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Abstract

Plasmid DNA (pDNA) nanoparticles synthesized by complexation with linear polyethylenimine
(/PPEI) are one of the most effective non-viral gene delivery vehicles. However, the lack of scalable
and reproducible production methods and the high toxicity have hindered their clinical translation.
Previously, we have developed a scalable flash nanocomplexation (FNC) technique to formulate
PDNA/PEI nanoparticles using a continuous flow process. Here we report a tangential flow
filtration (TFF)-based scalable purification method to reduce the uncomplexed PEI concentration
in the nanoparticle formulation and improve its biocompatibility. The optimized procedures
achieved a 60% reduction of the uncomplexed PEI with preservation of the nanoparticle size

and morphology. Both /n vitro and in vivo studies showed the purified nanoparticles significantly
reduced toxicity while maintaining transfection efficiency. TFF also allows for gradual exchange
of solvent to isotonic solution and further concentrating the nanoparticles for injection. Combining
FNC production and TFF purification, we validated the purified p/DNA/PEI nanoparticles for
future clinical translation of this gene nanomedicine.
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Introduction:

Plasmid DNA (pDNA)/polycation nanoparticles are one of the most promising non-viral
vehicles for the delivery of the gene of interest to treat a variety of inherited and acquired
diseases such as cancer, immunodeficiency, and metabolic disorders.1:2 Among cationic
polymers developed for gene therapy applications, polyethylenimine (PEI) is a gold standard
with a high transfection efficiency /7 vivo.3-> A commercially available reagent, in vivo-
jetPEI®, provides an optimized linear PEI (#EI) carrier with a defined structure and uniform
charge density, prepared under good manufacturing practice (GMP)-compliant conditions.
PPEI-based nanoparticles have been tested in several preclinical and clinical studies.5-°
However, although pDNA/PEI nanoparticles offer high transfection efficiency, they cause
significant toxicity /n vivo, especially when delivered systemically through intravenous (7. v.)
injection. Previous studies have shown that PEI changes the gene expression pattern of
endothelial cellsl? and induces apoptosis, stress responses, and oncogenesis.! In order

to achieve efficient condensation of p/DNASs into nanoparticles and thus high transfection
efficiency, pDNA/PEI nanoparticles are usually generated with a molar ratio of nitrogen on
PPEI to phosphate on pDNA (N/P ratio) greater than 6. The manufacturer of i vivo-jetPEI®
recommends an N/P ratio of 6 to 8 for complexing pDNA. This condition results in a
considerable amount of uncomplexed free PEI in the final nanoparticle suspension.12 It
should be noted that toxicity has been correlated with high N/P ratios, as well as with

high concentrations of free PEI.13.14 Besides PEI, a high N/P ratio, ranging from 8 to

20, is often recommended for many other polycation carriers,15-18 where similar toxicity
concerns arise from the free/luncomplexed polycations that are in great excess. This dilemma
in choosing between higher N/P ratios for high efficiency of complexation/condensation

and high transfection efficiency, and lower N/P ratios for lower free /PEI and better
biocompatibility is a long-standing challenge for polycation carriers. It remains a critical
issue to address towards a formulation with better efficacy and safety profile for clinical
translation of nanoparticle-based gene medicine.

A direct and feasible solution is to purify pDNA//PEI nanoparticles by partially removing
the free FPEI to reduce the total PEI amount dosed with the nanoparticles. The

most common methods, size exclusion chromatography,1# conventional ultrafiltration, and
ultracentrifugation,1? suffer from low efficiency and low yield due to entrapment of
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nanoparticles. These batch-mode purification processes have substantial difficulties in
scale-up production. In addition, the centrifugation process likely results in substantial
nanoparticle loss due to caking and particle aggregation.2921 Nanoparticles purified by
ultracentrifugation also requires further purification to adjust the excess amount of sucrose
for the purpose of achieving isotonic condition for /n vivo studies.?1-24 Dialysis, another
commonly used method for laboratory scale purification,2? is time consuming and difficult
to scale up. Among current purification methods, tangential flow filtration (TFF) is
particularly suitable for purification of nanoparticles, allowing the removal of impurities
(i.e., surfactant and excess materials).19:26 As the direction of filtration is perpendicular to
the direction of the bulk flow, there is minimal blockage of the filters by nanoparticles.

To date, reported applications of TFF technique on nanomedicine have been primarily
focused on poly(lactic-co-glycolic acid) and lipid nanoparticles.?’ Its utility for purifying
polyelectrolyte complex nanoparticles with nucleic acid therapeutics including sDNA has
not been reported previously. Due to the highly charged nature of pDNA//PEI nanoparticles
and the excess PEI polycation, it remains a great challenge to effectively remove excess
PEI without compromising the integrity of the nanoparticles and maintaining sufficient
colloidal stability, /.e. preventing dissociation or aggregation of the intact nanoparticles
during the purification process. In this study, we tested the hypotheses that TFF with
optimized parameters permits efficient purification of pDNA/PEI nanoparticles by maximal
removal of free PEI molecules and retaining stability of the purified nanoparticles in a
continuous manner, and the purified pPDNA//PEI nanoparticles can yield higher level of
biocompatibility while retaining high efficiency of gene delivery.

We have previously developed a scalable flash nanocomplexation (FNC) technique?8 to
formulate /DNA/PEI nanoparticles with controlled size, uniformity and high transfection
efficiency. In this study we applied the TFF method to reduce the concentration of free PEI
in the formulation at an N/P ratio of 6. The technical parameters of TFF were screened

and optimized to achieve the best efficiency of PEI removal, whilst minimizing the loss

of nanoparticles and keeping the characteristics of hanoparticles stable in the suspensions,
including size and morphology. We conducted /n vitro and in vivo experiments in two mouse
models to determine the effect of reducing free /PEI in the nanoparticle formulation on
transfection efficiency and toxicity. We also confirmed that TFF is effective to replace the
original solvent of the nanoparticles with an isotonic solution (9.5% w/w trehalose) and to
concentrate the nanoparticle suspension to a target concentration. With FNC plus TFF as a
scalable synthesis and purification process, purified pDNA//PEI nanoparticles are poised for
future testing for systemic delivery of pDNA in clinic.

