulation results. The 3D
printing method can be used as an alternative method to fabricate a
master mold template for the soft lithography of a microfluidic device.
In particular, the SLA-DLP 3D printing method is a suitable candidate for
the production of microfluidic devices with fine channels [48,57,58].
With the evolution of the 3D printing resolution, there is a compelling
need for a 3D-printer-based simplified manufacturing process for the
direct fabrication of entire microfluidic devices. We use SLA-DLP 3D
printing to directly form 3D-HFF and complex 3D structures, including a
triangular prism, a cylinder, and cone shapes. The layered structures can
be clearly observed in all the SEM images, indicating that the 3D
printing process constructed the material layer by layer (Fig. S2A-C). We
determine the surface roughness of the layered structure of the sidewall
of the 3D printed device. The surface roughness was calculated to be

13.87 pm from the equation presented in Fig. S2D [59]. The surface
roughness of these layered structures increase, thereby decreasing the
flow velocity onto the surface and causing flow instability, which may
have enhanced the mixing performance [60,61]. Although the 3D
printing process has limited ability to form cone structures with a low
resolution, the key shape for the tapered circle diameter is still present
(Fig. $2C).

To examine the impact of various impediments on mixing perfor-
mance, we use the green fluorescent dye to visualize the fluid mixing
streams and then quantify a mixing index for different mixing units: a 1D
straight microchannel, the 2D planar Tesla mixer, the Tesla mixer with
2D obstructions, and the Tesla mixer with 3D obstructions. Fig. S3A il-
lustrates fluid mixing in the Tesla mixers with 2D triangular prism and
2D cylinder obstructions. Narrow center streams are observed at the 3D-
HFF junction channel, where the two injected fluids meet. This fluid
stream to be mixed flows dependently along the mixing channel ge-
ometry. Since the obstructions are 2D, no fluorescence is observed at
their position, but fluid streams with different fluorescence intensities
are clearly observed around them. Fig. 3A shows the fluorescence
observation results for fluid mixing in the 2D planar Tesla mixer and the
3D-obstruction-integrated Tesla mixer. Generally, fluorescence mole-
cules continually diffuse out as the number of units increases, indicating
that mixing is occurring. Compared to the case of the 2D planar Tesla
mixer, different flow patterns are visualized around each obstruction in
the Tesla mixer with 2D and 3D obstructions, implying that Tesla mixers
with obstructions are more feasible for generating additional secondary



P.T. Le et al.

A 3D views 2" unit 4% ynit 6™ unit

8 unit

Chemical Engineering Journal 483 (2024) 149377

100 unit B

~O-Tesla mixer with cone obstruction

—@-Tesla mixer with cylinder obstruction

—&—Tesla mixer with triangular prism obstruction
Tesla mixer without obstruction

100 4 -¢-Straight channel mixer ~

50 1

Mixing index (%)

s—F—5—°

0 — T T — T T T
----- 01 2 3 4 5 6 7 8 9 10 11
—

e el e

500 pm Mixromixer units

Fig. 3. Mixing characterization of various types of microfluidic Tesla mixers. (A) Schematic illustration of 3D views and fluorescence images of fluid mixing for the
reference 2D planar Tesla mixer and the three 3D Tesla mixers with triangular prism, cylinder, and cone obstructions. The fluorescence images are captured at
different units along the Tesla mixing channel. The flow rates of the injected fluorescence and blank solutions are 5 and 45 mL/h, respectively. (B) Quantification of
mixing versus mixing units for five different geometries. The mixing index is obtained by measuring the coefficient of variation (CV) of the fluorescence intensity in a
defined area at the exit of each Tesla mixing unit. Data represent the mean (£+SD) of five independent experiments.

flow mixing than Tesla mixers with no obstructions (Fig. 3A and S3A).
Specifically, very weak fluorescence is present at the curved channel of
the initial mixing unit (second unit) in the 2D planar Tesla mixer
because the main flow is in the direction of the squeezed channel owing
to low resistance. In contrast, relatively high fluorescence intensities is
present at the curved channel in the 3D-obstruction-integrated Tesla
mixers because the obstruction cause the main fluid stream to slightly
shift to the direction of the curved channel. This phenomenon is
consistent with the simulation results, which reveal remarkable differ-
ences in velocity between the squeezed and curved channel flow
streamlines at the joining region (Fig. 2).

