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ABSTRACT Successful intracellular delivery of nucleic acid therapeutics relies on multiaspect

optimization, one of which is formulation. While there has been ample innovation on chemical design
of polymeric gene carriers, the same cannot be said for physical processing of polymer—DNA
nanocomplexes (polyplexes). Conventional synthesis of polyplexes by bulk mixing depends on the
operators' experience. The poorly controlled bulk mixing process may also lead to batch-to-batch variation

and consequent irreproducibility. Here, we synthesize polyplexes by using a three-dimensional

hydrodynamic focusing (3D-HF) technique in a single-layered, planar microfluidic device. Without any

additional chemical treatment or postprocessing, the polyplexes prepared by the 3D-HF method show

smaller size, slower aggregation rate, and higher transfection efficiency, while exhibiting reduced

cytotoxicity compared to the ones synthesized by conventional bulk mixing. In addition, by introducing external acoustic perturbation, mixing can be

further enhanced, leading to even smaller nanocomplexes. The 3D-HF method provides a simple and reproducible process for synthesizing high-quality

polyplexes, addressing a critical barrier in the eventual translation of nucleic acid therapeutics.
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ene therapy has shown significant
G promise in the treatment of many

acquired and inherited diseases, but
development of nonviral gene carriers for
efficient delivery remains a major challenge.!
Many synthetic polymer-based carriers, re-
sponsible for condensing nucleic acids into
nanocomplexes (polyplexes), have demon-
strated high efficiency.? > Currently, poly-
plexes are prepared by adding a polymer
solution to a DNA solution, followed by
vigorous pipetting or vortex mixing of the
resulting solution. The polyplexes form
spontaneously due to electrostatic interac-
tion between the cationic polymer and the
negatively charged nucleic acid. Such bulk
mixing produces polyplexes that are often
metastable, showing poor uniformity,
batch-to-batch variability, and subsequent
aggregation, all of which render poor bio-
logical reproducibility.®” Here, we synthe-
size polyplexes through a microfluidic
three-dimensional hydrodynamic focus-
ing (3D-HF) method, where uniform mix-
ing is enhanced by the reduced diffusion
length via a microfluidic channel, result-
ing in the production of polyplexes with
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high uniformity and improved biological
performance.

In conventional bulk mixing, the self-as-
sembly of nanocomplexes occurs instanta-
neously following the introduction of
polymer and DNA solutions. The quality of
the polyplexes is therefore determined by
the mixing uniformity. Although rapid vor-
texing or repeated pipetting may improve
the mixture uniformity, the operator's ex-
perience, or even the sequence in which
reagents are added, can greatly alter the
physical properties of the resulting poly-
plexes®~'° Recently, microfluidic devices'' '3
amenable to automated operation have
attracted increasing interest due to their
ability to minimize human factors and
synthesize uniform products.'* 2’ The reac-
tion conditions (e.g., reagent ratio, flow rate,
ionic concentration) can be finely tuned,
leading to highly controllable parametriza-
tion throughout the complexation process.?#?
Ho et al. showed that the self-assembly of
polyplexes through microfluidics-assisted
confinement (MAC) in picoliter droplets
produces more homogeneous and compact
polyplexes.>® Although promising, the MAC
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approach requires the use of oil and surfactant to
generate and stabilize a water-in-oil emulsion.>?3°
Further, microfluidic devices typically operate under a
low Reynolds number, or laminar flow regime, which
suppresses turbulent mixing, leaving molecular diffu-
sion as the dominant mixing mechanism. Particularly
important for reactions of fast kinetics, such as charge
neutralization of polyelectrolytes,®' rapid and uniform
mixing is paramount. Toward this end, hydrodynamic
focusing has been used to enhance mixing and pro-
vide homogeneous parameters within the reaction
region.327* As the central solution is focused by the
sheath of outer fluids, the diffusion length decreases
and diffusion occurs all around the central stream,
resulting in faster mixing and improved polyplex
homogeneity.>*3** Two-dimensional (2D) hydrody-
namic focusing, which focuses the central solution in
the horizontal plane only, has been used to prepare
polyplexes®> and lipolexes.>® However, transverse
diffusive broadening observed in existing laminar co-
flows®” compromises the quality of the resulting poly-
plexes. A better design to ensure effective mixing in
microscale continuous flow settings is needed.*® Com-
pared with 2D hydrodynamic focusing, 3D hydrody-
namic focusing can further reduce the reaction volume
and enhance the vertical diffusion by squeezing the
center stream in the vertical direction. In recent years,
different designs with intrinsic 3D structures for 3D-HF
have been proposed, which require complicated fab-
rication and offer relatively low reproducibility.3°~*?
Rhee et al. have demonstrated a single-layer 3D-HF
device for polymer nanoparticle synthesis. In their
design, three sequential inlets with precisely controlled
size and alignment were used for vertical focusing, and
a conventional cross junction was used for horizontal
focusing.* Rhee's 3D-HF device showed advantages in
synthesis over 2D-HF devices, but the stringent control
required for the inlet drilling and the low flow rate
diminish the appeal of this design. Previously, we have
developed a “microfluidic drifting” technique to
achieve 3D-HF in a single-layer, planar microfluidic
structure for on-chip flow cytometry application,**~4¢
through standard soft lithography without multi-
layer assembly requirements, rendering it ideal for
low-cost and large-scale production. However,
our first generation of a “microfluidic drifting”-based
3D-HF device was not suitable for nanoparticle
synthesis due to a relatively low ratio between
central and total flow rate (~1:17), which may
result in diluted concentration of the synthesized
polyplexes.

