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Abstract

Polyelectrolyte complex (PEC) nanoparticles assembled from plasmid DNA (pDNA) and 

polycations such as linear polyethyleneimine (lPEI) represent a major non-viral delivery vehicle 

for gene therapy tested thus far. Efforts to control the size, shape and surface properties of pDNA/

polycation nanoparticles have been primarily focused on fine-tuning the molecular structures of 

the polycationic carriers and on assembly conditions such as medium polarity, pH, and 

temperature. However, reproducible production of these nanoparticles hinges on the ability to 

control the assembly kinetics, given the non-equilibrium nature of the assembly process and 

nanoparticle composition. Here we adopt a kinetically controlled mixing process, termed flash 

nanocomplexation (FNC), that accelerates the mixing of pDNA solution with polycation lPEI 

solution to match the PEC assembly kinetics through turbulent mixing in a microchamber. This 

achieves explicit control of the kinetic conditions for pDNA/lPEI nanoparticle assembly as 

demonstrated by the tunability of nanoparticle size, composition, and pDNA payload. Using a 

combined experimental and simulation approach, we prepared pDNA/lPEI nanoparticles having an 

average of 1.3 to 21.8 copies of pDNA per nanoparticle and average size of 35 to 130 nm in a 

more uniform and scalable manner than bulk mixing methods. Using these nanoparticles with 

well-defined compositions and sizes, we showed the correlation of pDNA payload and 

nanoparticle formulation composition with the transfection efficiencies in vitro and in vivo. These 

nanoparticles exhibited long-term stability at −20°C for at least 9 months in a lyophilized 

formulation, validating scalable manufacture of an off-the-shelf nanoparticle product with well-

defined characteristics as a gene medicine.

Keywords

gene delivery; DNA/polycation nanoparticle; polyelectrolyte complex; kinetic control; turbulent 
mixing; linear polyethyleneimine; transfection

Polyelectrolyte complex (PEC) formation has been widely used to assemble particulate 

vehicles for delivery of a wide range of macromolecular therapeutics including plasmid 

DNA (pDNA), messenger RNA (mRNA), small interfering RNA (siRNA), proteins, and 

peptides. As a promising non-viral gene delivery approach, pDNA molecules are condensed 

and packaged into PEC nanoparticles using a polycationic carrier in an aqueous solution. 

The assembled pDNA/polycation nanoparticles facilitate transport and access to target cells 

and cellular compartments, and protect pDNA from enzymatic degradation.1 The in vivo fate 

and delivery efficiency of the nanoparticles, as revealed by many recent works, are 

dependent on nanoparticle characteristics such as size range and distribution,2 morphology,3 

surface properties, composition, and structure.4 However, it has been challenging to 

determine a detailed understanding of the relationship between the characteristics of 

nanoparticles and their interactions with biological systems. This is largely due to the lack of 
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sufficient control over the PEC assembly kinetics that dictates the characteristics of the 

assembled nanoparticles.

The polymeric nature of the assembly components, for example, pDNA as the polyanion and 

lPEI as the polycation, indicates slower diffusion rates of these chains comparing with their 

electrostatic complexation rate. As a result, the PEC assembly often yields non-equilibrium, 

kinetically arrested complex structures. During the assembly process, the transient and local 

concentration profiles of different components determine how each PEC assembly initiates, 

propagates, and terminates to form a distinct nanoparticle. Control over these kinetic 

conditions is only possible when mixing is faster than the assembly process to allow 

distribution of the assembly components in a homogenous manner before each nanoparticle 

starts to assemble. Homogeneous mixing not only ensures that PEC nanoparticles are 

produced with uniform characteristics, but also provides the opportunity to control the size, 

surface properties, and composition of the nanoparticles through manipulation of the 

parameters of the inputs that go into the assembly system. Such an assembly condition 

implies that the characteristic mixing time (τM), within which different assembly 

components are mixed homogenously, must be reduced to less than the characteristic 

assembly time (τA), over which the PEC nanoparticle assembly occurs. The conventional 

mixing methods, such as pipetting and vortexing, cannot fulfill this requirement.

Mixing occurs through diffusion of assembly components across the interfaces of different 

flows. The most common approach to achieve small τM is by shortening the diffusion path. 

This can be achieved by both laminar flow and turbulent flow set-ups. In a laminar flow set-

up, mixing is achieved as different flow paths are introduced within a small compartment. 

Due to manufacturing difficulties, engineering approaches such as hydrodynamic 

focusing5–6 and droplet confinement7 have been developed to further increase surface-to-

volume ratio. In a turbulent flow set-up, turbulent eddies enable rapid flow break-down to 

tiny dimensions to facilitate diffusion. Flow turbulence can be delivered by T connectors,8 

Tesla mixers and herring-bone mixers,9 coaxial jet mixers,10–11 confined impinging jets 

(CIJ),12–13 and multi-inlet vortex mixers (MIVM).14–16 Various degrees of success have 

been achieved using these devices to prepare drug-loaded nanoparticles with more uniform 

characteristics compared to those produced with conventional methods, owing to a higher 

degree of control of mixing kinetics of the assembly components. We recently reported the 

production of pDNA/lPEI nanoparticles by turbulent mixing in a CIJ mixer to demonstrate 

the scalability of the method and feasibility of controlling the size,17 but the kinetics of 

mixing and nanoparticle assembly during this process has not been fully analyzed.

Kinetically restricted assembly has been well illustrated for self-assembly of amphiphilic 

polymeric micelles where nanoparticle formation can be tuned by changing solvent mixing 

rate vs. polymer aggregation and drug partition rates in mixed solvents in a process called 

flash nanoprecipitation (FNP).18 FNP uses turbulent mixing in an MIVM or CIJ mixer to 

mix two opposing jets carrying miscible solvents in a time shorter than the characteristic 

time for hydrophobic chain aggregation. Uniform nanoparticles can be produced as a result 

of homogenous super-saturation conditions.19–20 By varying kinetic conditions under such 

mixing status, a diffusion-limited and fusion-dominated aggregation mechanism for 

nanoparticle formation21 and a quantitative model for predicting nanoparticle size have been 
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proposed.22 Here we adopt a similar analysis to uncover the kinetic control aspects of 

pDNA/polycation PEC nanoparticle assembly.

In this work, we demonstrate the kinetic control of PEC assembly and nanoparticle 

formation using a turbulent mixing approach in a CIJ mixer, which is termed flash 

nanocomplexation (FNC). The diffusion kinetics of polyelectrolytes pDNA and linear 

polyethyleneimine (lPEI) in FNC is significantly different from that of the solvent and 

polymer in FNP, as the complexation kinetics mediated by polyelectrolyte charge 

neutralization is faster than hydrophobic aggregation of the polymer chain segments in FNP, 

and the PEC occurs in aqueous medium absent of organic solvent mixing that occurs in FNP. 

These factors contribute to the unique process and additional challenges for kinetic control 

of PEC assembly into nanoparticles in FNC. For this study, we selected in vivo-jetPEI® as 

the testing carrier due to its high transfection efficiency in vivo as the benchmark for non-

viral carriers, its availability in GMP quality, and its molecular simplicity as a polycation 

with uniform charge density. Using PEC nanoparticles of in vivo-jetPEI® and plasmids of 

typical sizes of 4 to 7 kb as a model system, we examined the mixing flow regimen in a CIJ 

mixer using fluid dynamic simulations and analyzed the requirements of achieving kinetic 

control over the PEC assembly process. We demonstrated exquisite control over the pDNA/

in vivo-jetPEI® nanoparticle composition through manipulation of kinetic conditions, and 

characterized the effect of nanoparticle size and composition on their transfection efficiency 

in vitro and in vivo. We also analyzed the advantages of pDNA/in vivo-jetPEI® 

nanoparticles assembled under kinetically controlled conditions in terms of their transfection 

efficiency and translational potentials for non-viral gene therapy.

RESULTS AND DISCUSSIONS

Control of τM by turbulent mixing in CIJ and mixing theory of pDNA/lPEI system.

In the FNC setup used for this study and our previous paper,17 two opposing flows with the 

same flow rate carrying pDNA and lPEI solutions, respectively, impinge in a CIJ 

microchamber with a volume of 27 μL that breaks down the two flows into turbulent 

structures at an appropriate flow rate (Q). These turbulent structures can be described using 

an average dimensional scale denoted as the Kolmogorov length scale η,23 that is 

determined by the volume-averaged turbulent energy dissipation rate ℰ:

η = v3

ε

1
4 = v3

f(Q, X )

1
4

(1)

where X  is spatial coordinates within the microchamber, and υ is the average kinematic 

viscosity of solution mixture in the efflux. Since it is difficult to determine ℰ experimentally, 

we adopted a simulation approach to obtain the distribution of ε = f(Q, X ) throughout the 

microchamber with regard to each flow rate input, and then calculate the ℰ. Instead of 

approximating ε through dividing energy input by the mass over which the energy is 

dissipated as in a previous work on the CIJ device,12 we generated a numeric solution of ε 
using a finite-difference method (see Experimental Section),24–25 based on the mass and 
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momentum conservation functions of viscous fluids, the Navier-Stokes equations, and the 

actual CIJ device dimensions.