The quantitative mixing index indicates significantly different mix-
ing behaviors depending on the mixing geometries (Fig. 3B and S3B).
Specifically, a mixing index of 100 % indicates complete mixing of the
blank and fluorescence solutions. Mixing in the straight channel relies
only on diffusion due to the absence of secondary flow, resulting in a low
increase in the mixing index from 17.0 % to 26.2 % along the 23.9 mm
channel length (Fig. 3B). Compared to the 1D straight channel, the 2D
planar Tesla mixer significantly improve fluid mixing from 21.2 % to
70.4 %. This can be achieved through three approaches related to
channel geometry: (i) the appearance of a flow plate, which suddenly
reduces the width of the exit channel and intensifies the contact between
the two rejoined fluid streams; (ii) the centrifugal forces generated in the
curved channels, which cause the fluids to produce secondary flows; and
(iii) the split-and-recombine structure of the flow channels, which
lessens the diffusion distance between the two fluid streams [62,63]. As
expected, the simulation results reveal that the Tesla mixers with 3D
obstructions have higher mixing index values than the 2D planar Tesla
mixer for all cases of obstructions, increasing to 86.2 % (triangular
prism), 96.3 % (cylinder), and 99.4 % (cone) (Fig. 2B). The cone
obstruction has a higher mixing index of > 95 % at the 7™ unit than the
cylinder obstruction, which has a mixing index of 96.3 % at the 11%
unit. The cone obstruction achieve complete mixing within 400 ms at a
flow rate of 50 mL/h. Our results demonstrate that the geometric
characteristics of an obstruction would affect transverse flow formation
in a Tesla mixer. Cylinder obstructions have a curved surface that can
form stronger Dean vortices than triangular prism obstructions, thereby
leading to a stronger transverse flow and a higher mixing index [53,64].
Similarly, the Tesla mixer with the cone obstruction has a higher mixing
index than that with the cylinder obstruction. Conical structures mainly
differ from cylinder structures in that they have asymmetric curved
surfaces. We believe that such asymmetric cone structures would result
in deformed transverse flow as their diameters gradually change, which
can be attributed to the gradual deformation of the inertial flow stream

around the cone surface. Fig. S3B compares the mixing indexes for the
2D and 3D obstructions. The 3D obstructions have significantly higher
mixing indexes at the 11 unit than the 2D obstructions, indicating that
3D geometry exploits vortical mixing to improve the performance of
microfluidic mixers. This supports the hypothesis that the geometry of
obstructions plays a critical role in determining the mixing efficiency of
3D-printed microfluidic mixers.

3.3. Controlled formulation of PLGA NPs using the 3D microfluidic Tesla
mixer

We formulate drug carriers using microfluidic mixers in order to
create controlled polymeric NPs with uniform sizes, which are important
parameters for controlling drug release kinetics. As previously
mentioned, the 3D microfluidic Tesla mixing process is designed to
achieve rapid mixing, which is advantageous for formulating NPs with
small diameters and narrow size distributions. In addition to mixing
design, microfluidic HFF junctions where two solutions converge play a
critical role in determining the size and distribution of NPs. To investi-
gate the differences in NP formulation according to the HFF junction
design, we use a 3D-printed microfluidic device comprising the 3D-cone-
obstruction-integrated Tesla mixer as the mixing component and a 2D-
HFF or 3D-HFF geometry as the junction component. Upon comparing
the PLGA NP formulations, largely aggregated polymers are observed at
the solvent-antisolvent interface in only the 2D-HFF junction (Fig. S4A).
This aggregation occur because of liquid-liquid interface contact onto
the channel surface; in contrast, such an interface in the 3D-HFF junction
is formed inside the channel, preventing aggregation[65-67]. To
quantitatively compare this difference, we measure the change in the 2-
average size and PDI of the PLGA NPs with operating time (Fig. S4C).
The sizes of the NPs synthesized in the 2D-HFF and 3D-HFF junctions are
in the ranges of 90-110 nm and 101-105 nm, respectively. The PDIs of
the NPs are in the ranges of 0.11-0.16 (2D-HFF) and 0.08-0.10 (3D-
HFF). Using the 3D-HFF microfluidic Tesla mixer, we also evaluate the
effect of the obstructing structure on PLGA NP formation (Fig. S4D). The
different obstructing structures are found to correspond to different
mixing efficiencies. The size and PDI of PLGA NPs produced in the Tesla
mixers with a 3D triangular prism obstruction (131.67 nm size and 0.12
PDI) and a 3D cylindrical obstruction (106.63 nm size and 0.11 PDI) are
greater than those of NPs produced in the Tesla mixer with a conical
obstruction (98.0 nm size and 0.07 PDI). This trend further strengthens
our hypothesis that the mixing ability of the Tesla mixer design is
directly related to the size and uniformity of the PLGA particles pro-
duced. Through an appropriate choice of the obstruction shape, the
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mixing ability of the mixer can be improved. This would facilitate the
production of PLGA NPs with controlled properties. Additionally, there
are no variations in size or PDI values among the devices (Fig. S4D).
Thus, we can confirm that the 3D-printed microfluidic mixer with 3D-
HFF enables the reproducible formation of PLGA NPs with homoge-
neous size distributions.

