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Abstract

Gene therapy of malignant gliomas has shown a lack of clinical success to date due in part to 

inability of conventional gene vectors to achieve widespread gene transfer throughout highly 

disseminated tumor areas within the brain. Here, we demonstrate that newly engineered polymer-

based DNA-loaded nanoparticles (DNA-NP) possessing small particle diameters (~50 nm) and 

non-adhesive surface polyethylene glycol (PEG) coatings efficiently penetrate brain tumor tissue 

as well as healthy brain parenchyma. Specifically, this brain-penetrating nanoparticle (BPN), 

following intracranial administration via convection enhanced delivery (CED), provides 

widespread transgene expression in heathy rodent striatum and an aggressive brain tumor tissue 

established orthotopically in rats. The ability of BPN to efficiently traverse both tissues is of great 
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importance as the highly invasive glioma cells infiltrated into normal brain tissue are responsible 

for tumor recurrence. Of note, the transgene expression within the orthotopic tumor tissue 

occurred preferentially in glioma cells over microglial cells. We also show that three-dimensional 

(3D) multicellular spheroids established with malignant glioma cells, unlike conventional two-

dimensional (2D) cell cultures, serve as an excellent in vitro model reliably predicting gene vector 

behaviors in vivo. Briefly, DNA-NP possessing greater surface PEG coverage exhibited more 

uniform and higher-level transgene expression both in the 3D model and in vivo, whereas the trend 

was opposite in 2D culture. The finding here alerts that gene transfer studies based primarily on 

2D cultures should be interpreted with caution and underscores the relevance of 3D models for 

screening newly engineered gene vectors prior to their in vivo evaluation.

Keywords

malignant gliomas; synthetic gene vectors; tumor spheroids; convection enhanced delivery; 
volume of transgene expression

1. Introduction

Despite the most advanced multimodal therapeutic regimen, median survival of malignant 

gliomas remains ~ 14 months [1]. Gene therapy potentially provides an alternative means to 

achieve more specific and powerful as well as longer-lasting therapeutic benefits. However, 

its clinical relevance is yet to be addressed due in large part to suboptimal gene transfer 

efficacy. Given the highly aggressive, invasive and infiltrative nature of malignant gliomas, 

inability of conventional gene vectors to provide a widespread therapeutic transgene 

expression is an utmost challenge [2–4]. We have previously determined the brain 

extracellular matrix (ECM) to be a critical adhesive (i.e. hydrophobic and negatively 

charged) and steric diffusional barrier, and established design criteria for engineering 

nanoparticle-based therapeutic delivery systems that can efficiently spread through the ECM 

[5–7]. Specifically, we found that nanoparticles with diameters small enough (≤ ~110 nm) to 

fit through the ECM pores while possessing non-adhesive dense surface polyethylene glycol 

(PEG) coatings rapidly penetrated rodent and human brain tissues [5, 8–10].

While being well-characterized for outstanding efficacies as a polymeric gene delivery 

platform, widespread use of polyethylenimine (PEI) is largely discouraged by its safety 

concern [11, 12]. However, we note that PEI toxicity is often overstated based on in vitro 
studies where conventional cytotoxicity is measured with only one or two cell types at very 

high doses that would unlikely be translatable in vivo. In reality, PEI remains one of those 

few polymer-based platforms most widely explored in clinic [13, 14], including an ongoing 

phase II trial (NCT02806687), with a proven favorable safety profile (NCT01274455) [15]. 

Further, PEI has been commonly derivatized with PEG to improve its pharmacokinetic 

behaviors and/or safety profiles as a gene delivery system [9, 16–19]. To this end, we have 

recently demonstrated that DNA-loaded nanoparticles (DNA-NP) formulated with an 

inclusion of densely PEGylated PEI (PEG-PEI) provide widespread transgene expression in 

healthy rat brain while exhibiting good in vivo safety profiles, namely brain-penetrating 

nanoparticles (BPN) [9, 19]. However, the finding does not readily ensure their ability to 
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penetrate brain tumor tissues, given that the barrier properties of tumor ECM are unlikely 

analogous to those of normal ECM due to significant pathological changes in cellularity and 

macromolecular compositions in tumors [20]. In this study, we thus sought to engineer and 

evaluate PEI-based DNA-NP possessing a broader range of surface PEG contents to identify 

a lead system providing widespread transgene expression in brain tumor in vivo.