The simulation results are demonstrated by the instantaneous velocity isosurface and Q-
criterion vortex isosurface distributions sampled at a representative time point t = 110 ms 

upon impinging, and the time-averaged turbulent kinetic energy (TKE) distribution profiles 

for Q = 1, 10 and 20 mL/min as shown in Fig. 1A. It shows a clear transition from a laminar 

mixing pattern to a turbulent mixing pattern that occurs around a flow rate of 10 mL/min. 

With a flow rate of 20 mL/min representing a condition for turbulent mixing, the two jet 

flows changed their direction upon impinging by 90° to move radially in parallel that formed 

a disk-like structure of the velocity isosurface (Fig. 1A–2 and Video S1). During this parallel 

movement, oscillations occurred due to intrinsic flow instability and caused twisting and 

deformation of the flows. On the periphery of the disk-like structure, the velocity isosurface 

broke apart and vorticial structures were shed that broke the flows into the turbulent mixing 

flow structures (Fig. 1A–3 and Video S2). The turbulent flow structures are illustrated in a 

simplified model shown in Fig. 1B–1, in which the pDNA and lPEI solution flows are 

separated on a scale of the Kolmogorov length η (Fig. 1B–2).

Mixing occurs as molecular diffusion across the interfaces between the pDNA and lPEI 

flows in the turbulent structures. The diffusion is asymmetric for the two species. The 

dimensions of a pDNA are much larger with a molecular weight on an order of millions of 

Dalton. Due to steric restrictions imposed by the double-helix structure, they assume a rod 

shape in aqueous solutions with a low ionic strength, decreasing their diffusivity to a 

magnitude of 10−8 cm2/s in the solution.26 The charged lPEI molecules in an aqueous 

solution at pH 3.5 (kept consistent in this study) with a molecular weight of 22 kDa have a 

diffusivity estimated to be about 10−5 cm2/s,26 which is 3 orders of magnitude higher than 

that of pDNAs. Therefore, the diffusion distance for a pDNA is approximately 30( 103)
times shorter than that of a lPEI molecule within the same period of time. Therefore, we 

approximated the time scale for the mixing process of this pDNA/PEI system, i.e. the 

characteristic mixing time τM, as the diffusion time for an lPEI molecule to cross half of the 

Kolmogorov length scale η (Fig. 1B–2,3,4):

τM =
1
2η 2

DlPEI
(2)

where DlPEI is the diffusion coefficient of lPEI molecules in the solution mixture.

These analyses showed that a higher mixing efficiency can be achieved by a smaller η as a 

result of greater turbulence generated by higher flow rate Q. Using this simulation 

framework, we quantitatively analyzed the relationship between τM and Q, and identified a 

powered τM ~ Q relationship (Fig. 1C) as shown in Eqs. 3 and 4, which was used to 

calculate all corresponding τM values for Q inputs for the CIJ device used in this study.
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τM, ms = 1.266 × 103 × [Q, mL/min]−1.478

for tℎe turbulent mixing region(Q ≥ 10 mL/min) (3)

τM, ms = 4.292 × 105 × [Q, mL/min]−3.909

for tℎe laminar mixing region(Q < 10 mL/min) (4)

Effect of characteristic mixing time τM on the outcomes for pDNA/lPEI nanoparticle 
assembly.

Next, we experimentally examined the effect of flow rate Q on FNC assembly of pDNA/

lPEI nanoparticles when impinging gWiz-Luc pDNA (6.7 kb) solution and in vivo-jetPEI® 

solution. The following parameters were maintained constant for this study: the pH of the 

lPEI solution was kept consistent at 3.5 to maintain the same protonation degree of lPEI at 

around 75%, and thus the same charge density for lPEI,27 and the concentrations of the input 

pDNA and in vivo-jetPEI® solutions were maintained at 200 μg/mL and 106 μg/mL, 

respectively. When increasing Q, i.e. decreasing τM, the size (z-average hydrodynamic 

diameter, Dz) given by dynamic light scattering (DLS) measurement of the nanoparticles 

decreased until it reached a plateau of 65 nm at Q~15 mL/min (Fig. 2A).

When the concentrations of pDNA and lPEI were both proportionally reduced by 4-fold, or 

the pDNA size reduced from 6.7 to 4.4 kb (I2 plasmid, see Table S1), the measured DLS 

nanoparticle sizes followed the same trend. The critical Q above which consistent DLS size 

for the nanoparticles was obtained was lowered from ~ 15 to ~ 8.5 mL/min (critical τM,0 

increased from ~ 20 to ~ 85 ms) by the lowered input pDNA concentration. The DLS size 

standard deviation (a reflection of peak width, as defined in Experimental Section) of the 

nanoparticles showed the same dependency on Q (Fig. 2B), indicating increased uniformity 

of the nanoparticles as τM decreases. The flow rate-dependent average size and uniformity 

were confirmed by transmission electron microscopy (TEM) observations (Fig. 2C). Based 

on these findings, we could divide the field of characteristic mixing time τM or flow rate Q 
into two regions:

Region I corresponds to the kinetic condition where the average DLS size and uniformity 

remained constant independent of Q or τM. This indicates that the mixing conditions within 

the microchamber have reached the maximum degree of homogeneity to allow the assembly 

to occur uniformly, so that all nanoparticles have a similar assembly path. This assembly 

process has a time scale defined as the characteristic assembly time (τA), and with τM < τA, 

almost all pDNA/lPEI nanoparticles are assembled under the same defined conditions 

(concentrations of pDNA and lPEI, temperature, medium pH, ionic strength, etc.). In other 

words, the assembly components pDNA and lPEI can be mixed at a rate that is faster than 

nanoparticle formation to initiate nanoparticle assembly nearly “simultaneously” and in 

nearly the same microenvironment. As discussed above, DlPEI ≫ DDNA, and it is lPEI 

molecules that primarily diffuse into pDNA flow regions, resulting in homogeneous 

distribution of lPEI molecules to the vicinity of pDNA molecules. This establishes uniform 
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initial kinetic conditions defined by the input concentration profiles of pDNA and lPEI (Fig. 

1B–4).

Region II corresponds to the kinetic condition where τM > τA such that the molecular 

mixing process occurs on a time scale that is greater than the nanoparticle assembly process. 

Under this condition, nanoparticle assembly happens in a heterogeneous manner as mixing 

progresses, and partially formed nanoparticles can further associate with late-arrival 

molecules in a poorly defined manner. This leads to less uniform and larger nanoparticle 

sizes, or even aggregates; and compositions of the nanoparticles are dependent on the flow 

rate and mixing condition. As the flow rate increases and approaches the critical condition 

allowing τM = τA, the assembly mixture is closer to turbulent mixing structure (Fig. 1A,B), 

and is becoming more homogenous. Therefore, the mixture composition becomes closer to 

the input concentration profiles of pDNA and lPEI. For example, when comparing 

Preparation 1 (Q = 1.25 mL/min and τM = 1.8 × 105 ms, based on Fig. 1C and Eq. 4), 

Preparation 2 (Q = 5 mL/min and τM = 7.9 × 102 ms, Eq. 4), and Preparation 3 (Q = 20 

mL/min and τM = 15 ms, Eq. 3), the nanoparticle ensembles showed the characteristics 

consistent with this analysis (Fig. 2A,C).

As the flow rate increases, i.e. as τM decreases, the flow mixing profile undergoes a 

transition from the laminar to turbulent mixing, which coincides with the nanoparticle 

assembly transition from Region II (τM > τA) to Region I (τM < τA). This shows the 

capability of turbulent mixing in a CIJ device to match the solution mixing time scale with 

the pDNA/lPEI nanoparticle assembly time scale by varying the flow rates from 1 to 50 mL/

min.

Effect of pDNA concentration and N/P ratio on pDNA/lPEI nanoparticle assembly.

When assembly occurs under the kinetic conditions defined in Region I, the assembly 

concentration profiles of pDNA and lPEI are defined by the input concentrations (i.e. pDNA 

concentrations and N/P ratio in the impinging solutions). This provides an opportunity to 

examine the effect of assembly concentration profiles on nanoparticle characteristics. We 

selected a flow rate of 20 mL/min (τM = 15 ms, as labeled in Fig. 2A,B) for this comparison. 