The basic principle of polymeric NP formulation is nano-
precipitation, which occurs when the solution changes its polarity after
being diluted with a polymer-containing organic solvent in an aqueous
solution. Two main factors affect the size and uniformity of NPs: change
rate and difference in polarity between the antisolvent and solvent. To
evaluate the controllability of the NP size based on these factors, we
formulate the PLGA NPs with four organic solvents and DI water as the
antisolvent using both our 3D microfluidic Tesla mixer and the bulk
method. Our microfluidic mixer exhibit enhanced mixing performance,
which is closely related to polarity change rate. As shown in Fig. 4A, the
3D microfluidic method produce smaller PLGA NP sizes and lower PDI
values than the bulk method in all cases of organic solvent. Furthermore,
the organic solvents used have a significant influence on both the size
and PDI of the PLGA NPs. The polarity indexes of 1,4-dioxane, THF,
acetone, and ACN are 0.164, 0.207, 0.355, and 0.460, which are lower
than the polarity index of water (1.000) [68]. Since the polarity index of
the solvent phase is close to that of water, the formulated NPs are small
and uniform: 196.3 nm size and a 0.14 PDI in 1,4-dioxane, 173.3 nm size
and a 0.12 PDI in THF, 127.1 nm size and a 0.07 PDI in acetone, and
98.0 nm size and a 0.07 PDI in ACN. SEM images show that PLGA NPs
formed with four different solvents by our microfluidic mixer have
smaller and uniform size morphologies compared to bulk method
(Fig. S5). The high performance of our microfluidic mixer and the high
polar index of ACN indicate excellent diffusion efficiency in the aqueous
water phase, which affects the homogeneity of the nucleation step as
well as the diameter and uniformity of the precipitated NPs.
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Next, we evaluate the effect of the PLGA concentration on the size
and uniformity of the NPs in our 3D microfluidic Tesla mixer. As the
PLGA concentration increased, the NP size and PDI steadily increase
from 98 nm and 0.076 to 138.9 nm and 0.16, respectively (Fig. 4B). It is
well known that high polymer concentrations increase the viscosity of
the solution and decrease the distance between polymers, leading to
increased NP sizes due to a decrease in the diffusion and mixing rates
[69,70]. Meanwhile, both solution viscosity and polymer solubility vary
as PLGA molecular weight changes, which can inversely affect NP
formulation [71,72]. Specifically, the solution viscosity increase as the
molecular weight increased, resulting in increased NP sizes, as previ-
ously mentioned. In contrast, solubility decrease as the molecular
weight increased, resulting in decreased NP sizes owing to rapid pre-
cipitation. However, our results reveal no significant changes in the size
and PDI of the PLGA NPs formulated using the four PLGA molecular
weights (79.2-94.2 nm sizes and 0.076-0.12 PDIs) (Fig. 4C). As the
PLGA molecular weight decrease, the PDI values slightly decrease, but
average size of the PLGA NPs do not show a definitive trend. We expect
that the high mixing rate of our device can improve the mobility of high-
molecular-weight polymers, which may minimize the effect of molecu-
lar weight on NP formulation relative to the polymer concentration
effect.