In this report, we redesigned the “microfluidic drift-
ing”-based 3D-HF device for polyplex synthesis appli-
cation. The new device has a 180° curved channel
section, and the ratio between central and total flow
rate is 1:3. This 3D-HF approach can synthesize poly-
plexes (Figure 1) with improved properties compared
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Figure 1. Schematic of the microfluidic device for polyplex
synthesis by 3D-HF. The DNA solution is injected through
inlet A, while the polymer solution is injected from inlets B,
C, and D.

to bulk mixing. In addition, we introduce external
acoustic perturbation®” > to further enhance the
mixing in the focused stream.

In this study we demonstrate that the 3D-HF-synthe-
sized polyplexes show smaller size, narrower size dis-
tribution, and higher colloidal stability compared to
the bulk-prepared counterpart. In particular, 3D-HF
accompanied by acoustic perturbation produces the
smallest polyplexes. Aided by acoustic perturbation,
the 3D-HF-synthesized polyplexes also show higher
transfection efficiency and lower cytotoxicity. There-
fore, acoustic-assisted 3D-HF represents a new ap-
proach of producing high-quality polyplexes in a
reproducible and scalable manner.

RESULTS AND DISCUSSION

Reducing Polyplex Size by 3D-HF and Acoustic Perturbation.
Several flow rates were tested for optimization based
on the size of the synthesized polyplexes, while keep-
ing the flow rate ratio between inlets A:B:C:D as 3:4:1:1,
as shown in Figure 1. The polyplex size (Z average
diameter, Z,,) and polydispersity index (PDI) were
measured (Figure 2). The computational fluid dynamics
(CFD) simulation of the experimental parameters
showed the confinement of the DNA solution in both
horizontal and vertical directions at various flow rates
(see Supporting Information, Figure S1). As the flow
rate increased, the size of the highly concentrated DNA
region decreased, while the region of lower DNA
concentration increased, indicating the enhancement
of mixing. According to previous research, faster mix-
ing can generate polyplexes with smaller sizes.>® The
experimental result showed the expected trend that
the size of the polyplexes decreased with flow rate
(Figure 2a). However, as the total flow rate increased
from 270 ul/min to 360 ul/min, the decrease in
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Figure 2. Comparison of polyplexes prepared by bulk mixing and 3D-HF. (a) Size of polyplexes as a function of flow rate.
(b) Intensity-based size distribution obtained under the reaction condition of 2 uL Turbofect reagent per ug of pDNA
(Zav,m,amusm = 200.0 nm, Za\,,3D = 263.0 nm, Zav,bu"( = 419.1 nm; PDI3D,acoustic = 0.067, PD|3D = 0.131, PDIbqu = 0.142);

(c) aggregation kinetics.

Bulk

3D-HF

3D-HF
+ Acoustic

Figure 3. Microscopic observation of GFP transfection. At 24 h post-transfection, the human embryonic kidney (HEK293T)
cells transfected by turbofect polyplexes were examined by fluorescence microscopy. Visually, the cells showed comparable

transfection efficiency in all cases. Scale bar = 100 um.

particle size was less than 30 nm, and further in-
crease of the flow rate might cause leakage of the
microfluidic channel. Therefore, the total flow rate of
360 uL/min was used in subsequent studies. At this
flow rate, the 3D-HF-prepared polyplexes showed
smaller size compared to those prepared by bulk
mixing (Z,y,3p = 263.0 nm versus Z,y puik = 419.1 nm),
while the size distribution was comparable in both
conditions (PDI3p = 0.131 versus PDlp, = 0.142,
n=3,p=0.789).