As shown in Fig. 2D, an increase in pDNA concentration resulted in increase of nanoparticle 

size, relatively narrow size distribution and low PDI (0.12 – 0.16) of these formulations (Fig. 

S1A,B). TEM observations (Fig. S2A) confirmed the kinetically controlled mixing and 

uniform assembly of the pDNA/lPEI nanoparticles. On the other hand, when the input 

pDNA concentration was fixed at 400 μg/mL, nanoparticles assembled at different ratios of 

nitrogen (in lPEI) to phosphorous (in pDNA) (N/P) gave similar size (Fig. 2F and Fig. S2B), 

indicating that the plasmid was compacted most effectively under this mixing condition 

independent of the initial lPEI concentration, and to a maximum compaction degree even 

when the N/P ratio was reduced to 3. This observation further confirms the effectiveness of 

the turbulent mixing with τM < τA in maximizing the access of lPEI molecules to complex 

with pDNA during the assembly process. In addition, zeta-potential assessments revealed a 

similar surface charge around +40 mV for all formulations regardless of the plasmid used, or 

input pDNA concentration (Fig. 2E) or N/P ratio (Fig. 2G). This suggests that the 

nanoparticle surfaces are similar and consist of excess amount of lPEI molecules.
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Conventional mixing methods for preparation of pDNA/polycation nanoparticles, such as 

pipetting, provide a mixing time on an order of seconds, therefore falling into Region II on 

this kinetics scale. The method of pipetting followed by vortexing (Table S2) using small 

volumes of solutions generated nanoparticles with average sizes and uniformity that are 

similar to those of FNC preparations with a flow rate Q < 1.5 mL/min. There was no clear 

dependence of the nanoparticle size on input pDNA concentration (Fig. S3). Moreover, there 

was a higher degree of variability in size (Fig. S3) as a result of different pipetting 

procedures (Table S2).

Average nanoparticle composition and free lPEI measurement.

Full complexation of pDNA by lPEI is achieved with an N/P ratio greater than 3; therefore, 

assembly with an N/P ≥ 3 would result in an excess of unbound or free lPEI in the 

nanoparticle suspension.28 To assess the actual composition of the assembled nanoparticles, 

we first characterized the amount of free lPEI according to a published protocol.29 When the 

pDNA/lPEI nanoparticles were assembled under the turbulent mixing condition (Q = 20 

mL/min and τM = 15 ms) as defined in Fig. 2, all nanoparticle formulations with different 

pDNA concentration inputs had the same bound vs. free lPEI compositions, as long as the 

input N/P ratio was fixed at 4 (Fig. 3A). The amount of bound lPEI was in the region of 

70%, which corresponded to an N/P ratio of 2.7 in the nanoparticles. When adjusting the 

input N/P from 3 to 6 with a consistent pDNA concentration (Fig. 3B left panel), the amount 

of lPEI bound to nanoparticles was consistent regardless of the input N/P ratio. This 

indicates that the amount of lPEI bound to pDNA was the same among the nanoparticles 

prepared under different preparation conditions; and this average composition corresponds 

to an N/P ratio of 2.74 ± 0.14 (average ± standard deviation in n = 28 individual preparations 

with different input pDNA concentrations and/or N/P ratios) in the nanoparticles. These 

resultant “overcharging” nanoparticles are consistent with the fact that not all charged 

groups are accessible to participate in charge neutralization in the process of PEC formation.
30

There was a minor difference between the two plasmids tested in that gWiz-Luc seemed to 

result in slightly lower amount of bound lPEI as N/P ratio decreased. Nonetheless, the 

overall conclusion is clear that the binding of lPEI to pDNA to form PEC is not affected by 

the concentrations of either pDNA or lPEI, nor by the input N/P ratio.

Charge neutralization is not a rate-limiting step for PEC nanoparticle assembly.

We found that this consistent minimal bound N/P ratio for pDNA neutralization was also 

true for nanoparticles prepared under non-turbulent mixing conditions (Fig. 3B right panel 

and Fig. 3C). The surface charges (i.e. zeta-potentials) measured for nanoparticles prepared 

under different mixing conditions also remained the same (Fig. 3C). Since lPEI content in 

the nanoparticles and zeta-potential are directly related to the charge neutralization and 

complex formation processes, our findings, highlighted in Fig. 3A–C, suggest that the 

charge neutralization and pDNA-lPEI binding are not rate limiting steps for nanoparticle 

assembly. In other words, charge neutralization occurs at a rate much faster than 

condensation and chain folding of the pDNA/lPEI PECs into nanoparticles, i.e. it occurs on 

a time scale that is much shorter than the total characteristic assembly time τA.
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We then could model the pDNA/lPEI PEC nanoparticle assembly process achieved under 

kinetically controlled mixing conditions into two distinct steps, which is also in agreement 

with several literature reports:31–32 Step 1: Charge neutralization step, in which lPEI 

molecules bind to the pDNA as soon as they diffuse into the vicinity of pDNA molecules 

forming pDNA/lPEI PECs, is not rate-limiting. In this study, regardless of input pDNA 

concentrations or N/P ratios, lPEI complexed with pDNA consistently at an N/P ratio of ~ 

2.7. Step 2: PEC chain assembly, where the neutralized pDNA/lPEI complexes undergo 

condensation or compaction through folding33–34 that significantly reduces the complex 

volume, occurs. This is the rate limiting step, such that the time scale for Step 2 is much 

larger than that of Step 1. Therefore, the characteristic assembly time τA is primarily 

determined by the completion time of Step 2. When the neighboring pDNAs or PECs are 

close enough to diffuse into each other during the assembly process before the structure is 

stabilized by repulsion from net positively surface charges, compaction and assembly 

involving multiple PECs could occur, resulting in multiple pDNAs being packaged into a 

single distinct nanoparticle.

Characterization of the average pDNA copy number in each pDNA/lPEI nanoparticle.

Given that we have prepared nanoparticles with narrow size distribution and consistent 

composition, we aimed at characterizing the molar mass of the nanoparticles using the static 

light scattering (SLS) technique. With a fixed in-nanoparticle pDNA/lPEI mass ratio (Fig. 

3A), we assumed that the refractive increment (dn/dc) value of the nanoparticles is constant 

and follows the additive rule.35 By measuring the intensity of scattered light to obtain 

Rayleigh scattering ratio with regard to each scattering angle and each nanoparticle mass 

concentration, and extrapolating concentration and angle-dependence curves to zero 

concentration and zero angle on a Zimm plot, we can characterize the weight average molar 

mass of nanoparticles Mw, Nanoparticle, from which the weight average copy number of 

pDNA per nanoparticle (N) can be calculated (see Experimental Section).36–37 A 

representative Zimm plot for pDNA/lPEI nanoparticles with an N = 13.5 is shown in Fig. 

3D. For all nanoparticles measured by this method (Fig. 3D and Fig. S5A,B,C), the Zimm 

plot analyses indicate that the second virial coefficient (A2) of these nanoparticles 

approaches zero. This finding implies that the solvent (water) and temperature (25°C) 

conditions used for SLS measurement satisfies the θ condition, i.e. the PEC-solvent 

interaction cancels out the Vander Waals interaction and volume expansion of the PEC 

chains such that the PEC chain compaction occurs in a random packing manner. This θ 
condition significantly simplifies the measurement of average molar mass since we could 

ignore the concentration dependence of the light scattering behavior of these nanoparticles 

and measure the Rayleigh ratios at a fixed concentration, and apply calculations using the 

Debye plots (Fig. 3E and Fig. S5D,E,F). We found that N for pDNA/lPEI nanoparticles 

prepared under a turbulent mixing condition (Q = 20 mL/min) varied significantly 

depending on the input pDNA concentrations: 1.3 to 13.5 for I2 pDNA (Fig. 3F); 1.6 to 10.0 

for gWiz-GFP pDNA (Fig. 3F); and 1.4 to 21.8 for gWiz-Luc pDNA (Fig. 3G). On the other 

hand, varying input N/P ratio showed minor changes in the average number of plasmids in 

each nanoparticle. When input N/P ratio changed from 3 to 6 for input of 400 μg/mL pDNA, 
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N decreased from 9.2 for N/P = 3 to 6.1 for N/P = 4, 5.0 for N/P=5, and 4.4 for N/P=6 (Fig. 

3G and Fig. S5F).

Correlation of DLS size and molar mass of pDNA/lPEI nanoparticles.