Materials and Methods:

1.

Materials

in vivo-jet PEI®, 150 mM was purchased from Polyplus (Illkirch, France). gWiz-Luc
plasmid was purchased from Aldevron (Fargo, ND, USA) and dissolved at 1 mg/mL in
DI water. Dulbecco’s Modification of Eagle’s Medium (DMEM), RPMI 1640, penicillin-
streptomycin, and fetal bovine serum were purchased from Invitrogen (Carlsbad, CA,
USA). Precision Red Advanced Protein Assay (PRAPA) reagent was from Cytoskeleton
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(Denver, CO, USA). Modified Polyethersulfone (mPES/300 kD) filters were purchased
from Spectrum® Lab (Rancho Dominguez, CA, USA). Unless otherwise stated, all other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2. Nanoparticle preparation

FNC device setup.—The confined impinging jet (C1J) mixer as well as the FNC process
were previously developed by our lab.2® pDNA/PEI complex nanoparticles were prepared
in a C1J mixer equipped with two streams. The two streams were independently loaded with
PEI and pDNA solutions, and complex nanoparticles were formed in a CIJ mixer before
being collected. For the CIJ device, the two inlets connected to gas-tight plastic syringes (5,
10, 20, or 50 mL) by PTFE tubing with an ID of 0.75 mm are introducing the solutions of
in vivo-jet PEI® and DNA. The CIJ device was manufactured by Johns Hopkins University
Whiting School of Engineering machine shop based on a C1J design reported previously.2?
The same flow rate (20 mL/min) was used to inject both solutions into the CIJ mixer,
controlled by a programmable syringe pump (New Era Pump System, model NE-4000). The
complex nanoparticles were collected in scintillation vials through a PTFE tubing (ID = 0.75
mm) connected to the mixing chamber.

pDNAV/IPEI complex nanoparticles formulation.—The plasmid DNA was diluted
with an appropriate amount of DI water to give an input concentration of 400 pg/mL. The

in vivo-jet PEI was used as received and diluted by ultrapure water to desired concentrations
corresponding to N/P ratio 6. The pH of the PEI solution was adjusted to 3.5 by NaOH to
keep a consistent charge density on PEI molecules across all experiments. The nanoparticles
were formulated by injection the two working solutions into confined impinging jet (CIJ)
chamber with flow rate 20 mL/min.

3. Nanoparticle purification by TFF method.

KrosFlo RESEARCH Ili TFF SYSTEM and modified polyethersulfone (mPES/300 kDa
and 500 kDa) filters were from Spectrum® Lab. The purification of nanoparticles was
performed with the setup shown in Figure 1a. The diafiltration mode was firstly used to
purify the pDNA//PEI nanoparticles at a DNA concentration of 40 pg/mL. In the process,
the purified retentate or concentrate was directed to a separate retentate collector, and the
feed reservoir was diluted by a phosphate-buffered saline (PBS) at the same rate as filtrate
or permeate was being generated, hence maintaining a constant volume. The filtrate was
taken at designated times. At the end, the retentate was collected and its free polymer and
DNA content were determined. A 9.5% trehalose replaced the washing solution of PBS after
the purification step. After full replacement, the system was switched to the concentration
mode to concentrate the nanoparticles. Between purification of batches, the TFF system was
cleaned by 1-h continuous circulation of a large volume of D.I. water. The system was stored
in 30% ethanol.

4. Transmission electron microscopy (TEM) of nanoparticles.

TEM imaging samples of pDNA/PEI nanoparticles were prepared by incubating 10 pL of
PDNA/PEI nanoparticle solution on an ionized nickel grid covered with a carbon film. After
10 min, the solution was removed, and a 6-UL drop of 2% uranyl acetate was added to
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the grid. After 20 sec, the staining solution was removed, and the grid was dried at room
temperature. The samples were imaged with a Tecnai FEI-12 electron microscope (Johns
Hopkins University, Integrated Imaging Center) at 100 kV. All images were taken by a
Megaview 111 wide-angle camera.

5. Characterization of pDNA/IPEI nanoparticles

Particle size and polydispersity index (PDI) were measured by Zetasizer Nano ZS90
(Malvern Instruments, Southborough, MA). Size measurement was performed at 25°C using
a 90° scattering angle. The mean hydrodynamic diameter was determined by cumulative
analysis. The z-average hydrodynamic diameter was obtained and used as the size of the
PDNA/PEI nanoparticles for all the analysis in this study. Three independent measurements
were conducted. DNA concentration was measured by NanoDrop Spectrophotometer
(Thermo Scientific ND-1000). An aliquot of 2 L standard nanoparticle suspension with five
PDNA concentrations (25, 50, 100, 150, and 200 pg/mL) was prepared, with the absorbance
at 260 nm measured to generate the standard curve. Three independent measurements

were conducted. The absorbance of an aliquot of 2 uL of pDNA/PEI nanoparticles were
measured at the same wavelength. By using the generated standard curve, the corresponding
PDNA concentration for the absorbance of pDNA/PEI nanoparticles could be determined.
To evaluate the pDNA integrity of the TFF-purified nanoparticles, gel retardation assay was
performed. Nanoparticle samples were incubated for 30 min with 1 mg/mL heparin sulfate
to release pDNA, after which 0.5 pg pDNA dose was added to each well and analyzed by
electrophoresis at 80 V for 45 min on a 0.8% (w/v) agarose gel. The pDNA bands were
visualized under a UV transilluminator.