Most of the studies developing gene vectors for cancer therapy employ routine sequential 

experimental steps of screening newly designed systems using two-dimensional (2D) cell 

cultures [21–23], followed by in vivo evaluation. However, conventional 2D cultures are 

limited in recapitulating the highly complex and heterogeneous nature of tumors established 

in living organisms, including humans [24, 25]. Indeed, virtually no correlation has been 

observed between performances of gene vectors in 2D cultures versus in animals in a recent 

study [26]. Alternatively, three-dimensional (3D) models of multicellular tumor spheroids 

mimic several features found in tumors in vivo, including but not limited to dense ECM 

formation [27, 28] and induction of hypoxia and necrosis [29, 30], thereby providing a 

reliable surrogate for screening gene vectors, particularly in terms of predicting their in vivo 
behaviors [31]. Thus, we here evaluate and compare performances of newly designed 

aforementioned PEI-based DNA-NP in a 3D spheroid model as well as in an orthotopically-

established rat glioma.

2. Materials and methods

2.1 DNA-NP formulation and characterization

2.1.1 Polymer preparation.—Methoxy PEG N-hydroxysuccinimide (mPEG-NHS, 5 

kDa, Sigma-Aldrich, St. Louis, MO) was conjugated to 25 kDa branched PEI (Sigma-

Aldrich) to yield PEG-PEI copolymers, as previously described [9, 16]. Briefly, PEI was 

dissolved in ultrapure distilled water, pH was adjusted to 7.5–8.0 and then mPEG-NHS was 

added to the PEI solution at various molar ratios, followed by an overnight reaction at 4 °C 

under a constant mixing condition. The resultant polymer solution was dialyzed extensively 

against ultrapure distilled water for 3 days at a molecular weight cut-off (MWCO) of 50,000 

kDa (Spectrum Laboratories, Inc., Rancho Dominguez, CA) and subsequently lyophilized. 

Nuclear magnetic resonance (NMR) analysis was conducted to confirm PEG to PEI molar 

ratios of 8, 30, 50, 60, and 85. 1H NMR (500 MHz, D2O): δ 2.48–3.20 (br, CH2CH2NH), 

3.62–3.72 (br, CH2CH2O). The lyophilized polymers were dissolved in ultrapure distilled 

water with a pH adjustment to ~6.5 – 7 at 30 mg/ml and stored at 4 °C until use.

2.1.2 DNA-NP formulation.—The luciferase-expressing plasmids driven by the short-

acting cytomegalovirus (CMV) promoter (i.e. pd1GL3-RL) was a kind gift from Professor 

Alexander M. Klibanov (M.I.T). The ZsGreen- and green-fluorescent protein (GFP)-

expressing plasmids driven by the CMV promoter were purchased from Clontech 

Laboratories Inc. (Mountainview, CA). The luciferase- and mCherry-expressing plasmids 

driven by human β-actin promoter (i.e. pBAL and pBACH, respectively) were produced and 

provided by Copernicus Therapeutics (Cleveland, OH). Plasmids were propagated and 

purified, as previously described [16, 32]. Briefly, plasmids were transformed into E. coli 
DH5α competent bacterial cells using a heat shock method, and following the bacterial 

Negron et al. Page 3

J Control Release. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



expansion in LB media, plasmids were purified using EndoFree Plasmid Giga Kit 

(QIAGEN, Valencia, CA), as per manufacturer’s protocol. Mirus Label IT Tracker 

Intracellular Nucleic Acid Localization Kit (MirusBio, Madison, WI) was used to 

fluorescently tag plasmids with Cy5 fluorophores. DNA-NP were formed by dropwise 

addition of 10 volumes of labeled or unlabeled plasmids (0.2 mg/mL) to 1 volume of a 

swirling polymer solution. All DNA-NP were prepared at an optimized nitrogen to 

phosphate (N/P) ratio of 6. For the formulation of conventional PEGylated nanoparticles 

(CPN), PEG-PEI copolymers prepared at a PEG to PEI molar ratio of 8 alone were used to 

condense plasmids. BPN formulations were engineered by condensation of plasmids by a 

mixture of non-PEGylated PEI (25%) and PEG-PEI (75%) synthesized at higher PEG to PEI 

molar ratios of 30 and 50. For microscopic observations, Cy5-labeled plasmids were used to 

assemble fluorescently-labeled DNA-NP. The plasmid/polymer solution was incubated for 

30 minutes at room temperature to spontaneously form DNA-NP. DNA-NP were washed 

twice with 3 volumes of ultrapure distilled water, and re-concentrated to 1 mg/ml using 

Amicon Ultra Centrifugal Filters (100,000 MWCO; Millipore Corp., Billerica, MA). 

