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Nucleic acid-based therapeutics acting at the molecular level
require an effective intracellular delivery system. Use of

polycations to condense nucleic acids into nanocomplexes facil-
itates cellular internalization. This has inspired many innovative
chemical designs to form nanoparticles with interesting func-
tionalities, ranging from stealth properties through PEGylation
to environment-specific unpacking via pH-sensitive or bioreduc-
tive degradable bonds in the polymeric carrier. While the carrier
design has achieved tremendous progress, the process of assem-
bling the nanocomplexes has received scant attention. Charge
neutralization between cationic gene carriers and negatively
charged nucleic acid payloads is a highly energetic process.
Vortex mixing, a process used by almost all researchers to form
these nanocomplexes via electrostatic self-assembly, introduces
great variability into the quality of the nanocomplexes because of
the metastable preparation and subsequent aggregation.1 This in
turn leads to poor biological reproducibility and difficulty in
establishing a robust structure�function relationship.2 To im-
prove the physical properties of the nanocomplexes, we propose
to control the complexation through microfluidics-assisted con-
finement (MAC) in picoliter droplets. The hypothesis is that
confined diffusion in a small volume (∼300 pL) would facilitate
the charge neutralization between the oppositely charged poly-
electrolytes (diffusion length ∼80 μm, Dpolymer ∼ 10�6 cm2/s,
given Δt = 30 s) to reach equilibrium, thereby yielding nano-
complexes that are more uniform and compact. This effective
reaction may also exhaust the free polyelectrolytes within the
volume, leaving a minimum of unreacted reagents, particularly
the polycations that typically generate a polymer corona on
surface of the nanocomplexes.

The promise of microincubators has been previously demon-
strated for nanoparticle synthesis, such as metallic nanoparticles,3

oxide nanoparticles,4 nanocrystals,5 and recently on lipoplexes.6

However, there has been no study on the formulation of
polyplexes, the complexation of polycations and DNA, using
this approach. In this study, we examine the effects on transfec-
tion efficiency and cytotoxicity of a set of distinctive particulate
parameters (size, heterogeneity, and stability) enabled by MAC
for a comparison with nanocomplexes synthesized under con-
ventional bulk mixing. We present the first demonstration that
the more homogeneous and compact MAC-synthesized poly-
meric nanocomplexes exhibit lower cytotoxicity and higher
transfection efficiency. In the current formation of polyplexes
by bulk mixing, the quality of the product often depends on the
experience of the operator. For instance, the manner of mixing
and the sequence of adding one polyelectrolyte to the other
would make a drastic difference.7,8 Our findings suggest that
MAC is an attractive approach, not available previously, to
formulate polyplexes in a robust, reproducible, and scalable
manner. This operator-independent process will also benefit
the synthesis of other nanoparticulate delivery systems, such as
protein nanoparticles formed by complex coacervation.

Picoliter droplets were generated by a cross-flow microfluidic
droplet generator shown in Figure 1a, through a competition
between the continuous phase (carrier fluid, oil) and the disperse
phase (the aqueous reagents).9 The DNA payloads and polyca-
tions were confined in individual water-in-oil droplets and
subsequently self-assembled through electrostatic interaction,
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ABSTRACT: The future of genetic medicine hinges on suc-
cessful intracellular delivery of nucleic acid-based therapeutics.
While significant effort has concentrated on developing nano-
carriers to improve the delivery aspects, scant attention has been
paid to the synthetic process of poorly controlled nanocomplex
formation. Proposed here is a reliable system to better control
the complexation process, and thus the physical properties of
the nanocomplexes, through microfluidics-assisted confine-
ment (MAC) in picoliter droplets. We show that these homo-
geneous MAC-synthesized nanocomplexes exhibit narrower size distribution, lower cytotoxicity, and higher transfection efficiency
compared to their bulk-synthesized counterparts. MAC represents a physical approach to control the energetic self-assembly of
polyelectrolytes, thereby complementing the chemical innovations in nanocarrier design to optimize nucleic acid and peptide
delivery.
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denoted asMACnanocomplexes (Figure 1b). Confining the self-
assembly to within discrete droplets effectively eliminated dis-
persion and reduced nonspecific adsorption to the channel
surface, allowing precise control of the amount of reagents
entrapped inside the droplets.9 Additionally, a center channel
infused with buffer was included to avoid aggregation, as the
immediate electrostatic interaction might cause aggregation to clog
the channel.10 The design of a serpentine channel (Figure 1c)