6. Free polymer measurement of pDNA/IPEI nanoparticles.

The Precision Red Advanced Protein Assay (PRAPA) was used to determine of the
concentration and the fraction of uncomplexed 7n vivo-jet® PEI. The method was adopted
from a previous report.14 The pDNA concentration of nanoparticles was diluted to 40 pg/mL
and 500 pL of the diluted nanoparticle suspension was added in each Vivaspin column (PES,
MW(CO of 100,000, Sartorius) in their appropriate microcentrifuge tubes in order to isolate
uncomplexed 7n vivo-jet® PEI from nanoparticle suspensions. The standard in vivo-jet® PEI
solutions were prepared in the concentration within 0.25 mM to 0.025 mM to generate the
absorbance-to-concentration standard curve. Three Vivaspin columns were prepared for one
sample and centrifuged at 7200 RPM at room temperature for 60 seconds. The flow-through
was collected for the measurement. An aliquot of 60 pL of the flow-through solution and
the standard in vivo-jet® PEI solution was separately added to a 96-well plate, followed

by addition of 200 pL of PRAPA reagent working solution into each well. The plate was
incubated at room temperature for 10 min. The absorbance at a wavelength of 590 nm was
assessed and the concentrations were calculated against a standard curve.

7. Invitro transfection of pDNA/IPEI nanoparticles.

The nanoparticles prepared were evaluated for their transfection efficiency /n vitro using
a luciferase reporter pDNA in two separate cell lines: PC3 prostate cancer cell line and
NCI-H1299 lung cancer cell line. PC3 cell line was maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM). NCI-H1299 cell line was maintained in RPMI-1640 medium.
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All media were supplemented with 10% fetal bovine serum (FBS) and 100 U/mL Penicillin
and 100 pg/mL Streptomycin. Cells were cultured at 37°C and 5% CO».

The in vitro transfection efficiency of the nanoparticle followed different incubation times,
expression times, and doses were screened as following. Cells were seeded in 24-well plates
at a density of 5 x 10% cells/well 24 h prior to the transfection experiments. Nanoparticle
suspensions equivalent to 0.2, 0.4, 0.6, 0.8, and 1.0 pg of DNA dose/well were added to

the cells and incubated for 1, 2, 3 or 4 h, followed which the mixture was aspirated. The
cells were then washed by 1x PBS (pH 7.4) twice and immediately placed in fresh medium
for another 6, 12, or 24 h incubation to express the luciferase. One hundred pL of reporter
lysis buffer (Promega, Madison, WI) was added to each well and cells were subjected

to two freeze-thaw cycles. Twenty L of cell lysate from each well was assayed using a
luciferase assay kit (Promega, Madison, WI) on a luminometer (20/20n, Turner BioSystems,
Sunnyvale, CA). The luciferase activity was converted to the amount of luciferase expressed
using a recombinant luciferase protein (Promega, US) as the standard. Total protein content
in the lysate was measured by BCA assay (Pierce BCA reagents, Thermo Scientific, US),
and luciferase expressed was normalized against total protein content. For all tests, n=4
wells for each group were tested.

8. In vitro cytotoxicity of pDNA/IPEI nanoparticles.

The Thermo Scientific Alamar Blue® reagent Assay was performed to determine the /n
vitro cytotoxicity. PC3 cells were seeded in 96-well plates at a density of 1 x 104 cells/well
at 24 h prior to the cytotoxicity experiments. The nanoparticle suspensions equivalent to
0.05 g, 0.1 pg, 0.25 pg, 0.5 g, 0.75 pug, and 1 pug of DNA dose/well were added to the
cells and incubated for 4 h, followed which the mixture was aspirated. The cells were then
washed by 1x PBS (pH 7.4) twice and immediately placed in fresh medium. The cells
were incubated for another 24 h with 10 pL of AlamarBlue® reagent to each well and

the plates are incubated at 37°C overnight to allow cells to convert resazurin to resorufin
completely, and then the cell viability was measured using AlarmaBlue® assay according
to the manufacturer’s protocol. The absorbance of the mixture at 570 nm while using 600
nm as a reference wavelength was measured. For all tests, /7= 4 wells for each group were
tested.

9. Invivo transfection of pDNA/IPEI nanoparticles.

All in vivo procedures were approved by the Johns Hopkins University Institutional Animal
Care and Use Committee. Balb/c mice (7-week old, female, n = 5 per group, Charles River
Laboratories, Frederick, MD) and CD-1 mice (12-week old, female, n = 5 per group, Charles
River Laboratories, Frederick, MD) were injected through lateral tail vein with a dose

40 pg DNA of nanoparticles per mouse. pDNA//PEI nanoparticle formulations (N/P = 6)
were prepared as control group for all /n vivo experiments according to the manufacturer’s
protocol (Polyplus Transfection, France). All the nanoparticle groups were suspended in
9.5% trehalose solution to formulate isotonic for systemic injection. Bioluminescence
imaging was performed by using the 1VIS® Spectrum (PerkinElmer, Waltham, MA) at 24 h
and 48 h time points after nanoparticle injection. Mice were anesthetized with 3% isoflurane
and injected i.p. with 100 uL 30 mg/mL D-luciferin solution (Gold Biotechnology, St. Louis.
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MO). After 5 min injection of D-luciferin, bioluminescence images were obtained; and the
images were processed with Living Image Software (PerkinElmer).