When the measured weight average molar masses of nanoparticles prepared under different 

conditions for all three plasmids were plotted against their hydrodynamic volume 

dimensions (i.e. Dz
3) (Fig. 4A), a common linear correlation emerged:

Mw, Nanoparticle, Da = 67.7 × DZ, nm 3 + 1.93 × 106 (5)

where Dz is the z-average size as measured by DLS of the nanoparticle suspension, and Mw
is the weight average molar mass of the nanoparticles given by SLS. Such a “universal” fit 

for various nanoparticles independent of the plasmid and conditions used for nanoparticle 

assembly suggest that the PEC assembly units and compaction degree of these nanoparticles 

are similar. More specifically, Eq. 5 suggests that these nanoparticles have the same apparent 

hydrodynamic density of 67.7 Da/nm3, i.e. pDNAs are condensed to the same degree no 

matter how many of them are packed into a single nanoparticle.

Similarly, we also identified another composition-size correlation that the weight average 

molar mass of the nanoparticles is linearly proportional to the second power of radius of 

gyration (i.e. Rg
2) (Fig. 4B):

MNanoparticle, Da = 22, 251 × Rg, nm 2 + 4.17 × 106 (6)

This correlation fits well for nanoparticles with Dz between 50 and 130 nm, and the 

deviation from experimental data points increases as the size goes smaller than 50 nm. This 

linear relationship between M and Rg
2 further confirms that these pDNA/lPEI nanoparticles 

are assembled and characterized under the θ condition; and the PEC units assume random 

packing behavior under the solvent and temperature conditions tested.37 If we consider each 

PEC chain formed in Step 1 (a pDNA with all its bound lPEI) as a packing unit (i.e. a PEC 

unit) for nanoparticle assembly in Step 2, a pDNA/PEI nanoparticle can be modeled as an 

entity consisted of either one or multiple PEC units. The nanoparticle assembly follows a 

quantized combination pattern.

Nanoparticles generated by N/Ps varying from 4 to 6 have a similar molar mass, while those 

generated by N/P = 3 are heavier in molar mass but still fall into the two linear fits of Eq. 5 

and Eq. 6 (Fig. 4C). It is presumed that with input N/P larger than 2.7, where lPEI is in 

excess to the amount required to sufficiently compact pDNAs, quantized combination stays 

valid.

This model is further supported by the fact that nanoparticles prepared under laminar mixing 

condition (τM > τA) also follow the same correlation of Eq. 5 (Fig. 4D). It is remarkable that 

nanoparticles with lower uniformity (i.e. broader distribution) appeared to have the same 

apparent hydrodynamic density as that of more uniform nanoparticles with fewer copies of 

pDNA per nanoparticle. This analysis is consistent with the hypothesis that PEC units 
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formed in Step 1 are the building blocks for nanoparticle assembly, and they are compacted 

and associated in a similar manner as random folding of PEC unit chains in the solution 

under the θ condition.

Modeling pDNA/lPEI nanoparticle assembly kinetics in FNC under turbulent mixing 
condition.

Based on these findings and the nanoparticle assembly model mentioned above, we could 

analyze the assembly kinetics under τM < τA condition to understand the concentration-

dependent mechanism for determining pDNA copy number per nanoparticle (Fig. 4E). The 

rate of pDNA-lPEI binding (i.e. PEC unit formation) in Step 1 is much faster than the rate of 

PEC compaction and association in Step 2 (as a conclusion from Fig. 3A,B,C), such that 

τStep 1≪ τStep 2, and τA ≅ τStep 2. The characteristic assembly time τA is presumably 

influenced by intrinsic properties of the polyelectrolytes involved in nanoparticle assembly, 

such as plasmid length, lPEI structure and molecular weight, stoichiometric and steric nature 

of pDNA-lPEI binding, etc. Upon generation of the turbulent flow structures (defined as t = 

0), mixing occurs primarily by lPEI molecules diffusing into the pDNA solution regions, and 

lPEI diffusion proceeds on a time course of τM. The fast lPEI binding onto pDNAs happens 

with an N/P ratio of ~ 2.7 as lPEIs diffuse. When t ≥ τM, mixing completes and results in 

almost all pDNAs bound with the same amount of lPEIs, forming uniform PEC units that are 

about to proceed to Step 2 as the building blocks for nanoparticle assembly. The assembly 

occurs under the θ condition (Fig. 3D, Fig. 4B, and Eq. 6), where PEC chain-chain 

interaction cancels the PEC-solvent interaction. There is no additional barrier for multi-PEC 

chain folding and association as opposed to single PEC chain folding. As a result, the 

compaction of PEC units ends with the same condensation degree regardless of the number 

of pDNA involved in the assembly of a single nanoparticle (i.e. regardless of the final N). 

An N > 1 is possible when multiple PEC units are brought into contact by diffusion for 

multi-PEC chains to be compacted into a single nanoparticle. Therefore, the number of PEC 

units that is involved in the assembly of a single nanoparticle is dictated primarily by PEC 

diffusion within the time course of τA. A higher input pDNA concentration results in a 

higher pDNA concentration in the pDNA flow regions in the turbulent flow structures, thus a 

lower average distance between pDNA molecules in the solution, such that more PEC units 

could be associated within a time scale similar to τA as a result of a shorter diffusion 

distance between them. Therefore, it is possible to explicitly control the number of pDNA to 

be packaged into a single nanoparticle under the kinetically controlled mixing conditions 

defined in the FNC process (i.e., when τM < τA).

Based on the analysis above, if the input pDNA concentration is sufficiently low, such that 

the average distance between any two pDNA molecules is too large for them to diffuse into 

each other over the time scale of τA, single plasmid-containing nanoparticles can be 

produced. With the correlation of weight average molar mass and nanoparticle size (Fig. 

4A), the extrapolated size limit when c → 0 falls between 30 and 40 nm for the plasmids 

(4.4 kb to 6.7 kb) tested in this study (Fig. 2D), represents a typical size for pDNA/lPEI 

nanoparticles containing only one pDNA per nanoparticle. This small size and single-pDNA 

payload were never achieved by pipetting, for which mixing kinetics were poorly controlled, 

as shown in Fig. S3 with the lowest input pDNA concentration of 25 μg/mL.
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Transfection efficiency of pDNA/lPEI nanoparticles with different copy numbers of pDNA 
per nanoparticle.

Using gWiz-Luc plasmid at different concentrations, we generated nanoparticles in our FNC 

device at a flow rate of 20 mL/min with N = 1.7 (input c = 100 μg/mL), 3.5 (input c = 200 

μg/mL), 6.1 (input c = 400 μg/mL) and 21.8 (input c = 800 μg/mL). With this series of 

nanoparticles, we examined the effect of N on the in vitro and in vivo transfection efficiency 

of these nanoparticles. It is important to note that the sizes of these nanoparticles are also 

different, even though surface charges (zeta potentials) and compositions (bound and free 

lPEI fractions) are the same (Table S4).

Previous reports demonstrate dependence of cellular uptake on nanoparticle size due to 

differences in surface contact, avidity and trafficking kinetics.2 We used 3H-labelled pDNA 

to assemble nanoparticles (see Experimental Section) with different N to assess their cellular 

uptake over a 4-h incubation period with PC3 prostate cancer cells. Our data showed no 

significant difference among these nanoparticle groups (Fig. 5A). As we fixed the total 

pDNA dose (0.6 μg per 1 × 104 cells with 5 × 104 per well in a 24-well plate) for the 

transfection test, the measured total fraction of nanoparticle uptake (out of the total dosed 

nanoparticles) is a function of the total number of nanoparticles available per cell and uptake 

rate. Presumably, a formulation with higher N has fewer nanoparticles in number and thus 

higher cellular uptake rate. In vitro transfection efficiency experiments in the PC3 cancer 

cell line showed that N = 6.1 and 21.8 had similar transfection efficiency levels and that 

these were much higher than those of either N = 1.7 or 3.5 (Fig. 5B). With the similar uptake 

pDNA amount for each time point considered, N = 6.1 and 21.8 may have higher 

efficiencies in intracellular delivery process, such as endosomal escape, pDNA dissociation, 

and nuclear transport. In previous literature reports, pDNA/lPEI nanoparticles typically give 

transfection and transgene activity in the lung following intravenous (i.v.) injection.38 

Consistent with the in vitro findings, N = 1.7 showed an appreciably lower transfection 

efficiency than other formulations, and there was a perceived trend for nanoparticles with 

N = 3.5, 6.1, and 21.8 that a higher N gave better transfection efficiency (Fig. 5C and Fig. 

S7) in vivo in lungs of healthy BALB/c mice.