ensured themixing between the reagents, even under laminar flow.9

A high-density carrier fluid (FC-40, fluorocarbon oil, 3M) and a
neutral surfactant (RainDance, proprietary) were selected for the
ease of final product collection and the elimination of nonspecific
interaction between the polycations and DNA, respectively. The
nanocomplexes collected were then directly used for subsequent
characterization or cellular investigation without any purification or
separation.

Plasmid DNA encoding GFP, as a reporter gene, was com-
plexed with a commercially available polymeric transfection
reagent of Turbofect (poly(2-hydroxypropyleneimine), pHP)
or jetPEI (linear polyethylenimine, PEI, 20 kD). Consistent with
our hypothesis and previous findings with lipoplexes,6 MAC
enabled a generation of small (ZAve, MAC = 289.8 nm versus ZAve,
Bulk = 406.6 nm) and more monodispersed (PDIMAC = 0.125
versus PDIBulk = 0.161) nanocomplexes (Figure 2a), regardless
of the solvent conditions and polymer to DNA ratios (N/P ratio)
(Supplementary Figure 1 in the Supporting Information). Under
defined polymer andDNA concentrations, the higher count rates
of particle size measurement indicated that MAC produced a
higher concentration of smaller complexes compared to the bulk-
prepared counterparts (Figure 2b). The lower surface charge on
MAC nanocomplexes suggested an exterior without a polymer
corona, in contrast to excess polymer loosely attaching to a
nanocomplex in bulk preparation (Figure 2b).11 In addition to
particle size analysis, nanocomplexes were investigated using
atomic forcemicroscopy (AFM) in Figure 2c. Although discrepancy
in particle sizes between characterizations of dynamic light scattering
and AFM is common,12 quantification of surface area showed that
MACpreparation (463( 242 nm2) produced smaller and relatively
homogeneous nanocomplexes than the bulk counterpart (3106 (
6106 nm2). Bulk-synthesized polymeric nanocomplexes are prone
to aggregation or flocculation due to the imbalanced surface charge
resulting from the heterogeneity in size or composition.13 Typical

Figure 2. Representative characterizations of nanocomplexes produced with Turbofect and plasmid DNA: (a) Intensity-based size distribution
obtained under the reaction condition of 2 μL Turbofect reagent per μg of pDNA (ZAve,Bulk = 406.6 nm, ZAve,MAC = 289.8 nm; PDIBulk = 0.161,
PDIMAC = 0.125); (b) surface chargemeasured as zeta potential and count rate obtained from particle analysis; (c) visualization of nanocomplexes under
AFM (scale bar, 500 nm). (d) aggregation kinetics; (e) nanocomplex stability resolved by PicoGreen competition assay. Mean( standard error of the
means (n = 3) and p < 0.001 (unpaired t test, CI 95%, two-tailed p-value).

Figure 1. Microfluidics-assisted self-assembly in picoliter droplets. (a)
Design of the cross-flow type of droplet generator. (b) Plasmid DNA,
buffer, cationic gene carrier, and oil were introduced into each channel
with syringe pumps. Oil/surfactant was used to generate monodisperse
water-in-oil droplets. The DNA and polycation solutions were confined
into individual droplets and subsequently self-assembled through elec-
trostatic interaction, forming DNA nanocomplexes. (c) The droplets
were then introduced into a serpentine channel to ensure complete
mixing. Scale bar: 200 μm.
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solutions to produce colloidal stability are to operate the reaction at
low ionic strength (electrostatic stabilization),1,14 or to apply
stabilizing additives (steric stabilization).15 The MAC-produced
nanocomplexes were highly resistant to aggregation (Figure 2d),
presumably benefitting from their more uniform surface charge
to satisfy the grounding principle of electrostatic stabilization.
MAC proposed herein is a particularly valuable strategy that does
not require any additional treatment or stabilization to avoid
the complication from aggregation, which may confound the
structure�function correlation.