10. In vivo toxicity of pDNA/IPEI nanoparticles.

Results:

After the bioluminescence imaging analyses were performed at 24 h and 48 h time points
following nanoparticle injection, mice were euthanized by isoflurane. The liver and the
blood sample of each mouse were collected immediately. The whole liver was fixed in 10%
neutral buffered formalin for 24 h and embedded in paraffin followed by cutting into 5 um
sections. The hematoxylin-eosin (H&E) staining was conducted on sectioned tissue samples.
The stained slides were visualized with an Olympus 1X 50 microscope. Quantification of
positive staining was performed using NIH Image J program. For assessing the necrosis area
of the liver, scores were evaluated by visual assessment of the percentage of the necrotic
area over normal area involvement of the staining section by both low (10X) and high (20X)
magnification microscopic evaluation on at least 10 different fields of views on each slide.
Biochemical analyses of liver enzymes, including alanine transaminase (ALT) and aspartate
transaminase (AST), were carried out for each blood sample using Spotchem EZ chemistry
analyzer (Arkray USA, Edina, MN). The averages of 5 samples were plotted for different
groups.

The free PEI in the pDNA//PEI nanoparticle suspension was reduced by TFF (Figure 1a).
When washing solution, 7e. diluted phosphate-buffered saline (PBS), was supplemented
into the system, free PEI was gradually washed out, thus purifying the nanoparticles.
Nanoparticles prepared at N/P = 6 were washed by TFF with either 5 or 10 times of washing
volume, 7.e. 5 or 10 times of the volume of the solvent that was filtered out as the permeate
compared to the volume of nanoparticle suspension. To be more specific in washed times,
if the initial sample volume is 5 mL (5 g), the total mass of permeate is set to 50 g for

10 times washing. In later experiments, TFF was used to replace the diluted PBS of the
purified nanoparticle suspension with an isotonic solution and subsequently to concentrate
the nanoparticles to a sufficiently high DNA concentration (> 100 pg/mL). In the liquid
replacement mode, the washing solution was changed to 9.5% w/w trehalose; while in the
concentration mode, water was filtered out in a continuous and gradual manner.

We conducted comparison with other purification methods, such as conventional
ultrafiltration. However, the average diameter of the purified nanoparticles increased
significantly. The average hydrodynamic size increased from 68 nm to 171 nm after purified
by ultrafiltration; in contrast, nanoparticles purified under the “FNC/TFF 10x” (TFF with
10 times washing volume that was filtered out as the permeate) condition maintained a
similar size as the unpurified nanoparticles (Figure 1b). More importantly, the majority of
the nanoparticles were lost likely due to membrane adhesion and aggregation on to the
membrane, leading to low recovery yield and low purification efficiency. As shown in Figure
1c and 1d, the ultrafiltration method provided a yield of only 30% of nanoparticles (vs. 80%
for FNC/TFF 10x method). With a ten-volume of washing procedure, ultrafiltration only
removed 7% free PEI, whereas TFF yielded a 61.9% reduction of PEI content.
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We tested the effect of the ion concentration (Figure S2a) and pH (Figure S2b) of the
washing solutions on the efficiency of PEI removal. The PBS was diluted to 0.07x, 0.08x
and 0.1x for the washing buffer solutions. Higher PBS concentrations were not tested as
these caused nanoparticle aggregations (Figure S3a). On the other hand, PBS concentrations
lower than 0.07x led to low PEI removal efficiency. The results (Figure S2a) suggest that
with higher PBS concentrations and hence higher ionic strength the purification efficiency
was increased. We also optimized the pH of the washing solution for PEI polymer removal
efficiency (Figure S2b). While maintaining weak acidic pH in the nanoparticle suspension
(e.g. pH 6.5) is important for retaining good solubility of PEI, reducing pH below 6.5
decreased the efficiency of free PEI removal. At the same ionic strength (0.08x PBS),

a solution pH of 6.5 reduced the concentration of free PEI by 18% compared with that
achieved at pH 5.5. We further optimized the molecular weight cut off (MWCO) of the
filter (Figure S4a and S4b), and the TFF flow rate (shear rate) (Figure S4c and S4d). The
results showed that 300 kD MWCO and a flow rate of 15.5 mL/min were optimal for TFF
purification of nanoparticles to achieve higher DNA recovery and greater removal of free
/PEI among tested conditions.

We then optimized the output volume of the TFF wash needed for nanoparticle purification.
With only 5x volume washing, the free PEI remained at a high level of 47% of the total
dose added. After 10x volume washing, the free /PEI concentration was reduced to 24%
(Figure 2a) with 80% nanoparticle retention in the purified suspension as measured by

DNA recovery (Figure 2b). To evaluate the DNA compaction ability of the TFF-purified
nanoparticles, gel retardation assay was performed. The results confirmed that DNA
integrity did not change after TFF purification (Figure S5). We characterized the pDNA/PEI
nanoparticles purified with our optimized TFF conditions (washing buffer in pH 6.5, 0.1 x
PBS, 300 kDa MWCO filter, flow rate 15.5 mL/min, 10x washing volume). Nanoparticle
size was well preserved with a similar average size and size distribution before and after
TFF purification under these conditions (Figure 2c, 2d, 2e). Representative TEM images of
the nanoparticle preparations indicated that FNC nanoparticles were smaller and had slightly
more uniform size distribution compared to those of bulk-mixed nanoparticles prepared at

a small batch size (200 pL). The polydispersity index (PDI) of nanoparticles prepared by
FNC, FNC/TFF 5%, FNC/TFF 10x were below 0.2 (Figure S6). The PDI of nanoparticles
prepared by bulk-mixing method is above 0.25 with the higher heterogeneity from pipet
mixing (Figure S6).