A biodistribution study was conducted in BALB/c mice by i.v. injection of 3H-labeled 

nanoparticles at a dose of 30 μg pDNA/mouse. Mice were sacrificed at 1 h following dosing 

of the nanoparticles, and major organs and blood samples were collected and weighted. The 

biological samples were solubilized, and the solutions were subjected to liquid scintillation 

assessment to quantify 3H-labeled pDNA in the samples. The results revealed a rapid 

distribution (> 95%) of the nanoparticles into organs and tissues within 1 h for all 

formulations. The distribution patterns of these nanoparticles were similar, except that those 

with an N of 1.7 resulted in fewer nanoparticles deposited in the lung (Fig. 5D and Fig. 

S8A) and the clearance via the spleen was more significant (Fig. S8C). For all groups, even 

though 42–45% of the total dose ended up in the liver, compared with 5–8% of the dose to 

the lung (Fig. S8B), there was no detectable level of transgene expression in the liver. This 

was probably due to the rapid clearance and degradation of nanoparticles by the Kupffer 

cells in the liver.39
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The smaller difference in in vivo delivery efficiency among these nanoparticles was likely 

due to the fact that pDNA/lPEI nanoparticles interact strongly with serum components and 

aggregate rapidly following i.v. injection, leading to entrapment in the lung microvasculature 

and substantial uptake by endocytic cells in the liver and lung,40 which would mask the 

differences of the payload capacity as a result of controlling N. Identifying nanoparticles 

(e.g. PEGylated nanoparticles) with a lower tendency for opsonization and aggregation, and 

understanding the mechanism of serum coating will help to better reveal the detailed effects 

of nanoparticles with defined composition and size on transfection efficiency in vivo, as a 

future direction.

Effect of pDNA payload and the ratio of bound vs. free PEI content on the in vitro and in 
vivo transfection efficiency of pDNA/lPEI nanoparticles prepared under kinetically 
controlled conditions.

The pilot study described above revealed that nanoparticles with N of 6 or higher showed 

better transfection efficiency in vitro and in vivo than nanoparticles with lower plasmid 

payload. We next examined nanoparticles prepared under defined turbulent mixing 

conditions (Q = 20 mL/min, τM = 15 ms < τA) at different N/P ratios and compared them 

with those prepared by poorly mixed condition (Q = 5 mL/min, τM = 790 ms ≫ τA). Two 

series of nanoparticles were prepared with gWiz-Luc plasmid, with characteristics shown in 

Table 1.

We first tested all nanoparticles prepared with gWiz-Luc plasmid in the PC3 cancer cell line 

(Fig. 6A). For the two sets of FNC nanoparticles (W1–W4 and W5–W8), a higher N/P ratio 

(i.e. a higher free PEI fraction as a result) yielded a higher transfection efficiency, which was 

in agreement with previous literature reports.38, 41 Nanoparticles carrying lower payload 

showed a better performance than those nanoparticles with a higher payload; and the 

differences were statistically significant at N/P = 4 and 6. We then administered the same 

sets of nanoparticles to BALB/c mice and monitored their transfection efficiencies in the 

lung at 12, 24 and 48 h post-injection time points. The results (Fig. 6B and Fig. S10) showed 

a similar pattern to the in vitro experiments. Transgene expression activity was low for 

nanoparticles prepared at an N/P ratio of 3 for both low-payload and high-payload 

nanoparticles. With an N/P = 4, nanoparticles with a low payload (N = 6.1) were more 

effective than nanoparticles with a higher payload (N = 45.6). The transgene activities of the 

nanoparticles prepared at N/P = 5 and 6, regardless of the payload level, N, showed similar 

luciferase expression levels to the N/P = 4, N = 6.1 formulation.

We then sought to confirm these findings in an LL/2 lung metastasis model in NSG mice. 

Tumor-specific transfection and expression were investigated through preparations of 

pDNA/lPEI nanoparticles using a custom-built plasmid construct encoding luciferase gene 

driven by a tumor-specific PEG-3 promoter as we have reported previously.42–43 We 

prepared the same set of nanoparticles (P1–P8) as described above under different assembly 

conditions using the FNC setup (Table 1). Tumor inoculation was conducted by injection of 

200 μL PBS containing 5 × 105 LL/2 tumor cells into immunodeficient NSG mice 7 days 

prior to nanoparticle dosage. In this mouse model, tumor cells primarily engraft in the lung.
44 Mice with successful tumor engraftment in the lung were selected and randomly grouped 
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for this experiment. Mice were imaged at 48 h following nanoparticle injection by IVIS 

imaging. The tumor-specific gene expression in the lungs of the engrafted NSG mice 

showed a similar transgene expression pattern as that in healthy BALB/c mice transfected by 

gWiz-Luc plasmid (Fig. 6C and Fig. S11). Nanoparticles prepared with higher N/P ratios (4 

to 6) showed higher transfection efficiencies than those prepared at N/P = 3, though the 

lower payload nanoparticles (N = 9.5) performed better than higher payload nanoparticles 

(N = 49.7) at N/P = 4. Transgene expression levels in the lung was comparable among 

nanoparticles with N/P = 5 or 6. There was a perceived trend (however p > 0.05) that for 

lower payload nanoparticles generated by a flow rate of 20 mL/min, higher N/P ratio 

resulted in greater average transgene expression level in the lung.

We also characterized the biodistribution of four selected nanoparticle formulations from 

this series with the biggest differences in their transfection efficiencies: nanoparticles with 

lower payload and lower N/P ratios (Table 1, W1: N/P = 3 and N = 9.1, W2: N/P = 4 and 

N = 6.1), and nanoparticles with higher payload and higher N/P ratios (Table 1, W6: N/P = 4 

and N = 45.6, W8: N/P = 6 and N = 42.8). The 3H-labeled nanoparticles were injected 

intravenously at the same dose as used for Fig. 6B in BALB/c mice. More than 95% of the 

injected nanoparticle dose was distributed to tissues and organs within 1 h (Fig. 6D). 

Compared with the other nanoparticle formulations, W1 nanoparticles had the lowest 

fraction of nanoparticles distributed into the lung (1.4%) (Fig. 6D,E) with the highest levels 

of distribution to the liver (54%, though with no statistical significance) and spleen (6%) 

(Fig. S12), correlating with the lowest transfection efficiency in the lung. W2 and W8 

showed similar levels of distribution to the lung (Fig. 6D,E), which correlated with similar 

transgene expression levels in these two formulations (Fig. 6C). However, although W6 had 

a similar biodistribution profile to W2, it gave a significantly lower transfection efficiency. 

This may be attributed to less efficient intracellular delivery efficiency as shown in the in 
vitro study (Fig. 6A), plus delivery of 7.5-fold fewer nanoparticles to the lung. For lower 

payload nanoparticle formulations, the increased number of nanoparticles may facilitate 

more frequent transfection events in a higher number of cells. On the other hand, the smaller 

size of these nanoparticles may positively influence nanoparticle trafficking in the tissue and 

the access to tumor tissues. Comparing W6 and W8 nanoparticles, even though their 

payloads (N = 45.6 and 42.8) and sizes (Dz = 158.9 and 155.5 nm) were similar, a higher 

level of free lPEI (Fig. 3B, 1.75 mM vs. 0.74 mM) led to a lower level of clearance by the 

liver (Fig. 6D and Fig. S12A). Together with a higher intracellular delivery efficiency (Fig. 

6A), this factor may be responsible for a relatively higher transgene expression activity in 

the lung.

Scale-up production of an off-the-shelf, lyophilized pDNA/lPEI nanoparticles.

Successful clinical translation of non-viral DNA delivery gene therapy depends on a high 

delivery and transfection efficiency, good biocompatibility, scalable production processes, 

prolonged storage stability, and good performance consistency (i.e. low batch-to-batch 

variability). Current methods for systemic delivery of pDNA through PEC nanoparticles rely 

on on-site mixing of the therapeutic pDNA and in vivo-jetPEI® solutions in the clinic 

immediately before administration (i.e. a process that is essentially similar to manual 

pipetting, as W9 in Table 1). As could be expected, defining the reproducibility of 
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nanoparticle formation and performance consistency of such a process would be difficult 

(Fig. S2). The preparation of nanoparticles by the FNC process that we have reported here 

offers a continuous, and therefore highly scalable and reproducible method.15–17 With a 

single bench-model device, 0.5 grams of pDNA, which is equivalent to 12,500 doses at 40 

μg pDNA/mouse, could be packaged into pDNA/lPEI nanoparticles within one hour. The 

resulting nanoparticle suspension can be subjected to an optimized lyophilization protocol 

for storage in a powder form (Fig. 7A) that includes 9.5% w/w trehalose as a cryoprotectant 

agent. Lyophilized pDNA/lPEI nanoparticles were stable for at least 9 months when stored 

at −20°C. Upon reconstitution, the size, PDI, zeta-potential, PEI recovery, and DNA 

recovery at each time point were consistent with the freshly prepared sample (Fig. 7B). 