Along with colloidal stability, an increase in nanocomplex
stability was observed from MAC preparation. PicoGreen, a posi-
tively charged dye that fluoresces upon intercalating with DNA, was
selected to assay the nanocomplex stability. Clearly seen from
Figure 2e, the MAC nanocomplexes remained highly stable under
the PicoGreen competition, especially when compared to the bulk
counterparts. To explain the experimental results, we established a
coarse-grained model16 to describe the confined diffusion of
oppositely charged polymers in microincubator. Preliminary results,
considering diffusion only, showed that the reactor volume alters the
time-to-FMS (fully mixed state) significantly (Supplementary Fig-
ure 2 in the Supporting Information). Taken together, thesefindings
underpin our hypothesis that confining random motions in a finite
domain enhances the charge neutralization betweenpolycations and
nucleic acid payloads, thereby reaching a fully mixed state within a
greatly reduced amount of time. As a result,MAC is able to generate
small, homogeneous and tightly bound nanocomplexes.

Upon incubation with human embryonic kidney cells (HEK293),
MAC nanocomplexes showed higher transfection efficiency and
lower cytotoxicity compared to bulk-prepared controls. At 24 h
post-transfection, the morphology of HEK293 cells transfected by
bulk-prepared nanocomplexes suggested the onset of cytotoxicity
(Figure 3). In contrast, the cells transfected with MAC nanocom-
plexes looked healthy (Figure 3).

Consistent with the microscopic observation, the FSC/SSC
plot from flow cytometry suggested theMAC-prepared nanocom-
plexes inducedminimum cell death (as gated in Figure 4a,b,∼96%
cells were gated in the negative controls, data not shown). Cell
viability was further evaluated by apoptosis, a major route of
polyplex-mediated cytotoxicity,17 through PI and Annexin V-Cy5
staining. Clearly shown in Figure 4c, the bulk-prepared nanocom-
plexes induced significant cell death (PIþ) and apoptosis (PI—,
Annexin Vþ). Strikingly, only minimal alteration of cell integrity
was observed in theMAC-prepared counterparts (Figure 4d). The
transfection efficiency (Figure 4e) of MAC nanocomplexes was
not compromised by the high cell viability (Figure 4f).

Although the optimum dimension and geometry of a nano-
complex for cellular uptake are still a topic of debate, it is
generally believed a size-dependent process.18 A higher percen-
tage of uptake (quantified by quantum dot-labeled plasmid,
detailed in the Supporting Information), shown as percentage

Figure 3. Microscopic observation. After 24 h post-transfection, the HEK293 cells transfected by Turbofect nanocomplexes were examined by
microscopy and assayed using flow cytometry. The morphology of cells transfected by bulk-prepared nanocomplexes suggests onset of cytotoxicity. In
contrast, the cells transfected with MAC-prepared nanocomplexes appeared relatively healthy. Scale bar =100 μm.