To determine the /n vitro toxicity of the /DNA/PEI nanoparticles, AlamarBlue® assay was
performed as an indicator of metabolic cell function following treatment with nanoparticles
(Figure 2f) over the dose range of 0.05 to 1 ug pDNA per 1 x 10* cells (the corresponding
free PEI concentration was 0 to 0.5 mM in the cell culture medium). Both bulk-mixed
nanoparticles and unpurified FNC nanoparticles showed higher cytotoxicity at higher doses:
bulk-mixed nanoparticles caused a significant decrease in cell viability at doses higher than
0.25 pg per well (1 x 10* cells); while FNC nanoparticles showed much lower toxicity at
DNA doses lower than 0.75 pg/well, but a similarly high cytotoxicity at 1 pg per well. On
the other hand, purified nanoparticles by TFF for 10 times maintained 80% of the original
cell viability over the entire dose range tested (0.05-1 pg/well), which was comparable with
treating with uncomplexed plasmid DNA.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 November 27.
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The transfection of bulk-mixed and purified nanoparticles was conducted in the PC3 prostate
cancer cell line in serum-containing medium using gWiz-Luc as a reporter plasmid; and

the transfection efficiency was evaluated by comparing the expression of luciferase enzyme
and normalized against the total protein content in the cell lysate. The following parameters
were varied: the duration of incubation with the nanoparticles (Figure 2g), the time after
removal of the nanoparticles and medium change (Figure S7a), and different doses of the
nanoparticles (Figure S7b). When these parameters were not the variable being tested, the
incubation time was kept at 4 h, the expression time was kept at 24 h, and the dose was kept
at 0.4 pg per 104 cells. Transfection outcomes with different nanoparticle incubation times
(Figure 2g) suggested that with a 1 h incubation time, bulk-mixed nanoparticles transfected
cells more efficiently than FNC original, FNC/TFF 5%, or FNC/TFF 10x nanoparticles,
probably because the larger size of bulk-mixed nanoparticles resulted in faster sedimentation
to the cell monolayer.3931 At longer incubation times, the in vitro transfection efficiency
was unaffected by the concentration of free /PEI. Similarly, when expression time was varied
(Figure S7a), while the DNA dose was fixed at 0.4 ug per 10* cells and the incubation time
with the nanoparticles was fixed at 4 h, there were no significant differences among groups
dosed with nanoparticles with different concentrations of free PEI. In addition, we studied
DNA doses ranging from 0.2 to 1 pg per 10* cells (Figure S7b). The result showed that at
lower doses (0.2 or 0.4 ug per 10% cells) transfection efficiency was higher for nanoparticle
formulations with higher proportions of free /PEI for both bulk mixed and unpurified FNC
original nanoparticles. However, when the dose was increased to 0.6 ug per 104 cells,
transfection efficiency was similar at all levels of free PEI tested. With higher doses (0.8

or 1 ug per 10 cells) the TFF purified nanoparticles had significantly higher transfection
efficiency compared to non-purified nanoparticles, which may be attributed to the lower
cytotoxicity of TFF nanoparticles at the higher dose (Figure 2f). The transfection efficiency
in the NCI-H1299 lung cancer cells (Figure 2h) showed a similar trend as that observed in
PC3 cells described above. When the DNA dose was fixed at 0.4 ug per 104 cells and the
incubation time was 4 h, there were no significant differences among groups dosed with
nanoparticles with different concentrations of free PEI. The transfection efficiencies were
similar for nanoparticles with different levels of free PEI.

We evaluated the cytotoxicity and transfection efficiency for the purified nanoparticles
supplemented with different levels of free PEI; and compared them with unpurified
nanoparticles. After free PEI is added to TFF-purified pDNA//PEI nanoparticles at
intermediate (47%, FNC/TFF 10x+) and high (61.5%, similar to the unpurified FNC original
nanoparticles, FNC/TFF 10x++) levels, the average transfection efficiency was similar to
all purified and unpurified nanoparticles (Figure S8a). In contrast, the purified nanoparticles
FNC/TFF 10x and FNC/TFF 5x significantly reduced cytotoxicity of the nanoparticles;

and the PEI-supplemented nanoparticles showed even higher levels of cytotoxicity than

the unpurified nanoparticles (Figure S8b). These results indicate that while removal of
uncomplexed free PEI substantially reduced the cytotoxicity, the supplemented PEI
appeared to induce a higher level of cell toxicity.

The /n vivo transfection efficiency in mice dosed with purified nanoparticles was
investigated in two immunocompetent models, Balb/c mice (inbred strain) and CD-1 mice
(outbred strain). The dose administered was 40 pg of gWiz-Luc plasmid per mouse. The
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IVIS whole-body images of Balb/c mice and the 1VIS ROI quantitative analysis data are
shown (Figures 3a and 3c). The results showed that there was no significant difference

in transfection efficiency in the lung between bulk-mixed nanoparticles, unpurified FNC
original nanoparticles or TFF-purified nanoparticles, in Balb/c mice at either 24 h (Figures
3a and 3c) or 48 h (Figures S10a and S10c) time points. This shows that the presence

of the additional free PEI (~35% removed by TFF) was not essential to achieving high
transfection efficiency in the lung.

In these experiments, we also observed that one out of five mice died after the injection of
unpurified nanoparticles within one hour, and there was visible necrosis at the injection site
(Figure 3b-1). In contrast, the bulk-mixed nanoparticles and TFF-purified nanoparticles did
not show signs of shock and acute toxicity. Nonetheless, macroscopic examination showed
that both bulk-mixed (Figure 3b-2) and unpurified FNC original nanoparticles (Figure 3b-3)
resulted in necrotic regions on the liver. No appreciable damage was observed in the livers of
mice dosed with TFF-purified nanoparticles (Figure 3b-4) or pDNA alone (Figure 3b-5).