Reconstitution requires only the addition of water, free of aggressive processing such as 

sonication or vortexing. A clear suspension free of aggregation is generated after less than 1 

minute at room temperature (Fig. 7A and Video S3). No vortexing is required. The 

reconstituted pDNA/lPEI nanoparticles are stable at 4°C for at least 4 days.

CONCLUSIONS

In this study, we combined a simulation method and an experimental approach to achieve a 

detailed understanding of the kinetics of mixing in the CIJ microchamber used for FNC 

assembly of pDNA/lPEI nanoparticles. The CIJ microchamber allows us to correlate the 

flow rates of the input pDNA and lPEI solutions with the characteristic mixing time of the 

mixing process. By controlling the mixing kinetics that enables the turbulent mixing of the 

solutions in the microchamber, we have demonstrated an explicit control over the 

nanoparticle size, surface charge and composition with high uniformity and scalability. We 

have used the static light scattering measurements and composition analysis of the FNC-

assembled pDNA/lPEI nanoparticles, to reveal a “universal” correlation between the 

nanoparticle hydrodynamic size and pDNA payload per nanoparticle. This suggests that 

pDNA neutralization and compaction were achieved to the same degree for nanoparticles 

assembled with different pDNA payloads under different conditions. These findings not only 

allowed for finer composition control of pDNA/lPEI nanoparticles beyond control over 

nanoparticle size, but also provided experimental evidence to probe the kinetic process of 

pDNA/lPEI nanoparticle assembly. We confirmed that the charge neutralization between 

pDNA and lPEI molecules in forming PEC units is not a rate-limiting step, and the 

characteristic assembly time is primarily determined by chain folding and compaction of the 

PEC units. The number of pDNA packaged into each nanoparticle is primarily determined 

by the average diffusion distance of PEC units (i.e. the local pDNA concentration). By 

controlling the input pDNA concentration from 50 to 800 μg/mL under kinetically controlled 

conditions by FNC, an average of 1.3 to 21.8 pDNA can be assembled in to each 

nanoparticle, which correlates with the average hydrodynamic size of 35 to 130 nm.

The pDNA/lPEI nanoparticles with an N/P ratio of 3 to 6 can be produced with excellent 

shelf stability. These well-defined nanoparticles enabled the investigation of the effect of 

pDNA payload and formulation composition on their transfection efficiency. In both healthy 

and tumor bearing mouse models tested in this study, a payload of 6–10 plasmids per 

particle was found to be optimal for transgene expression in the lung following i.v. 

administration, which correlated well with their in vitro transfection activities.
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These nanoparticles can be produced in a scalable manner as an off-the-shelf, lyophilized 

formulation that maintains its stability for at least 9 months when stored at −20 °C. 

Moreover, this formulation is easy to reconstitute and administer. Since this method is not 

specifically dependent on the carrier structure or on plasmid length and type, it should be 

generally applicable to many other potential polycation carriers. Thus, this FNC production 

process offers distinct technical advantages towards the clinical translation of non-viral 

nanoparticle vehicles for gene delivery.

EXPERIMENTAL SECTION

Simulation of turbulent mixing in the confined impinging jet (CIJ) micromixer.

Basic assumptions for simulation include: (1) Due to the low volume fraction of pDNA and 

PEI molecules in the flow, their presences do not affect the flow field; (2) Upon PEC 

formation, the kinematic viscosity of the efflux is close to water as the major viscosity 

contributor pDNA is already turned into a condensed form. Simulations are performed by 

solving the incompressible Navier-Stokes equations:

∇ ⋅ u = 0 (7)

∂ u
∂t + ∇ ⋅ ( u u ) = − ∇p

ρ + v∇2 u (8)

where u = (u, v, w) is the fluid velocity vector, p is the pressure, p and p are the density and 

kinematic viscosity of water, respectively. They are solved by a fractional step method:

ui* − uin

Δt + 1
2 Ni* + Ni

n = − δpn

δxi
+ 1

2 Di* + Di
n (9)

ui
n + 1 − ui*

Δt = − δp′
δxi

(10)

where Ni
n =

δ Uinuin

δxi
 and Di

n = v
∂2ui
∂xi2

. A second order Crank-Nicolson method is used for the 

time discretization of convection and diffusion terms, and a second order central finite 

difference method is used for spatial discretization. A sharp-interface immersed boundary 

method is used to resolve the geometry on the non-body conformal Cartesian grid.24–25

Preparations of pDNA/in vivo-jetPEI® polyelectrolyte complex (PEC) nanoparticles.

All CIJ devices were manufactured by Johns Hopkins University Whiting School of 

Engineering machine shop based on a CIJ design reported previously.12 In vivo-jetPEI® 

(purchased from Polyplus-transfection, France) was used as received and diluted by 

ultrapure water to desired concentrations corresponding to different input N/P ratios from 3 

to 6, when investigating the effect of input N/P ratio on nanoparticles with input pDNA 

concentration of 400 μg/mL. The pH of the solutions (regardless of the concentration) was 
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adjusted to 3.5 by 1 M NaOH or 1 M HCl solutions before use. The plasmids (Table S1, 

purchased from Aldevron, US or constructed by lab of Dr. Pomper) were diluted by 

ultrapure water to a concentration range from 50 to 800 μg/mL when investigating the effect 

of input pDNA concentration on nanoparticle assembly. The pDNA/lPEI nanoparticles were 

formulated by injecting the two working solutions into the CIJ chamber at the preset flow 

rates using a high-pressure syringe pump (New Era Pump Systems, US). The pDNA/lPEI 

nanoparticles were subjected to downstream characterizations and applications directly. 

When an isotonic condition is required, the pDNA and lPEI working solutions were 

prepared in 9.5% (w/w) trehalose instead of water. The nanoparticle formulations prepared 

by the FNC process were stable for at least one month in room temperature. For preparations 

of pDNA/lPEI nanoparticles (W9, Table 1) through pipetting, the procedure B3 was used as 

shown in Table S2.

Characterizations of the pDNA/lPEI nanoparticle preparations.

The dynamic light scattering (DLS) measurements were conducted using a Malvern 

ZEN3690 Zetasizer at 25°C to assess the z-average hydrodynamic diameter (Dz). We 

followed the definitions in DLS ISO 13321 to use the DLS size standard deviation to 

evaluate the uniformity of the nanoparticles with different Dz in Fig. 2A. Whenever there is 

a single peak for the nanoparticles measured, the DLS size standard deviation is directly 

related to the polydispersity index (PDI) and Dz that:

DLS size standard deviation = DZ2 × PDI
1
2 (11)

The zeta-potential measurements were conducted on the same Zetasizer by phase analysis 

light scattering (PALS) in a low-salt buffer (5 mM NaCl with a conductivity of 0.6 mS/cm) 

for all nanoparticle suspensions to improve the reliability of the measurements.

The static light scattering (SLS) measurements were conducted on a Wyatt DAWN HELEOS 

18-angle laser light scattering photometer, equipped with a laser source with the wavelength 

of 658 nm and a fused silica flow cell as the optical compartment. The machine was 

calibrated with all the laser detectors normalized against an isotropic scatter (3 nm dextran, 

MW 9000–11000, Sigma, US). The pDNA/lPEI nanoparticle suspensions were diluted to 

appropriate concentrations and introduced into the flow cell through a filter with size cut-off 

of either 450 nm or 1000 nm. Each sample was run at a flow rate of 200 μL/min for 5 min to 

establish stable signals from the detectors. Data collection was followed for 5 min to give 

time-averaged intensities of each detector. The pDNA/lPEI nanoparticle suspensions exiting 

the flow cell were collected and subjected to DLS and DNA recovery assessments (Fig. S4) 

to confirm no loss of nanoparticles in the flow cells. The Zimm or Debye plots of the 

nanoparticles were generated using the Wyatt ASTRA 6.1 software. Three independent runs 

were conducted for each sample.

