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Abstract

Traditionally, transfection complexes are typically formed by bulk mixing, producing particles
with high polydispersity and limited control over vector size. Herein, we demonstrate the use of a
commercial micro-reactor to assemble pDNA:cationic cyclodextrin:pendant polymer nanoparticles
using a layer-by-layer approach. Our studies reveal that the particles formulated via microfluidic
assembly have much smaller sizes, lower polydispersity, lower {-potentials, and comparable cell
viability and transfection profiles in HeLa cells than bulk mixed particles. The complexes also
show a flow rate-dependent stability, with particles formed at slower flow rates giving rise to more
stable complexes as determined by heparin challenge. Our findings suggest that microfluidic
reactors offer an attractive method for assembling reproducible, size-controlled complexes from
multi-component transfection complex assemblies.

Genetherapy is a promising alternative to conventional chemotherapy due to its high
specificity and modest off-target effects.> While various viral vectors exist for the delivery
of nucleic acids, they suffer from issues such as safety, scalability and immunogenicity.
Non-viral carriers that can condense the nucleic acids into < 200 nm positively charged
nanocomplexes are gaining prominence because of their modest immunogenicity and ease of
production.2:3 Many different carrier designs based on cationic polypeptides, cationic
lipids,> polymers®8 and cyclodextrins® nanoparticles have been developed. While most of
these materials are able to effectively condense and deliver pDNA, they still exert relatively
little control over the vector assembly process and final dimensions. This introduces large
polydispersities and little control over initial physical characteristics such as diameter or -
potential of the transfection complexes.19 Vortex mixing and/or bulk mixing is the most
common process used by researchers to assemble such nanoparticle complexes, but these
complexation methods have high inherent variability due to gradients in concentration and
temperature that are formed during the mixing process. Such batch-to-batch inconsistency
can lead to poor reproducibility and false negative results in biological experiments.1!

Microfluidics-based techniques such as flash nanoprecipitation (FNP)12-14 and
hydrodynamic flow focusing (HFF)1>-17 have been demonstrated as robust techniques for
the formulation of drug-loaded polymeric nanoparticles, but similar control is yet to be
shown for the formulation of nucleic acid cargo. Microfluidic formulation of nucleic acid-
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loaded nanoparticles has been previously performed for the rapid generation of libraries of
siRNA-containing lipid nanoparticles'8 and pDNA-containing cyclodextrin-based
supramolecular nanoparticles.1® While these techniques are excellent tools for high
throughput screening of nucleic acid nanoparticles, control over the physical properties of
the nanoparticle complexes, in most cases, has not been demonstrated. Recently, Cullis, et
al., have demonstrated the formulation of limit—sized lipid nanoparticles and lipid—siRNA
nanoparticles using rapid microfluidic mixing of lipids dissolved in an ethanol stream.29:21
The authors demonstrated that microfluidic mixing was a powerful technique for
formulation of both polar and non-polar core structures. They also showed that they could
achieve particle sizes as small as 20 — 50 nm with encapsulated siRNA using this technique.
Leong, et al., have developed the technique of microfluidics-assisted confinement of
complexes in picoliter oil droplets. They demonstrated a reduction of size, PDI, {-potential
and cytotoxicity, as well as higher transfection efficiency than the bulk mixed
counterparts.?2 The ability to tune the physical characteristics based on flow rate alone, in a
manner similar to FNP or HFF, has still not been demonstrated. Herein, we demonstrate the
flow rate-dependent control over particle characteristics such as diameter, polydispersity
index (PDI), {-potential, and decomplexation rate. To control these properties, we
formulated the transfection complexes in a commercially available glass Chemtrix
microreactor (Figure 1). Our results suggest that the microreactor provides improved control
over the physical characteristics of the nanoparticles generated under a wide range of feed
conditions and flow rates. We also show that the flow mixing technique is a reproducible,
operator-independent, and potentially scalable technique that can improve the uniformity
and performance of nucleic acid nanoparticle complexes for transfection.