Liver damage can be assessed by the levels of aspartate transaminase (AST) and

alanine transaminase (ALT) enzymes detected in the serum. Bulk-mixed nanoparticles
elicited substantially elevated levels of AST and ALT following 7.v. administration of the
nanoparticles, whereas mice that received original and TFF-purified nanoparticles only
showed a mild increase of AST and ALT levels (Figures 3d and S11a). Although the
“FNC original 60%-/PEI” group and “bulk-mixed 60%-/PEI” group had the same level of
free PEI, the hydrodynamic size for “FNC original 60%-/PEI” group was 68 hm, which
was much smaller than that of the “bulk-mixed 60%-/PEI” group (161 nm, Figure S12a).
The intensity size distribution measurements shown in Figure S12b confirmed that the
bulk-mixed nanoparticles had a wider and less reproducible size distribution.

Among all the groups tested, TFF-purified nanoparticles resulted in the lowest extent

of necrosis measured by the percentage of necrotic area. The histological assessments
confirmed that significant levels of inflammation and necrosis were observed in the livers of
mice treated with bulk-mixed nanoparticles or FNC original nanoparticles (Figures 3e and
3f).

In a different strain of mice, CD-1, all tested nanoparticle preparations, including bulk-
mixed nanoparticles (60% free PEI), unpurified FNC original nanoparticles (60% free
PEI), FNC/TFF 5x or 10x-purified nanoparticles to 50% or 25% free PEI levels, showed
comparable levels of transfection efficiency at both 24-h (Figures 4a and 4b) and 48-h time
points (Figures S10b and S10d). No significant level of acute or subacute toxicity was
detected in any of these groups, in particular between unpurified FNC original nanoparticles
and FNC/TFF 10x (25% free /PEI) nanoparticles for AST (p= 0.46) and ALT (p=0.61)
enzyme levels. Comparison between bulk-mixed and FNC original nanoparticles also did not
yield significant difference in AST (p=0.30) and ALT (p = 0.27) levels (Figures 4c and
S11b). Our results indicate that Balb/c mice were more susceptible to 35% difference of free
PEI of the pDNA//PEI nanoparticles than CD-1 mice.
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Discussion:

The production of highly uniform pDNA/PEI complex nanoparticles at large scale with
high reproducibility is a key challenge to successful translation of these nanoparticles

from the bench to the clinic. In conventional nanoparticle preparation methods, such as

that recommended by Polyplus using /n vivo-jet PEI®, the PEI and pDNA solutions are
mixed in vials in a batch mode at an N/P ratio of 6 to 8. The mixing volume is typically
several hundred microliters, and batch-to-batch variations are high. It is rather difficult to
scale up such a batch-mixing preparation process while maintaining the uniformity of the
nanoparticles prepared.2® We reported the use of a turbulent mixing process to generate
PDNA/PEI nanoparticles with high uniformity, high reproducibility and the ability to scale
up. When the flow rates were higher than 20 mL/min, reaching towards a turbulent mixing
process, the average sizes of nanoparticles could be controlled to smaller than those of the
bulk-mixed nanoparticles. We followed the manufacturer’s recommendation by adopting an
N/P = 6 to formulate the nanoparticles. With this N/P ratio, there would be ~60% of the total
amount of PEI left uncomplexed (free PEI) in the nanoparticle suspension (see Materials
and Methods section for details).

The free PEI in the pPDNA/PEI nanoparticle suspension was successfully reduced by

TFF (Figure 1a). Compared with the traditional purification by ultrafiltration, TFF is a
better method to remove free PEI with the ease of scalability (Figure S1), while reducing
nanoparticle aggregation and maintaining high yield and purification efficiency. With the
increasing nanoparticle preparation batch size from 1 mL to 50 mL, TFF purification
efficiency was maintained at the same level following ten cycles of solvent exchange (based
on the volume of solvent used for purification). Larger scale of purification could be further
achieved by changing the hollow fiber cartridge with a larger inner lumen diameter, a longer
length, and a larger number of hollow fibers. In addition, TFF could control the level of

free PEI more precisely by adjusting the experimental parameters for the purification step.
To obtain the highest nanoparticle recovery and purification efficiency, we optimized the
essential parameters including the washing solution, washing times (the replacement solvent
mass), the pore size of filter and the shear rate. Initial experiments were conducted on

PEI polymer solution alone as a model sample in Figure S2. The results (Figure S2a)
suggest that with higher PBS concentrations and hence higher ionic strength the purification
efficiency was increased. The reason for lower purification efficiency in deionized (DI)
water (Figure S2a) may be attributed to a higher degree of binding affinity between PEI
and poDNA//PEI nanoparticles than that in PBS, which provides charge screening and
facilitates release of excess PEI from the complexes. In addition, PEI assumes more rigid
rod chain confirmation with a higher hydrodynamic volume in DI water, slowing down its
effective filtration through the TFF membrane (30 kDa MWCO). Therefore, the efficiency
of purification efficiency would be significantly reduced in DI water. Diluted PBS washing
solution was then selected for our TFF purification system. The reduction in free PEI
removal at lower pH (Figure S2b) may have been due to a higher charge density on PEI,
which extended the polymer chains, resulting in a larger radius of gyration, and thus made
it more difficult for the PEI to diffuse through the membrane pores. To guide the screening
experiments, the stability of unpurified nanoparticles in different concentrations of PBS
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was determined (Figure S3a). As described above, due to the charge screening effect to

the net positive charges on nanoparticle surfaces, the nanoparticles aggregated in buffer

with a concentration higher than 0.4x PBS. The optimized TFF washing solution was then
identified as 0.1x PBS (pH 6.5). We then tested the stability of the nanoparticles under this
condition (Figure S3b) to confirm that the nanoparticles would not aggregate during the TFF
washing process (3 h).