Plasmid concentration was determined via absorbance at 260 nm using a NanoDrop 

ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE).

2.1.3 Physicochemical characterization of DNA-NP.—The hydrodynamic 

diameters as well as polydispersity index (PDI) and ζ-potentials of DNA-NP were measured 

by dynamic light scattering (DLS) and laser Doppler anemometry, respectively, in 10 mM 

NaCl solution at pH 7.0 using a Nanosizer ZS90 (Malvern Instruments, Southborough, MA). 

The size and morphology of DNA-NP were also confirmed by transmission electron 

microscopy (TEM; Hitachi H7600, Japan). The DNA complexation was confirmed by 

conventional agarose gel-based electrophoretic analysis. The colloidal stability was assessed 

by monitoring the change in hydrodynamic diameters and PDI in artificial cerebrospinal 

fluid (aCSF; Harvard Apparatus, Holliston, MA) over time at 37 °C via DLS. Number of 

plasmid copies in each DNA-NP was CICS, as previously reported [33]. Briefly, DNA-NP 

carrying Cy5-labeled plasmids were passed through a custom-made polydimethylsiloxane-

based microfluidic device to spatially constrict particles to ensure single particle detection 

using a HeNe laser. The fluorescence data was collected with DNA-NP immediately after 

the preparation or 4 hours after an incubation in aCSF. Then fluorescence readings were 

detected and analyzed using Labview interface (National Instruments, Austin, TX) and a 

MATLAB script, respectively, to determine the number of plasmid copies for each DNA-NP 

population. Of note, quenching artifact was carefully assessed using a particle series of 

increasing ratio of labeled DNA to unlabeled free-labeled plasmid DNA and including a 

correction factor in the final plasmid calculation.

2.2 In vitro experiments in 2D cell cultures

2.2.1 Cell culture.—Highly aggressive rat glioma F98 cells (ATCC, Manassas, VA) 

were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen Corp., Carlsbad, 

CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; Invitrogen Corp.) 

and 1% penicillin/streptomycin (P/S; Invitrogen Corp.). All the following in vitro studies 

were conducted when cells reached 70% - 80% confluency in respective plates.
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2.2.2 Cell viability.—Cells were seeded onto 96-well plates at an initial density of 5,000 

cells/well and grown overnight at 37 °C. Cells were treated with various DNA-NP at a wide 

range of plasmid doses for 48 hours at 37 °C. Cell viability was then assessed using Dojindo 

cell counting kit-8 (Dojindo Molecular Technologies, Inc., Rockville, MD). Absorbance at 

450 nm was measured spectrophotometrically using a Synergy Mx Multi-Mode Microplate 

Reader (Biotek, Instruments Inc. Winooski, VT), and cell viability was determined by 

normalizing the readouts to absorbance measured with untreated control cells.

2.2.3 Cellular uptake.—Cells were seeded onto 6-well plates at an initial density of 

200,000 cells/well and grown overnight at 37 °C. Cells were treated with various DNA-NP 

carrying Cy5-labeled plasmids (5 μg DNA/well) and after 5 hours of incubation, the media 

was removed. Cells were then thoroughly washed with 1X phosphate buffered saline (PBS) 

and trypsinized. Flow cytometry was conducted to quantify the cellular uptake of DNA-NP 

using a Sony Cell Sorter SH800 (Sony, San Jose, CA), followed by data analyzed with a 

FlowJo software (FlowJo LLC, Ashland, OR).

2.2.4 Transgene expression.—Cells were seeded at an initial density of 50,000 cells/

well onto 24-well plates and grown overnight at 37 °C. Cells were then treated with various 

DNA-NP carrying luciferase-expressing plasmids (i.e. pd1GL3-RL) at a plasmid 

concentration of 1 μg/well, and the culture media was replaced with fresh media 5 hours 

after the incubation. After 48 hours of additional incubation, media was removed and 0.5 ml 

of 1X Reporter Lysis Buffer (Promega, Madison, WI) was added. Subsequently, cells were 

subjected to three freeze-and-thaw cycles to achieve complete lysis followed by the 

collection of supernatants by centrifugation. Luciferase activity was measured in relative 

light units (RLU) using a standard Luciferase Assay Kit (Promega) and a 20/20n 

luminometer (Turner Biosystems, Sunnyvale, CA). The RLU values were normalized to the 

total protein content measured by a Bicinchoninic Acid (BCA) Protein Assay Kit (Thermo 

scientific, Rockford, IL).