In order to calculate the weight average molar mass of the nanoparticles from SLS 

measurements, the pDNA/lPEI nanoparticles were modeled as copolymers consisting of two 

components,36 as directed by light scattering theories.37 The radius of gyration assessment 

was calculated regardless of possible variations of the nanoparticle morphology if form 
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factors of the experiments largely fall below 1 (as examined in Table S3). To determine the 

refractive index increment (dn/dc) of the pDNA/lPEI nanoparticles, we followed the additive 

rule described previously:35

dn
dc Nanoparticle = wpDNA

dn
dc pDNA

+ wlPEI
dn
dc PEI

(12)

where wpDNA and wPEI are the weight fraction of pDNA and lPEI complexed in 

nanoparticles, respectively. The dn/dc values are available by plugging in input pDNA 

concentrations and bound lPEI fraction from results of free lPEI measurements. Based on 

the proposed models for nanoparticle assembly, for each one of pDNA molecule, all the 

associated bound lPEI have a molar mass of:

MAssociated lPEI = γ × cm(lPEI)
cm(pDNA) × MpDNA (13)

where γ is bound lPEI fraction given by the free lPEI assessment; cm(lPEI) and cm(pDNA) 

are input mass concentrations of lPEI and pDNA for each formulation, respectively; and 

MpDNA is the molecular weight of the pDNA used. The weight average pDNA copy number 

per nanoparticle can be calculated by:

N = MNanoparticle
MAssociated lPEI + MpDNA

(14)

where MNanoparticle is the weight average molar mass of the nanoparticles given by SLS.

Transmission electron microscopy (TEM).

Carbon-coated copper grids (Electron Microscopy Services, US) were subjected to plasma 

treatment (N2 glow discharge) for 30 sec to render the surface hydrophilic. The pDNA/lPEI 

nanoparticle suspensions were then loaded on the grid and incubated for 20 min. Excess 

suspension was removed, and an aliquot of 10 μL of 2% (w/v) uranyl acetate solution was 

added and incubated for 1 min. After removing the solution, the grids were allowed to be 

dried under hood for 24 h before imaging on a transmission electron microscope (Tecnai 12 

Twin, Field Electron and Ion Company) operated at 100 kV. All images were taken by a 

Megaview III wide-angle camera (EMSIS GmbH, Germany).

Measurement of free lPEI in nanoparticle suspension.

The method was adapted from a previous report.29 A 500-μL aliquot of nanoparticle 

suspension was added into a Vivaspin 500 centrifugal concentrator (PES, MWCO of 

100,000, Sartorius, Germany), and then centrifuged for 1 min at 7200 rpm. The filtrate was 

analyzed using the Protein Red Advanced Protein Assay (PRAPA, purchased from 

Cytoskeleton, US) accordingly to the manufacturer’s protocol. Each assay was conducted in 

quadruplicate. The lPEI reacts with the assay solution to generate products that have 

absorbance at a wavelength of 590 nm, through which the lPEI concentrations can be 

calculated against a linear standard curve.
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In vitro transfection activity.

PC3 cancer cells were seeded in 24-well plates with a density of 5 × 104 cells/well. After 24-

h culture, the medium in each well was aspirated. An aliquot of 50-μL pDNA/lPEI 

nanoparticle suspension containing 3 μg pDNA was added into 500 μL fresh medium, 

vortexed for 20 sec to mix, and the whole mixture was added into each well. The cells were 

incubated with the pDNA/lPEI nanoparticles for 1 to 4 h. The cells were then washed by 

PBS twice and incubated in 0.5 mL of fresh medium/well for 24 h. Before analysis, medium 

was removed and 100 μL of reporter lysis buffer (Promega, US) was added to each well. The 

cells were then subjected to two freezing-thawing cycles, and the lysate was analyzed using 

a luciferase assay kit (Promega, US). Transgene expression level was normalized against the 

total protein amount obtained by a protein assay kit (Pierce BCA reagents, Thermo 

Scientific, US). Pure luciferase was used as a standard. The transfection efficiency was 

plotted in terms of the amount of luciferase (ng) expressed per mg of total protein in the 

lysate. Transfection and analysis were conducted in quadruplicate for each group tested.

In vivo transfection efficiency.

The in vivo experimental procedures were approved by the Johns Hopkins Institutional 

Animal Care and Use Committee. The pDNA/lPEI nanoparticles were injected intravenously 

(i.v.) via mouse lateral tail vein at a dose of 30 or 40 μg pDNA per mouse at a concentration 

of 200 μg pDNA/mL. For groups with a lower input pDNA concentration in preparation, the 

nanoparticle suspensions were concentrated to 200 μg pDNA/mL by Amicon Ultra-2 

centrifugal filter unit with a MWCO of 3,000 to concentrate both the PECs and the free PEI 

molecules with the same ratio. In vivo bioluminescence imaging was performed using the 

IVIS® Spectrum (PerkinElmer, US) and the images were processed with Living Image 

Software (PerkinElmer, US). The region of interest (ROI) quantitative analysis results have 

good correlations with luciferase protein abundance found in lungs that presents a linear 

relationship (Fig. S9), so tissue homogenization was not widely adopted for monitoring the 

kinetics of the transgene activities. Preliminary tests revealed that the transgene expression 

level (luciferase concentration in healthy lung tissues or tumor cells in the lung) peaks at 

around 12 and 48–72 h post injection for healthy BALB/c mouse model (Jackson 

Laboratory, US) and LL/2 metastasis in NSG mouse model (Johns Hopkins University 

Animal Core), respectively. IVIS assessment time points were set accordingly, with the mice 

anesthetized by isoflurane and imaged by IVIS system upon i.p. injection of 100 μL of 30 

mg/mL D-luciferin (Gold Biotechnology, US) solution and 5-min diffusion period. For LL/2 

tumor model, inoculation was done through i.v. injection of 200 μL PBS solution containing 

5 × 105 cancer cells, 7 days prior to pDNA/lPEI nanoparticle dosing.

Cellular uptake and biodistribution studies.

The 3H-labeled PEC nanoparticles were prepared according to a previous report.45 The 

pDNA was labeled by methylation using S-adenosyl-L[methyl-3H]-methionine (3H-SAM, 

purchased from PerkinElmer, US. Application of radioactive materials in this study was 

approved and monitored by the Johns Hopkins University Radiation Safety Office) as the 

source prior to nanoparticle preparations. This labeling technique does not affect the 

nanoparticle assembly process. The advantage of this labeling technique lies with the 
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capability of assessing absolute quantity of labeled pDNAs in biological samples through 

counting disintegration events per minute (DPM), thus ideal for cellular uptake and 

biodistribution analyses of these nanoparticles. Within a working range, DPM is linearly 

proportional to labeled pDNA quantity in the assay (Fig. S6). To label pDNAs, water, 10× 

NEB buffer (New England Biolabs, US), 3H-SAM (PerkinElmer, US), pDNA (1 mg/mL) 

and M. Sssl enzyme (New England Biolabs, US) were added at a ratio of 12:2:2:1:1 (v/v) 

into a 50-mL tube. The solution was mixed well, incubated for reaction at 37 °C for 2 h and 

quenched by heating to 65 °C for > 30 min. The reaction mixture was diluted by EB buffer, 

with labeled pDNA purified using a QIAprep Spin Miniprep kit (Qiagen, US), and finally 

mixed with nonlabelled pDNA to give the working solution for pDNA/lPEI nanoparticle 

assembly. For cellular uptake experiments, the same dose of pDNA/lPEI nanoparticles were 

used as that in the in vitro transfection experiment described above. At each time point, cells 

were washed twice with PBS and harvested. For the biodistribution study, the same dosage 

and formulation concentration were applied using the same protocol as described above for 

in vivo transfection experiments. At 1-h post injection, the animals were sacrificed with 

tissues harvested and weighed. Sufficient SOLVABLE solubilization fluid (PerkinElmer, 

US) was added to tissues and incubate at 70 °C for 48 h. The tissue lysate was mixed well, 

and 100 μL of each sample (n = 3 independent measurements) was added into 4 mL of 

Ultima Gold scintillation cocktail fluid (PerkinElmer, US) in 7-mL scintillation vials. DPM 

was assessed by a Tri-Carb 2200CA liquid scintillation analyzer (Packard Instrument 

Company, US) in a measurement time course of 5 min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Turbulent mixing of pDNA and lPEI solutions in a confined impinging jet (CIJ) 
microchamber.
(A) Simulated flow fields based on the actual CIJ mixer dimensions: (1) Time-averaged 

turbulent kinetic energy (TKE) distribution, (2) Instantaneous velocity isosurface sampled at 

t = 110 ms, and (3) Instantaneous Q-criterion vortex isosurface sampled at t = 110 ms; (B) 
Illustrations of (1) the turbulent mixing flow structures generated at a flow rate of 20 mL/

min, (2) separation of the pDNA and lPEI solution flows at the Kolmogorov length scale η, 

(3) diffusion of lPEI molecules into the pDNA flow regions, and (4) uniform mixing as 

defined by the input concentration profile of pDNA and lPEI across a time scale of τM; (C) 
Correlation between the characteristic mixing time τM and flow rate Q, as fitted from 

simulation results of 6 different flow rates.
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Figure 2. Effect of characteristic mixing time τM on pDNA/lPEI nanoparticle assembly.
(A, B) Effect of mixing kinetics profile (τM and flow rate Q) on the average nanoparticle 

size Dz (A) and uniformity shown as the DLS size standard deviation (B). The mixing 

kinetics scale is divided into two regions: Region I (τM < τA) and Region II (τM > τA). 