After the purification with the optimized TFF conditions, the free /PEI concentration

was reduced significantly to 24% (Figure 2a) with 80% nanoparticle retention (Figure

2b). TFF purification with the optimized conditions was effective in maintaining the
physiochemical properties of the nanoparticles (Figures 2c, 2d, and 2e). With consistent
size, size distribution, and morphology, the cytotoxicity was studied on different levels of
free PEI. We found the observed cytotoxicity could be attributed primarily to the free PEI
content of the nanoparticle preparation rather than the nanoparticles per se (Figure 2f).
These results suggest that TFF purified nanoparticles can maintain the same level of /n vitro
transfection efficiency with reduced cytotoxicity (Figures 2f, 2g, and 2h).

Another advantage of using TFF over traditional ultrafiltration method is that TFF can
easily exchange the solvent of nanoparticles solution by simply shifting the washing buffer.
After the purification step, nanoparticles were suspended in 0.1x PBS solution. The solvent
was then adjusted to 9.5% wi/w trehalose solution to have trehalose as a cryoprotectant for
the purpose of generating lyophilized formulation and to render the formulation isotonic
for systemic injection. This step was tested by either bulk-mixing method, in which 19%
wi/w trehalose was mixed with the nanoparticle suspension in a 1:1 volume ratio (Figure
S9a), or TFF (Figure S9b). First, we directly bulk-mixed nanoparticles (400 pg/mL DNA)
with 19% trehalose solution at 1:1 ratio. The size distribution results are shown (Figure
S9a). By bulk mixing with 19% trehalose, the nanoparticles aggregated within 5 min since
the mixing rate cannot be controlled. This implied that these particles were not stable for
further applications. In contrast, when the solvent of the TFF nanoparticles was gradually
replaced with 9.5% trehalose using the TFF process, nanoparticle size and distribution
were maintained without measurable aggregation (Figures S9b and S9c). To identify the
washing volume to fully replace the solvent from PBS solution to 9.5% trehalose, we used
both PBS solution (no nanoparticles) and nanoparticle solution as the original feed solution
in TFF and then washed with 9.5% trehalose. Samples were lyophilized and weighed to
determine the sugar concentration. The results showed that after washing with 5x volume
of the 9.5% trehalose solution, solvent exchange was completed; and the size distribution
of the nanoparticle preparation in 9.5% trehalose was maintained (Figure S9b). This was
not achievable by the bulk mixing of trehalose solution with the nanoparticle suspension.
The nanoparticle suspension was further concentrated by 5-fold (Figures S9b, S9c, and S9d).
During the concentration step, no washing solution was added. The results suggest that
after nanoparticles have been washed for 5 times with 9.5% trehalose and then concentrated
5-fold, their average size and size distributions were preserved.

These results highlighted the advantages of TFF for purifying pDNA//PEI nanopatrticles.
TFF has the ability to scale up the purification while minimizing the risk of particle
aggregation. It affords high recovery yield of nanoparticles, control for the level of free

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 November 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 13

polymer, and ease of exchange of solvent or medium. These features of the optimized TFF
purification process can be easily extended to other nanoparticle systems during scaleup
production.

The in vivo study results demonstrate that TFF purification is capable of reducing the
amount of free PEI in nanoparticle formulations without significantly reducing the level

of transfection efficiency below that of unpurified nanoparticles in both Balb/c mice and
CD-1 mice. The /n vivotoxicity responses were minimized by our TFF purification protocol,
although the inflammation and liver toxicity appeared to be animal strain-dependent. The

in vivotoxicity responses were also reported in another study4 in which Balb/c mice
receiving nanoparticles with excess free polymer showed signs of shock, 7.e. ruffled fur and
reduced activity after injection. Here we found that there was a high degree of infiltration
by mononuclear cells in the liver of mice treated with bulk-mixed nanoparticles (Figure 3f).
These cells were found predominantly perivascular and included larger, blast like, immature
monocytes, and were accompanied by extramedullary hematopoiesis with large, possibly
atypical cells found around perivascular and intravascular regions. In contrast, liver damage
was absent from the liver tissue collected from the purified FNC/TFF 10x nanoparticles
treated group; and the sinusoidal structure of the liver remained normal with minimum
infiltration of monocytes. Collectively, these serum biochemical analysis and pathological
assessment confirmed that the hepatic injury observed in Balb/c mice was induced by

the excess amount of free PEI in nanoparticle formulations and the larger size of the
nanoparticles following 7 v. injection. The FNC/TFF purified nanoparticles significantly
reduced the toxicity without compromising the transfection efficiency in the lung.

Conclusion:

The pDNA/PEI nanoparticles produced by the FNC method was effectively purified by the
optimized TFF protocol. TFF purification was able to reduce free FPEI from nanoparticle
suspension by 60% (from 60% to 24% in a nanoparticle formulation prepared at an N/P
ratio of 6) with a satisfactory yield and preserved physical characteristics, including size,
size distribution, and morphology. We also developed a TFF protocol to replace the carrier
liquid of the nanoparticle suspension with an isotonic solution, 9.5% w/w trehalose, and

to increase the concentration of the nanoparticles without compromising their stabilities.
The purified pDNA/PEI nanoparticles with reduced free PEI content (24% of the input
PPEI) delivered lower toxicities and similarly high level of transfection efficiencies both

in vitroand in vivo, in comparison with unpurified nanoparticles. This TFF technique
coupled with the FNC production process enabled the continuous and scalable production
of purified nanoparticles at a tailored concentration. This method can be easily extended to
other nanoparticle formulations and has high translational potential for the development of
nanoparticle gene medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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aal

FNC original FNC/TFF 10x Ultrafiltration

1.