Besides 3D-HF, acoustic perturbation can also en-
hance mixing. The acoustic oscillation of the micro-
fluidic channel can cause liquid motion or vortices,
which are known as acoustic streaming.>® Even at
micrometer scale, turbulence can still be induced
actively by acoustic oscillation, resulting in fast mixing.
Therefore, we hypothesized that acoustic perturbation
in conjunction with the 3D-HF method could generate
even smaller polyplexes. Figure 2b shows the size
distribution of polyplexes prepared by bulk mix-
ing, 3D-HF, and acoustic perturbation-assisted 3D-HF.
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As expected, introduction of acoustic perturbation
further decreased the particle size and polydispersity
index (Zay3p,acoustic = 200.0 M, PDl3p acoustic = 0.067).

Aggregation Kinetics Studies. Aside from nanocomplex
heterogeneity in size, significant aggregation is often
observed in bulk preparations, presumably due to a
corona of excess polycation and an uneven surface
coverage.”” As shown in Figure 2c, comparison of the
aggregation kinetics of polyplexes prepared by bulk
mixing or 3D-HF suggests that the latter produces
more stable particles without any treatment, such
as PEGylation or addition of anticaking agent. The
aggregation kinetics over 4 h (the time required for
transfection) shows the same trend (see Supporting
Information, Figure S3). The improved size uniformity
and slower aggregation rate exhibited by polyplexes
prepared with 3D-HF, especially with acoustic pertur-
bation, is most likely due to enhanced mixing, which in
turn leads to a more uniform surface property, thereby
reducing the aggregation or flocculation that typically
occurs in solution.
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Figure 4. Quantification of transfection efficiency and cytotoxicity. (a—c) The FSC/SSC plots suggest that the cells maintained
comparable morphology after transfection with polyplexes prepared in all cases. (d—f) Bivariate plots showing the
fluorescence of Pl and annexin V-Cy5 staining were used to quantitatively evaluate cytotoxicity. The polyplexes prepared
by the 3D-HF method with and without acoustic perturbation induced less cell death and apoptosis. (g) Quantification of GFP
expression level (n = 3). *p < 0.026. (h) Quantification of cell viability. (n = 3). **p < 0.0042. (i) Quantification of luciferase assay
(n = 3). ***p < 0.0004. (Unpaired t test, Cl 95%, two-tailed p-value.)

Estimation of Shear Rate and Temperature Increment. Even
though the mixing performance can be enhanced by
increasing the flow rate and external acoustic field, the
potential degradation of DNA becomes a concern due
to the increased shear stress and introduction of
acoustic power. High shear rate (for example, 40 ms
of shear rate at 3.5 x 10°/5)°® or long time of relatively
low shear stress (~100 s of shear rate at 2.1 x 10%/s)*°
may break the phosphodiester backbone and phy-
sically fragment plasmid DNA (pDNA) into small
pieces.”® % Ultrasound may also fragment DNA via
mechanical or thermal degradation due to cavitation.®’
Degradation of DNA by these mechanisms will negate
the benefits of the proposed polyplex manufacturing
process.
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We first evaluated the shear stress under our ex-
perimental settings, based on the applied flow rate and
time of operation. At the highest flow rate of 360 uL/min,
the residence time of the DNA in the microfluidic
channel would be shorter than 400 ms. The velocity
distribution was simulated (see Supporting Informa-
tion, Figure S2). The shear rate () was calculated as
y = av/dh, where v is the velocity of the fluid and h is the
distance from the channel wall. The maximum shear
rate was calculated as 8.1 x 10%s near the channel
wall, and the shear rate decreased from the wall to the
center of the channel. The relatively low shear rate®®
and the short time interval®® suggest that the DNA
degradation due to shear stress would be negligible in
our experiments.
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Second, the two main mechanisms of DNA degra-
dation by acoustic field are cavitation and direct
mechanical or thermal degradation. When acoustic
pressure is on the order of one atmosphere or higher,
gas bubbles appear and oscillate vigorously, resulting
in mechanical stress that can be several orders of
magnitude higher than that in fluid without bubbles.®?
However, acoustic cavitation is negligible in our experi-
ment because no bubble was observed due to the
extremely low acoustic pressure (<100 Pa). Another
concern is the heat generated by the piezoelectric
transducer, which is made of lead zirconium titanate
(PZT), and the absorption of acoustic energy in the
fluid. This has been an issue extensively investigated in
other ultrasound applications; the relationship be-
tween heat generation in PZT materials and acoustic
frequency is known.®®> The low frequency (55 Hz)
applied in our process will produce an temperature
increase less than 1 °C. As an analogy, this low fre-
quency is similar to the frequency of a normal bench-
top shaker. It should not damage the pDNA, as
confirmed through an agarose gel electrophoresis
experiment (see Supporting Information, Figure S4),
which shows that 3D-HF with acoustic perturbation
causes no significant DNA fragmentation or degrada-
tion. In summary, the external acoustic perturbation
provides an additional “active” mixing in the proposed
3D-HF mechanism, while maintaining the integrity of
the DNA.