Figure 4. Quantification of transfection efficiency and toxicity. Con-
sistent with the microscopic observation, (a, b) the FSC/SSC plot
suggested that the MAC-prepared nanocomplexes induce minimum cell
death (∼96% cells were gated with untreated cells, data not shown).
(c, d) Bivariate plots showing the fluorescence of PI and Annexin V-Cy5
staining were used to quantitatively evaluate cytotoxicity. Clearly, the
bulk prepared nanocomplexes induced significant cell death (PIþ) and
apoptosis (PI�, Annexin Vþ). On the other hand, only minimum
alteration of cell integrity was observed in the MAC counterparts.
Quantification of (e) GFP expression level and (f) cell viability.
Mean ( standard error of the means (n = 3). ***p < 0.001 (Unpaired
t test, CI 95%, two-tailed p-value).
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of fluorescently positive cells in Figure 4a, was observed from
MAC at a typical transfection period of 4 h (∼65% versus∼50%
of bulk). Such a finding resonates with previous reported linear
relationship between cellular uptake and transfection
efficiency.12 The interesting crossover of the two uptake curves
is likely due to the size variation, elaborated in the following:
Large nanocomplexes (500 nm to 1 μm) deposit on the culture
well quicker, generate higher local concentration and thus induce
higher uptake at the early time point.14,19 However, smaller
nanocomplexes, typically below 500 nm, are favored for consis-
tent and efficient uptake.20 Notably, the bulk-synthesized nano-
complexes almost doubled to micrometersize within an hour
(Figure 2d), while their uptake declined accordingly. In
Figure 5b, greater MAC uptake was witnessed in geometric
mean fluorescence, a preferable indication of total uptake,
because the internalized genetic contents (pDNA in this study)
may vary based on the size of nanocomplexes. In line with our
previous assumption that MAC enables an exhaustive reaction, a
minimum of free polyelectrolytes was detected in the MAC
preparation (Figure 5c), whereas the detected value from bulk
preparation was close to those reported previously.21 While free-
floating polycations commonly seen in conventional bulk pre-
paration are often believed to contribute to the higher cytotoxi-
city (Figure 3 and 4f),11 we cannot rule out that the different
physical properties observed between the bulk and MAC prep-
arations may also have played a role in affecting the cytotoxicity.

Vast information has been gathered on the size and shape
dependency of particle transport in biological compartments,
especially in the context of uptake efficiency, circulation time, and
nanotoxicity.18,20,22,23 However, a precise structure�function
correlation requires a reliable technique to produce particles of
well-defined properties. We have shown that MAC can produce
small and homogeneous nanocomplexes. Made possible by the
increased consistency, reduced variances in cellular processing
will provide more predictable pharmacokinetic and pharmaco-
dynamic properties for the rational design of the next generation
of gene carriers.

Nucleic acid decondensation, or unpacking of the nanocom-
plex, in relation to endosomal escape is considered a major
delivery hurdle in nonviral gene transfer, since premature dis-
sociation or overly stable binding would be detrimental to their
cellular uptake and therapeutic efficacy.24,25 Adjustment of

unpacking heretofore has mainly relied on chemical modification
of the carrier.26 Herein, MAC represents a complementary strategy
that modulates nanocomplex stability through a physical approach.
Together with existing development on intracellular traffick-
ing,12,27,28 MAC may accelerate the progress on the mechanistic
insights into the “stability�function” relationship. In addition to
serving as a new tool to optimize the potency of polyplexes, MAC
also represents a unique tool to study DNA condensation in a
previously unavailable experimental format,29 that is, homogeneous
water-in-oil emulsions mimicking biological microreactors.30

Nanomedicine will continue to demand more sophisticated
nanocomplexes for progress. To complement the innovative
chemical and biological approaches to create multifunctional
nanoparticles, this study indicates that MAC can serve as an
interdependent strategy to modulate and optimize the physical
characteristics of DNA or RNA nanocomplexes. Finally, the
unexpectedly low cytotoxicity observed in this study may also
facilitate development of safe and effective carriers for nucleic
acid or peptide therapeutics.
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Figure 5. Uptake kinetics and excess polymer. (a) Percentage of positive cells wasmonitored for 5 h, beyond a typical length of transfection time. Larger
nanocomplexes from bulk preparation initiated with a higher uptake at early time point. As nanocomplexes aggregated, their uptake reached a plateau. In
contrast, small and stableMAC prepared nanocomplexes were favorable for a consistent uptake. (b) Because the amount of genetic materials in different
size of nanocomplexes varied, geometric mean fluorescence may be a preferable indication of total uptake. (c) Significantly lower excess polymer
remained in theMAC preparation, whereas∼70% of polymer at a ratio of 2 μL Turbofect transfection reagent per μg of DNAwas unreacted in the bulk
preparation. Mean ( standard error of the mean (n = 3).
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