Labels 1, 2 and 3 denote three representative preparations generated from three different 

mixing conditions; (C) Transmission electron microscopy (TEM) images and DLS profiles 

of the three sets of nanoparticles prepared at Q = 1.25 mL/min, τM = 1.8 × 105 ms (Prep. 1), 

Q = 5 mL/min, τM = 790 ms (Prep. 2), and Q = 20 mL/min, τM = 15 ms (Prep. 3). Scale bar 

= 50 nm (for left panel) and 200 nm (for right panel); (D, E) Effect of input pDNA 

concentration and plasmid size on the average nanoparticle size Dz (D) and zeta potential (E) 

prepared by τM = 15 ms; (F, G) Effect of N/P ratio on the average nanoparticle size Dz (F) 

and zeta potential (G) prepared by τM = 15 ms. For the conditions tested, the size profile and 

zeta potential of pDNA/lPEI nanoparticles did not vary with the N/P ratio from 4 to 6.
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Figure 3. Compositions of the FNC-assembled pDNA/lPEI nanoparticles.
(A) The fraction of bound lPEI and the composition of the assembled nanoparticles 

remained similar when nanoparticles were prepared at different input pDNA concentrations 

or with different plasmids; (B) Bound vs. free lPEI amount and proportions with an input 

N/P ratio from 3 to 6 for gWiz-Luc and gWiz-GFP nanoparticle formulations assembled 

under a turbulent mixing condition (Q = 20 mL/min, τM = 15 ms < τA) and a laminar mixing 

condition (Q = 5 mL/min, τM= 790 ms > τA). Labels: Luc and GFP for gWiz-Luc and gWiz-

GFP plasmid nanoparticles, respectively; (C) Bound lPEI fraction and zeta-potential of 

nanoparticles prepared with 50 or 200 μg/mL of gWiz-Luc pDNA under different flow rates, 

suggesting that all gWiz-Luc/lPEI nanoparticles share the same average composition; (D) A 

representative Zimm plot for I2/lPEI nanoparticles with a molar mass of 5.32 × 107 Da, also 

showing the second viral coefficient A approaching zero; (E) Representative Debye plots for 

gWiz-GFP/lPEI nanoparticles prepared by varying input pDNA concentration for I2 
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plasmid; (F, G) Calculated weight average pDNA copy numbers per nanoparticle (N) for 

preparations from lPEI and I2 or gWiz-GFP plasmids at N/P = 4 (F) or gWiz-Luc plasmid at 

different concentrations and N/P ratios (G).
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Figure 4. Assembly of pDNA/lPEI PEC nanoparticles.
(A, B) Correlation of nanoparticle average molar mass and size (A) and radius of gyration 

(B) for nanoparticles assembled under turbulent mixing condition (Q = 20 mL/min, τM = 15 

ms). Each data point in (A) and (B) represents an independent formulation batch; (C) 
Application of the linear fits from Eq. 5 (Upper panel) and Eq. 6 (Bottom panel) to 

nanoparticles formulated with different N/P ratios at Q = 20 mL/min; (D) Correlation of 

nanoparticle average molar mass and size for nanoparticles produced by different mixing 

conditions, i.e. with different τM. For input pDNA concentration of 25 μg/mL (orange), label 

1 to 8 represent τM of 7, 11, 15, 23, 163, 5855, 4 × 105 ms, and pipetting respectively; for 

100 μg/mL (blue), label 1 to 6 represent τM of 8, 15, 42, 795, 104 and 2 × 105 ms, 

respectively; (E) The proposed two-step pDNA/lPEI PEC nanoparticle assembly model 

under turbulent mixing condition (τM < τA).
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Figure 5. Transfection process and efficiency of pDNA/lPEI nanoparticles with different numbers 
of pDNA per particle.
(A) Cellular uptake quantitative assay of nanoparticles prepared with 3H-labeled pDNA in 

PC3 prostate cell line following a 4-h incubation period (pDNA dosage = 0.6 μg/104 cells); 

(B) The in vitro transfection efficiency of nanoparticles with different N in PC3 cells with a 

4-h incubation (pDNA dosage = 0.6 μg/104 cells). The asterisks denote significance level 

when comparing with N = 6.1 nanoparticle group; (C) The in vivo transfection efficiency 

(bioluminescence radiance) in the lung of BALB/c mice at 12 h post i.v. injection of 

nanoparticles (dose = 30 μg pDNA per mouse); (D) Whole-body biodistribution of 

nanoparticles at 1-h post i.v. injection of 3H-labeled nanoparticles containing 30 μg pDNA 

per mouse. Labels: H: heart, K: kidneys, S: stomach, SI: small intestine. For statistical 

analysis, *p < 0.05, **p < 0.01, and ***p < 0.001 from one-way ANOVA and multiple 

comparisons (GraphPad Prism 8).
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Figure 6. Transgene expression of pDNA/lPEI nanoparticles produced under kinetically 
controlled conditions with different N/P ratios and payload levels (N).
(A) In vitro transfection efficiencies of nanoparticles (W1–W8, see Table 1) in PC3 cancer 

cell line (dose = 0.6 μg gWiz-Luc plasmid/104 cells); (B) In vivo transfection efficiency in 

the lung in healthy BALB/c mice at 12 h post i.v. injection of nanoparticles (W1–W8, see 

Table 1) containing 40 μg gWiz-Luc plasmid per mouse (left) and representative IVIS 

images of groups with significant differences in transgene expression (right); (C) In vivo 
transfection efficiency in the lung of an LL/2 metastasis model in the NSG mice at 48 h post 

injection of nanoparticles (P1-P8, see Table 1) containing 40 μg PEG-Luc plasmid per 

mouse (left) and representative IVIS images of groups with significant differences in 

transgene expression (right); (D) Whole-body biodistributions in BALB/c mice at 1 h post 

injection of nanoparticles (W1, W2, W6, W8) containing 40 μg 3H-labeled gWiz-Luc 

plasmid per mouse. Labels: H: heart, K: kidneys, S: stomach, SI: small intestine; (E) 
Biodistributions to the lung of mice shown in (D); For statistical analysis, n.s. denotes no 

statistical significance with p > 0.05, *p < 0.05, **p < 0.01, and ***p < 0.001 from one-way 

or two-way ANOVA and multiple comparisons.
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Figure 7. Scale-up production of off-the-shelf pDNA/lPEI nanoparticles and the long-term 
storage stability.
(A) Lyophilization and reconstitution of nanoparticles prepared using FNC setup; (B) 
Nanoparticle characteristics upon reconstitution of lyophilized nanoparticles stored at −20°C 

at Months 0, 1, 3, 6 and 9. Month 0 represents a reconstituted sample right after completion 

of lyophilization.
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Table 1.

pDNA/lPEI nanoparticles prepared with different mixing conditions and N/P ratios

Nanoparticle Code Plasmid Q (mL/min) Input N/P Z-average Diameter* Dz (nm) Weight Average N
W1

gWiz-Luc

20

3 88.2 ± 30.0 9.1

W2 4 81.2 ± 25.5 6.1

W3 5 79.3 ± 40.4 5.0

W4 6 77.5 ± 30.1 4.4

W5

5

3 153.0 ± 61.9 40.7**

W6 4 158.9 ± 64.5 45.6**

W7 5 148.1 ± 62.8 37.0**

W8 6 155.5 ± 72.0 42.8**

W9 Pipetting 6 171.2 ± 86.3 57.0**

P1

PEG-fLuc

20

3 81.4 ± 21.2 8.1**

P2 4 86.0 ± 25.1 9.5**

P3 5 82.7 ± 28.4 8.5**

P4 6 81.0 ± 26.6 8.0**

P5

5

3 146.9 ± 57.8 45.7**

P6 4 151.1 ± 60.2 49.7**

P7 5 145.6 ± 54.7 44.5**

P8 6 134.1 ± 46.6 34.9**

*
Reported as Z-average hydrodynamic diameter ± DLS size standard deviation.

**
Calculated based on Eqs. 5 and 14.
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