FNC original FNC/TFF 10x Ultrafiltration

B Ultrafiltration @TFF

]

FNC original  Purified 5x  Purified 10x

(a) Schematic diagram of pDNA/PEI nanoparticle purification by TFF. Comparison of

(b) the z-average hydrodynamic size (c) DNA recovery and (d) free PEI fraction of the
nanoparticles before purification (FNC original nanoparticles) vs. following purification by
TFF and ultrafiltration methods using the 5-volume washing (5x) and 10-volume washing
(10x) protocols, respectively (n = 3). The 5x and 10x washing refer to 5 and 10 times of the
volume of the solvent used, respectively, in reference to the volume of nanoparticles. This is
measured by the volume of the permeate collected during the TFF process.
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Figure 2.
The pDNA/PEI nanoparticle characteristics and /in vitro transfection activities after TFF

purification with optimized conditions. (a) Percentage of the free PEI, (b) DNA recovery,
and (c) z-average size of the nanoparticles before and after TFF purification; FNC/TFF 5x
and FNC/TFF 10x (see Fig. 1 for group description). (d) TEM images of the nanoparticles
prepared by (i) bulk-mixed: Polyplus protocol (ii) FNC original (unpurified), and (iii)
FNC/TFF 10x. Scale bar is 500 nm. (e) The intensity average size distribution of the
nanoparticles before and after TFF. (f) /7 vitro cellular viability of PC3 cell line in
bulk-mixed: Polyplus protocol, FNC original, FNC/TFF 5%, FNC/TFF 10x nanoparticles
and naked DNA with different DNA concentrations (nanoparticle concentration was
titrated to match the DNA concentration for comparison purpose). For statistical analysis,
the comparison is against DNA group and bulk-mixed group, respectively. (g) /n vitro
transfection efficiency with different incubation time of bulk-mixed: Polyplus protocol,
FNC original, FNC/TFF 5%, FNC/TFF 10x purified pDNA//PEI nanoparticles by PC3 cell
line. (h) /n vitrotransfection efficiency of bulk-mixed: Polyplus protocol, FNC original,
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FNC/TFF 5%, FNC/TFF 10x purified nanoparticles by NCI-H1299 cell line. For statistical
analysis, n.s. denotes no statistical significance with p> 0.05, *p < 0.05, **p < 0.01, and
*** < 0.001 from one-way ANOVA test.
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Figure 3.
(a) /n vivotransfection efficiency of the injected Polyplus bulk-mixed, FNC original and

FNC/TFF 10x pDNA/PEI nanoparticles, respectively in Balb/c mice. The injection dose is
40 pg DNA/mice. IVIS whole-body images were taken at 24 h post injection of particles.
Scale bar: local radiance with unit of 10% photon/s/sr/cm? (b) 1: The necrosis at the tail
injection site of the unpurified nanoparticles. The images of harvested livers in each group.
2: Polyplus bulk-mixed, 3: FNC original, 4: FNC/TFF 10x pDNA//PEI nanoparticles, 5:
Naked DNA. (c) The IVIS ROI quantitative analysis results at 24 h time point from Balb/c
mice. Each bar represents mean + standard deviation (n = 5). (d) AST assessments of Balb/c
mice injected with Polyplus bulk-mixed, FNC original, and FNC/TFF 10x pDNA//PEI
nanoparticles, respectively. (e) Percentage of necrotic area in liver of Balb/c mice injected
with Polyplus bulk-mixed, FNC original, and FNC/TFF 10x pDNA//PEI nanoparticles,
respectively. (f) H&E-stained liver tissue sections of Balb/c mice injected with Polyplus
bulk-mixed, FNC original, and FNC/TFF 10x pDNA//PEI nanoparticles, respectively. Scale
bar 1000 pm (Left) and 200 um (Right). For statistical analysis, n.s. denotes no statistical
significance with p> 0.05 and *p < 0.05 from one-way ANOVA test.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2022 November 27.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Liuetal.

a Bulk-mixed 166-nm NP FNC Original 69-nm NP FNC/TFF 5% 72-nm NP
60% Free PEI 60% Free PEI 50% Free PEI

rsRaalsace

Page 20

FNC/TFF 10x 74-nm NP

y

25% Free PEI

bt b o b vt b B W :
M1 M2 M3 M4 M5 M2 M4 M5 M1 M2 M3 M4 M5
. e ==
0.5 1.0 15 20
b 10 c 2000
5
28 o ]
S I% -
o
g =
§ ﬁ 8 g R
c ]
E 8 j.!:_ _:J_llL e £ 1000 1
28 7- <
s o
25 u
°5 s00{ —T—
[ ] 6 1 " —_—
o n
|
5 0 alm aujmm FEEE —ﬁ—.. .
Bulk-mixed FNC FNC/  FNC/ Bulk-mixed  FNC FNC/  FNC/  Control
60% PEI Original  TFF 5x  TFF 10x 60% PEl  Original  TFF5x  TFF 10x
60% PEI  50% PEI  25% PEI 60% PEI  50% PEI  25% PEI

Figure 4.

(a) /n vivotransfection efficiency of CD-1 mice. The dose is 40 ug DNA/mice. IVIS
whole-body images were taken at 24 h post injection of particles. Scale bar: local radiance
with unit of 106 photon/s/sr/cm? (b) The IVIS ROI quantitative analysis results at 24-h

time point from CD-1 mice. Each bar represents mean + standard deviation (n = 5). (c)

AST assessments of CD-1 mice injected with Polyplus bulk-mixed, FNC original, FNC/TFF
5%, and FNC/TFF 10x pDNA//PEI nanoparticles, respectively. For statistical analysis, n.s.

denotes no statistical significance with p> 0.05 from one-way ANOVA test.
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