In parallel, transgene expression was also evaluated by confocal microscopy. Cells were 

seeded in 35 mm glass-bottom dishes of which surfaces were coated with poly-D-lysine 

(MatTek Corporation, Ashland, MA) at an initial density of 30,000 cells/dish and grown 

overnight at 37 °C. Cells were then treated with various DNA-NP carrying ZsGreen- or 

GFP-expressing plasmids at a plasmid concentration of 1 μg/dish, and the culture media was 

replaced with fresh media 5 hours after the incubation. After 48 hours of additional 

incubation, one drop of NucBlue™ Live Cell Stain (4’,6-diamidino-2-phenylindole or 

DAPI; Invitrogen Corp.) was added to each dish to visualize cell nuclei. Then fluorescence 

was captured from DAPI and ZsGreen or GFP, respectively, using an LSM 710 confocal 

microscope (Carl Zeiss; Hertfordshire, UK) under 20X magnification. Subsequently, images 

were analyzed using an ImageJ software (NIH, Bethesda, MD).

2.3 In vitro experiments in 3D multicellular tumor spheroids

2.3.1 Preparation of spheroids.—3D tumor spheroids were established by the 

hanging-drop method in a house-made spheroid media. The spheroid media was prepared by 

dissolving autoclaved methylcellulose (Sigma-Aldrich) at 2.4% (w/v) in preheated (60 °C), 
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serum-free DMEM followed by dilution with an equivolume of DMEM supplemented with 

10% FBS and an overnight stirring at 4 °C. The solution was then centrifuged at 5,000 xg 

for 2 hours at 4 °C to precipitate undissolved methylcellulose and the supernatant stored at 

4 °C until use. To form each spheroid, we cultured 5,000 cells, either F98 glioma cells or 

F98 cells engineered to constitutively express a red fluorescent protein, mKate (F98-mKate; 

provided by Dr. Surojit Sur; Johns Hopkins University), in 20 μL spheroid media on the lid 

of a petri-dish. Spheroids were then grown upside down by covering a PBS-filled/

moisturized petri-dish with the cell-seeded lid for 2 days. Finally, spheroids were transferred 

onto a sterile U-bottom 96-well plate (CELLSTAR®; Sigma-Aldrich) along with DMEM 

and incubated at 37⁰ C for 24 hours prior to their use for subsequent experiments.

2.3.2 Distribution of DNA-NP in spheroids.—To evaluate the ability of DNA-NP to 

penetrate 3D tumor spheroids, we treated F98-mKate-based spheroids with various DNA-NP 

carrying Cy5-labeled plasmids (1 μg plasmids/spheroid). The media was removed 5 hours 

after the incubation and replaced with the background-minimizing FluoroBrite DMEM. 

Subsequently, spheroids were fixed with 4% formaldehyde, washed with PBS, embedded in 

Tissue-Tek® optimal cutting temperature compound (Sakura Finetek, Torrance, CA) and 

sectioned into 20 μm-thick slices using Leica CM 1905 cryostat (Leica Biosystems, Buffalo 

Grove, IL). Slices were imaged for the fluorescence originated from F98 glioma cells (i.e. 

mKate) and DNA-NP (i.e. Cy5) using an LSM 710 confocal microscope under 10X 

magnification. The radial distribution profile of DNA-NP was obtained by measuring the 

mean fluorescence intensity throughout the radial coordinates from the edge to the core of 

the spheroid using an ImageJ software, as previously described [34].

2.3.3 Transgene expression by DNA-NP in spheroids.—F98-based spheroids 

were grown and treated in a sterile U-bottom 96-well plate with various DNA-NP carrying 

ZsGreen-expressing plasmids (1 μg plasmids/spheroid) to evaluate the ability of DNA-NP to 

mediate transgene expression in spheroids After 48 hours of additional incubation without 

media refreshment, the spheroids were transferred on to custom-made gel-wells. To prepare 

a stock gel media, low gelling temperature agarose (Sigma-Aldrich) was dissolved at 5% 

(w/v) in sterile PBS and subsequently autoclaved. The working gel media was then made by 

diluting the stock with FluoroBrite DMEM to reach the final agarose concentration of 0.5% 

(w/v). Subsequently, a 4-well Millicell EZ slide (Millipore Corp) was filled with the working 

gel media and spheroids were carefully placed in each well. Fluorescence images were then 

captured using an LSM 710 confocal microscope under 10X magnification and analyzed for 

spheroid area-normalized mean fluorescence intensity using an ImageJ software.