Biological Performance of the Synthesized Polyplexes.
Figure 3 and Figure 4 compare the biological perfor-
mance of the polyplexes prepared by bulk mixing and
3D-HF with and without acoustic perturbation. The
reporter pDNA vector pmax-GFP encoding green fluor-
esenct protein (GFP) was used for polyplex synthesis.
Qualitatively, the cells showed comparable transfec-
tion efficiency in all cases (Figure 3). Quantitatively,
3D-HF polyplexes prepared with or without acoustic
perturbation achieved ~75% transfection compared
to the 60% by bulk-mixed polyplexes (Figure 4g). The
improvement in transfection efficiency again con-
firmed that there was no obvious DNA damage during
polyplex synthesis by 3D-HF with and without acoustic

MATERIALS AND METHODS

Materials. The reporter pDNA vectors pmax-GFP encoding
green fluorescent protein (Amaxa, Cologne, Germany) and VR1255C
encoding firefly luciferase (Vical, San Diego, CA, USA) were used
to quantify transfection efficiency. Turbofect (poly(2-hydroxy-
propyleneimine), pHP) transfection reagent was purchased
from Thermo Scientific. Opti-MEM reduced-serum medium
was purchased from Life Technology. All materials were used
without any further treatment.

Device Preparation. The 3D-HF microfluidic channel was a
single-layer polydimethylsiloxane (PDMS) microchannel fabri-
cated using soft lithography techniques, as reported previously
by our group.***® Briefly, the mold was patterned on a silicon
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perturbation. Similar distribution in forward scatter/
side scatter (FSC/SSC) plots (Figure 4a—c) suggests that
the cells maintained comparable morphology after
transfection with polyplexes prepared in all cases.
Further investigation showed that polyplexes prepared
by 3D-HF induced less cell death (PI+) and apoptosis
(PI—, annexin V+)%* than polyplexes prepared by the
bulk mixing method (Figure 4d—f), which is also shown
in Figure 4h.

To complement the transfection parameter of per-
cent cells transfected, we also measured the total gene
expression level using the firefly luciferase (pLuc) reporter
gene. The results are shown in Figure 4i. Consistent
with the GFP-transfection results, polyplexes prepared
by 3D-HF showed a 2-fold greater luminescence in-
tensity as compared to the bulk mixing case. No
statistical significance was found between the 3D-HF
groups with and without acoustic perturbation.

The acoustic-assisted 3D-HF method showed the
ability to synthesize polyplexes with better control of
physical properties, such as size and colloidal stability,
over the traditional bulk mixing method. Although we
have not addressed the scale-up issue in this study, the
throughput of the proposed process should be amen-
able to optimization of the device and flow parameters
or at the very least through integration of multiple 3D-
HF devices in parallel for mass production 5>

CONCLUSIONS

We have successfully demonstrated polyplex syn-
thesis using a 3D-HF method, along with external
acoustic perturbation, in a single-layered device. The
polyplexes prepared by this 3D-HF method show
smaller size, slower aggregation rate, higher transfec-
tion efficiency, and lower cytotoxicity compared to the
ones prepared by the bulk mixing method. Further-
more, acoustic perturbation further decreases the
particle size. The 3D-HF method can produce high-
quality polyplexes in an operator-independent, simple,
and scalable manner. The improved reproducibility
and efficacy derived from this 3D-HF synthesis may
contribute to the future development of translational
nucleic acid therapeutics.