To further investigate the influence of the flow condition in the 3D
microfluidic Tesla mixer, we compare the size and PDI of the formulated
PLGA NPs by varying the total flow rate and flow rate ratio (Qso1/Qantisol)
of the solvent and antisolvent solutions. As shown in Fig. 4D, the NP size
decrease as the total flow rate increased, which is due to improved the
mixing performance, but it moderately increase as the flow rate ratio
increased. The dependence of mixing performance on total flow rate has
been discussed in previous reports [73,74]. Furthermore, changes in the
flow rate ratio can affect NP formulation by changing the polarity of the
antisolvent and solvent mixture, as the NP size depends on the polarity
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of the mixture [75]. It has also been reported that the influences of flow
conditions on the NP size depend on the polymer type [74,76,77].
However, in this study, the NP size is not influenced by changes in the
flow rate ratio at a total flow rate of 20 mL/h. The fluid injected for 3D-
HFF divide into two uneven streams at the entrance of the Tesla struc-
ture, indicating that the solvent/antisolvent ratio is uneven. The low
solvent ratio existing in the middle flow of 3D-HFF may have leaned to
one side path, which can induce NP nucleation in a concentrated anti-
solvent mixture before complete mixing occurs. Although the flow rate
ratio increase, the nucleation condition may not have changed signifi-
cantly in the Tesla structure with two paths, resulting in no significant
variation in the PLGA NP size. At a high total flow rate of 100 mL/h, the
NP size increase owing to improved mixing performance, which mini-
mize the mixing variation between the two paths in the Tesla structure.
Fig. 4E shows that the flow conditions influence the size distribution of
the NPs. The total flow rate of 20 mL/h cause relatively low mixing
performance, resulting in a wide size distribution. Although increasing
the total flow rate induces high mixing performance, the total flow rate
of 100 mL/h cause a wide NP size distribution because the fluid resi-
dence time in the microfluidic mixer is very short and broadly distrib-
uted [74,78]. We find that PLGA NPs with low PDI values are obtained at
flow rates of 40-80 mL/h in most flow rate ratios. On the basis of the
results of the validation of the method for controlled NP production, we
produce small and uniform PLGA NPs with a z-average size of 81.3 nm
and a PDI of 0.071 by using the 3D microfluidic Tesla mixer (Fig. 4F).
For comparison, the SEM images show the spherical morphology of NPs
with a size of 77.2 + 6.93 nm, which are slightly smaller than the DLS
measurements (z-average size of 81.3 nm) owing to the effect of the
hydrodynamic diameter in an aqueous environment.

3.4. Exceptional drug encapsulation in the 3D microfluidic Tesla mixer
One of the major challenges in the drug application of polymeric NPs

is achieving high encapsulation of water-insoluble drugs to attain high
drug efficacy. We believe that nanoprecipitation can occur through the
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coprecipitation of drug molecules and polymer and through the pre-
cipitation of drug molecules with one another, which can affect the EE
and DL. Nonencapsulated curcumin can aggregate into crystalline
nanostructures, which do not easily dissolve in body fluids, causing low
drug efficacy [79]. To overcome these challenges, we design 3D
microfluidic Tesla mixers to enhance encapsulation performance. We
characterize the Cur-PLGA NPs formulated using three different prepa-
ration methods, namely, bulk mixing, microfluidic straight mixing, and
3D Tesla mixing, to compare the drug encapsulation performance
(Fig. 5). Fig. 5A shows that the co-precipitated Cur-PLGA NPs produced
in the 3D Tesla mixer had larger sizes and PDI values (93.33 nm and
0.073, respectively) than the bare PLGA NPs (81.25 nm size and 0.071
PDI). The Cur-PLGA NPs with the largest sizes and PDI values are pro-
duced by the straight microfluidic mixer (182.6 nm size and 0.14 PDI)
and bulk mixer (380.8 nm size and 0.34 PDI). These trends are clearly
due to the superior mixing ability of the 3D Tesla mixer when compared
to those of the straight and bulk mixers.

To further evaluate the drug encapsulation ability of the 3D Tesla
mixer, we prepare Cur-PLGA NPs using the microfluidic mixer and bulk
mixer and then compare the EE and DL of the Cur-PLGA NPs after
washing them with DI water (curcumin-insoluble) or ethanol (curcumin-
soluble) (Fig. 5B and C). Ethanol was chosen as the washing solvent
alternative to DI water to remove the nonencapsulated curcumin par-
ticles because it has good curcumin solubility and PLGA miscibility.
Compared to DI water washing, ethanol washing slightly reduced the EE
and DL for all mixing methods tested: EE decrease from 30.25 % to
10.91 % and DL decrease from 19.46 % to 7.01 % in the bulk mixer, EE
decrease from 36.86 % to 32.78 % and DL decrease from 27.41 % to
22.07 % in the straight mixer, and EE decrease from 73.37 % to 68.40 %
and DL decrease from 48.27 % to 43.01 % in the 3D Tesla mixer.
Interestingly, when the washing solution is changed from DI water to
ethanol, both the EE and DL dramatically reduced by more than half in
bulk mixing when compared to microfluidic mixing. This demonstrates
that nonencapsulated curcumin exists as particles that is difficult to
remove via centrifugation and that ethanol is effective for removing
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residual curcumin. Evaluating the EE and DL as well as the size and size
distribution after washing with DI water can produce false positive re-
sults. Importantly, the 3D microfluidic Tesla mixer improve the EE and
DL of the PLGA NPs up to six times more than the bulk mixer. Fig. 5D
compares the Cur-PLGA NPs formulated using bulk and microfluidic
mixing. The low mixing rate of bulk mixing result in reduced frequent
interactions between PLGA and curcumin, which lead to increased
curcumin aggregation and decreased encapsulation effects. In an
aqueous environment, separately formed curcumin particles can adhere
to the PLGA NP surface via attractive interaction (van der Waals in-
teractions, hydrophobic interactions, etc.), and they can sediment with
the PLGA NPs during centrifugation in the washing process [80].
Notably, we demonstrate that the high mixing rate of our 3D micro-
fluidic Tesla mixer induces continuous interactions between PLGA and
curcumin, resulting in high DL. The high DL of the NPs is critical for
future clinical applications. Regarding cell-targeted drug delivery, the
efficiency of NP delivery highly depends on cellular affinity and ligand
density [81,82]. The exceptional drug-loaded NPs can be used to
enhance the drug’s response to stimuli even with very low targeting
moieties. Improving EE for drug carrier nanoparticles is essential for
minimizing expensive drug waste during nanoprecipitation. Several
studies have demonstrated that EE and DL can vary depending on the
encapsulating polymer and drug, as they rely on the intermolecular
interaction between the polymer and drug. Therefore, higher encapsu-
lation can be achieved by utilizing novel polymer-carriers with strong
drug-carrier interactions under microfluidic mixing [83]. Alternatively,
microfluidic nanoprecipitation via co-loading using drug-polymer con-
jugate and pre-loading using drug nanoparticles could improve EE and
DL [84].