As an extension of our previously reported poly(vinyl alcohol)-based pendant polymer
designs,23:24 we developed a new hyaluronic acid (HA)-based pendant polymer system
capable of forming complexes with cationic cyclodextrins and pDNA. HA (350 kD) was
chosen for its high water solubility, CD44-targeting capabilities, and biocompatibility.2>:26
Adamantane-conjugated (HA-Ad) was synthesized via EDC mediated coupling between HA
and adamantane methylamine (Supporting Information). Poly(ethyleneimine) (PEI) of
molecular weight 2.5 kDa was used to introduce a single modification on the p-cyclodextrin
1° hydroxy! rim. Briefly, B-cyclodextrin was converted to the monotosylated form?2’ and was
further converted to CD-PEI after isolation of the pure 6-monotosyl-p-cyclodextrin28 by
treatment with an excess of PEI2.5k. The CD-PEI product was purified by precipitation in
ether and exhaustive dialysis against DMSO and water. The HA-Ad and CD-PEI
components (Figure 2) were then used for assembly of the pDNA nanoparticle complexes
via bulk or flow mixing techniques. For bulk mixed complexes, the CD-PEI and pDNA
were mixed first and incubated for 1 h before the HA-Ad was added with vortex mixing and
further incubation for 1 h. At the same time, the pDNA, CD-PEI and HA-Ad component
solutions were assembled under different flow mixing conditions using the Chemtrix
microreactor as described below (Figure 1).

The flow reactor (Figure S1) chosen provided sufficient length and volume to enable
efficient mixing of the feed solutions. This reactor is equipped with 2 input channels, 1
quench channel, and 1 output channel with a total reactor volume of 10 uL and reactor
length of 60 pm. CD-PEI and pDNA (pAcGFP1, Clontech) were introduced in separate
input channels while HA-Ad was added via the quench channel. This setup replicates the
stepwise assembly process used in bulk mixing by allowing the pDNA and CD-PEI to first
yield pDNA:CD-PEI polyplexes before adding HA to consolidate the initially formed
condensed pDNA core to generate the final transfection complexes. All the individual
components were diluted in sterile, filtered, nanopure water instead of buffer to ensure that
buffer counterions did not interfere with complex formation. Transfection complexes were
assembled at N/P ratios of 10, 20 and 30, since these were the ratios shown to have optimal
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activity for the bulk mixed complexes in initial screening experiments. Flow mixing was
carried out at pDNA flow rates of 5, 10, and 20 pL/min. CD-PEI and HA-Ad flow rates
were adjusted accordingly to afford the required N/P ratios.

Our studies revealed that higher flow rates resulted in smaller complexes and lower PDIs
than bulk mixed particles at the same N/P ratios (Figures 3A). Flow mixing also produced
particles with lower {-potentials than the bulk mixed particles of the same N/P ratio (Figure
3B). AFM analysis of the complexes showed that flow mixed complexes were smaller and
more monodisperse than the corresponding bulk mixed particles (Figure 3C — 3F), with
average diameters of 50 £ 10 nm for flow mixed transfection complexes and 120 = 20 nm
for bulk mixed complexes of the same composition (Figure S3).

The relative complexation ability and colloidal stability of the transfection complexes were
studied by gel retardation (Figure S4) and PicoGreen competitive binding assays (Figure 4),
respectively. PicoGreen is a highly sensitive dye that fluoresces upon intercalation into
dsDNA, but remains non-fluorescent when the DNA is tightly condensed and inaccessible
for dye binding. The bulk mixed and flow mixed complexes were incubated for 30 min with
increasing amounts of the negatively charged polysaccharide heparin to promote polyion
exchange of CD-PEI:HA-Ad from the pDNA core. This was followed by addition of the dye
and fluorescence analysis. Interestingly, while the gel shift assay indicated very similar
complexation profiles for the bulk mixed and flow mixed complexes, the PicoGreen assay
showed that the decomplexation characteristics of the various complexes were very
different.