wafer with photoresist (SU8-2050). The surface of the mold was
modified to render hydrophobicity by coating it with 1H,1H,
2H,2H-perfluorooctyl-trichlorosilane (Sigma Aldrich). The PDMS
mixture was prepared by mixing the base and curing agent
(Sylgard 184 silicone elastomer from Dow Corning) at the
weight ratio of 10:1, then poured onto the mold, degassed in
a vacuum chamber, and later cured at 65 °C for 30 min.
Subsequently, the half-baked PDMS channel was removed from
the mold. The inlets and outlets were drilled with a Harris Uni-
Core puncher. The channel was treated with oxygen plasma and
bonded to a micro-cover glass slide. Then, the whole micro-
fluidic channel was cured at 65 °C overnight. To fabricate
channels for the acoustics-assisted 3D-HF, a piezoelectric trans-
ducer (model no. SMBLTF120W60, Steiner & Martins, Inc.) was
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attached to the bottom of the microfluidic device using epoxy
(Permatex 84101). Later, tubing was inserted into the inlets and
outlets and sealed with epoxy. The microfluidic chip was
connected to syringes via tubing, and the flow rate was con-
trolled by the neMESYS syringe pump system (cetoni GmbH,
Germany). Before synthesizing the polymer—DNA nanocom-
plexes, the channel was washed with 70% ethanol in water, then
rinsed with water, and exposed to UV light for 1 h.

Preparation of Polyplexes by Microfluidics. The DNA stock solu-
tion and the turbofect transfection reagent were diluted in Opti-
MEM reduced-serum medium to 13.2 ug/mL and 13.2 ulL/mL,
respectively. As demonstrated in Figure 1, the DNA solution was
focused after injection through inlet A. The polymer solution
was injected from inlets B, C, and D. Additionally, a very long
channel length allowed for a longer diffusion time and ensured
that the reaction could be completed within the microfluidic
system. The polyplexes were collected at the outlet directly
without further purification or separation. Several flow rates
were tested for optimization based on the size of the synthe-
sized polyplexes, while keeping the flow rate ratio between
inlets A:B:C:D as 3:4:1:1. The optimized flow rate was then used
to synthesize polyplexes with the introduction of acoustic
perturbation (20 Vpp, 55 Hz).

The concentration distribution of DNA solution was simu-
lated at different flow rates using commercial CFD simulation
software (CFD-ACE+, ESI-CFD), by assuming the diffusion coef-
ficient of the 390 kD pGFP as 0.5 x 10~ '?> m%/s and the initial
concentration as 1.905 x 1072 M.%” The simulation did not
consider the reaction between the DNA and polymer.

Preparation of Polyplexes by Standard Pipetting Method. The DNA
and Turbofect concentrations were kept the same as the ones
used in microfluidic experiments. As instructed by the manu-
facturer's protocol, 1 mL of the turbofect solution was added to
0.5 mL of DNA solution, followed by vigorous pipetting.

Size Characterization by Dynamic Light Scattering. The polyplex
size (Z average diameter) and polydispersity index were directly
measured using the Zetasizer NanoS system (Malvern Instru-
ments, Herrenberg, Germany). All measurements were carried
out at 25 °C, using the refractive index (1.330) and viscosity
(0.8872 cP) of water for data analysis. Each sample was mea-
sured at three-minute intervals for a total of one hour. The
reported standard deviation was calculated as 0* = PDI x (Z,,)?
with the assumption of a Gaussian distribution.’

Cell Culture and Transfection. The human embryonic kidney
(HEK293T) cell line was cultured at 37 °C under 5% CO, in Eagle's
minimum essential medium (EMEM) containing 10% heat-
inactivated fetal bovine serum (HI-FBS) and 1% penicillin/strep-
tomycin medium. HEK293T cells were seeded at 1 x 10° cells/
well in 12-well plates and cultured overnight at 37 °C under 5%
CO, with 1 mL/well full growth media for 24 h. Then the full
growth media was replaced with 400 uL of Opti-MEM contain-
ing polyplex of 1.5 ug of DNA in each well. After 4 h incubation,
the transfection media was replaced with full growth media,
and the cells were incubated for 24 and 36 h for pGFP and pLuc
expression analysis, respectively.

For the pGFP transfection study, the transfected cells were
studied by fluorescence microscopy and flow cytometry. The
apoptosis assay was carried out through flow cytometry after
annexin-V and propidium iodide staining.%* For the pLuc trans-
fection study, the transfected cells were lysed in 400 uL of 1X Glo
lysis buffer (E2661, Promega). Then the lysate was transferred to
a 96-well plate and mixed with an equal amount of Steady-Glo
assay reagent (E2510, Promega). The luminescence intensity
was measured through the Fluoroskan Ascent FL after 20 min.
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