Next, we evaluate the release profile of the Cur-PLGA NPs while
considering that the surrounding environment of NPs during cellular
uptake changes from neutral pH 7.4 in blood to acidic pH 5.5 in endo-
somes [85]. As shown in Fig. S5E, the Cur-PLGA NPs exhibit a sustained
curcumin release profile for 6 days, and the release profile is higher in
the pH 5.5 buffer (89.1 % + 2.0 %) than in the pH 7.4 buffer (34.2 % +
0.7 %). This difference in curcumin release as the pH changes indicates
that PLGA exhibits acid-triggered release behavior due to its rapid
degradation [86,87]. In addition, water molecules can penetrate the
polymeric network. The curcumin dissolves in the penetrated water, and
its release occurs through diffusion. Low pH induces weak interaction
between PLGA and curcumin, which results in a slight increase in the
solubility of curcumin in water [41,88]. From the results of Cur-PLGA
NPs stability (Fig. S6), no significant z-average size and PDI changes
are observed for 7 days, indicating that drug release in pH 7.4 is pre-
dominantly induced by water uptake and swelling of NPs rather than
PLGA degradation.

4. Conclusion

This study presents a 3D microfluidic Tesla mixer with high mixing
performance for improving the encapsulation of curcumin drugs in
PLGA NPs. The microfluidic Tesla mixer with complex 3D geometries,
including 3D-HFF and 3D obstructions, is successfully fabricated via 3D
printing. We demonstrate that the integration of 3D obstructions into
Tesla structures can improve mixing performance by generating addi-
tional vortical flows, which is confirmed through CFD simulations.
Among the various 2D and 3D obstructions tested, the 3D cone
obstruction in the Tesla mixer is found to achieve rapid full mixing
within 400 ms. This device allow for the controlled formulation of PLGA
NPs with sizes of 79.2-196.3 nm and a PDI value of < 0.1 while varying
the nanoprecipitation experimental conditions, including solvent type,
PLGA concentration, PLGA molecular weight, total flow rate, and flow
rate ratio. Additionally, small and uniform Cur-PLGA NPs are success-
fully produced using our device. Most importantly, we find that washing
the Cur-PLGA NPs with ethanol is critical for purifying them and
enabling our 3D microfluidic Tesla mixer to achieve considerably higher
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EE (68.40 %) and DL (43.01 %) than bulk mixers. Additionally, we
demonstrate that the pH-triggered release of Cur-PLGA NPs is feasible
for future clinical applications. Our current investigation mainly focuses
on improving mixing performance, which significantly affects the
quality of drug nanocarriers. It is a promising approach for efficiently
encapsulating curcumin, which has shown low EE and DL in previous
reports. We expect to achieve higher EE and DL with other drugs using
our device. Further investigations of encapsulating other drugs that are
approved by the Food and Drug Administration (FDA), such as docetaxel
and paclitaxel, are required for the versatility and robustness of our 3D
microfluidic Tesla mixer. In addition, with increasing interest in the
scaling up of the production of microfluidic NPs, our design is expected
to facilitate scalable NP production if the 3D microfluidic Tesla mixer
can be (1) fabricated through parallel printing and (2) integrated with
the distribution network [36,89]. We believe that the proposed 3D
microfluidic Tesla mixer could be widely extended to drug encapsula-
tion and drug delivery applications.
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