The PicoGreen studies indicated that complexes formulated by flow mixing, in general,
were more susceptible to disassembly in the presence of polyanions than those prepared by
bulk mixing. Competitive binding assays also showed that the transfection complexes
prepared by flow mixing at higher flow rates were prone to disassemble more readily than
those produced at lower flow rates. These data indicate that the complexation ability of all
the pDNA:CD-PEI:HA-Ad ratios and flow rates are nearly the same, however, disassembly
is more facile in the presence of a negatively charged polymer challenge when the
transfection complexes have been prepared by flow mixing. This can be attributed to the
shorter interaction time between the individual components when they are flow mixed than
occurs for bulk mixed complexes. The longer interaction times in the bulk mixed case
enables multiple encounters with other particles, leading to larger and more highly entangled
ionomer complexes with higher polydispersity. These findings suggest that the flow mixing
strategy demonstrated here gives us control over properties such as diameter, PDI and (-
potential, as well as a less described characteristic, the disassembly propensity of the
complexes.

The MTS cell viability assay was performed to compare the HA-Ad and CD-PEI materials
using bPEI as control. These studies indicated that CD-PEI and the CD-PEI:HA-Ad
complexes had negligible effects on cell viability, even at concentrations as high as 1mM,
whereas bPEI had an LDsg of ~ 0.15mM (Figure S5). The relative transfection efficiencies
and cell viabilities of the bulk and flow mixed complexes was then studied. Upon incubation
with HeLa cells, flow mixed complexes demonstrated improved cell viability (10 — 20%),
but lower transfection efficiency (20 — 30%), than the bulk mixed complexes (Figure 5). We
infer from these data that the flow mixed complexes undergo reduced cellular uptake due to
their lower C-potential and reduced stability in the presence of polyanions present in the
culture media. Cell viability was also evaluated using the 7AAD viability stain during the
transfection experiment. We found that cells treated with flow mixed complexes had higher
cell viabilities (85 — 90%) than bulk mixed complexes (70 — 80%; Figure 5).
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The presence of uncomplexed polycations in bulk mixed complexes has been shown to be
the reason for their higher in vitro cellular uptake and transfection efficiency.?® These free
polycations are also responsible for increased in vitro cytotoxicity.30 Since no free CD-PEI
was detected in our transfection complexes, the lower transfection efficiency and improved
cell viability of the flow mixed complexes may arise from the absence of similarly
uncomplexed polycations.

While a significant amount of research has been carried out in the development of
therapeutic genes and non-viral carriers, the absence of a robust operator-independent
technique for the production of nucleic acid complexes is still needed. Unpackaging and
escape of nucleic acids from transfection complexes that have been internalized is regarded
as a crucial barrier to realizing more efficient gene delivery. Traditionally, transfection
complex disassembly has relied on chemical approaches, such as pH-31 or
enzyme-32responsive linkages, or physical approaches such as temperature cycling.33
Herein, we have demonstrated control over decomplexation properties based solely on the
formulation parameter of mixing rate without making any changes to the carrier materials
themselves.

Conclusions

While control over diameter and PDI has been demonstrated by use of microfluidics-assisted
confinement, to our knowledge there exists no technique that has shown flow rate-dependent
control over formulation of nucleic acid transfection complexes. The high reproducibility of
this technique allows for more rigorous analysis of the dependence of transfection efficiency
on particle diameter, PDI, {-potential and disassembly rate.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Conceptual diagram of HA-Ad:CD-PEI:pDNA transfection complex preparation by

microfluidic assembly. CD-PEI (far left) is first mixed with pDNA (mid-left); intermediate
polyplexes (center) are mixed with HA-Ad (mid-right), resulting in the final nanoparticles of
controlled diameter, composition, and low polydispersity.
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Figure 2.

Chemical structures of (left) HA-Ad and (right) CD-PEI.
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Figure 3.

(A) Diameter and polydispersity indices (PDI); (B) {-potentials; and AFM images of
transfection complexes produced at N/P = 20 by (C) bulk mixing; and flow mixing at pDNA
flow rates of (D) 5, (E) 10 and (F) 20uL/min. Scale bar = 500 nm.
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Figure5.

Quantification of relative transfection efficiency and cytotoxicity of bulk and flow mixed
pDNA:CD-PEI:HA-Ad complexes in HelLa cells with bPEI as a control. Incubation for 4 h
in 10% serum-supplemented medium was followed by flow cytometry analysis at 24 h.
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