2.4 Multiple particle tracking – ex vivo diffusion of DNA-NP in rat brain

Multiple particle tracking (MPT) experiments were conducted to quantify the diffusion rates 

of various DNA-NP carrying Cy5-labeled plasmids in healthy rat brain parenchyma ex vivo, 

as previously reported [9, 16]. Briefly, whole brain tissues were harvested from 6-to-8-week-

old female Fischer 344 rats (Harlan Laboratories, Frederick, MD) and incubated in aCSF on 

ice for 10 minutes. The brain tissues were then sliced using a Zivic brain matrix slicer (Zivic 

Instruments, Pittsburgh, PA) and the resultant 1.5-mm coronal slices were placed on custom-

made slides. Subsequently, we bolus-injected 0.5 μL of DNA-NP solution at a plasmid 
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concentration of 2 μg/mL into the cerebral cortex at a depth of 1 mm using a Neuros syringe 

(50 μL; Hamilton, Reno, NV) mounted on an ultra-precise small-animal stereotactic frame 

(Stoelting Co., Wood Dale, IL). Following a 10-minute incubation, trajectories of DNA-NP 

were recorded over 20 seconds at an exposure time of 66.7 milliseconds (i.e. 15 fames/s) by 

an Evolve 512 EMCCD camera (Photometrics, Tucson, AZ) mounted on an inverted 

epifluorescence microscope (Axio Observer D1; Carl Zeiss, Hertfordshire, UK) equipped 

with a 100X/1.46 NA oil-immersion objective. Movies were then analyzed with a custom-

made automated particle tracking MATLAB script to extract x, y-coordinates of DNA-NP 

centroids over time from which the mean square displacement (MSD) values of individual 

DNA-NP were calculated as a function of timescale [35]. Median MSD was determined 

based on the measured MSD values of individual DNA-NP at a timescale of 1 second, at 

which both static and dynamic errors are minimized in MPT experiments [35].

2.5 Animal studies

We used 6-to-8-week-old female Fischer 344 rats for the assessment of in vivo gene transfer 

efficacy of various DNA-NP. Animals were treated in accordance with the guidelines and 

policies of the Johns Hopkins University Animal Care and Use Committee. Surgical 

procedures were performed using standard sterile surgical techniques. Animals were 

anesthetized using a mixture of 75 mg/kg ketamine and 7.5 mg/kg xylazine, as previously 

described.[36] A midline scalp incision was made to expose the coronal and sagittal sutures 

and a burr whole was drilled 3 mm lateral to the sagittal suture and 0.5 mm posterior to the 

bregma. Following the tumor cell inoculation or DNA-NP administration, the skin was 

sealed using biodegradable sutures (Polysorb™ Braided Absorbable Sutures 5–0) and 

bacitracin was applied.

2.5.1 Orthotopic tumor cell inoculation.—Orthotopic tumor cell inoculation was 

performed, as previously described [36]. Briefly, 100,000 cells, either F98 or F98-mKate 

cells, were administered in 10 μL of DMEM over 5 minutes and at a depth of 3.5 mm using 

a Neuros Syringe mounted on an ultra-precise small-animal stereotactic frame. Of note, we 

inoculated rat brains with a high numbers of tumor cells, relevant to clinical translation [37, 

38], to establish a model mimicking malignant gliomas characterized by rapid tumor growth 

rates.

2.5.2 Intracranial administration - convection enhanced delivery (CED).—To 

assess the distribution of transgene expression, various DNA-NP carrying ZsGreen- or 

luciferase-expressing plasmids were intracranially administered via CED, as previously 

described [9, 10]. Briefly, a Neuros syringe connected to a 33-gauge needle was filled with 

20 μL of DNA-NP solution at a plasmid concentration of 1 mg/mL and lowered to a depth of 

3.5 or 2.5 mm of a healthy or an orthotopic tumor-bearing rat brain, targeting the striatum or 

the tumor core, respectively. DNA-NP solution was then infused at a rate of 0.33 μL/min as 

controlled by a Chemyx Nanojet Injector Module (Chemyx, Stafford, TX).

2.5.3 Distribution and overall level of transgene expression.—For assessing the 

distribution of transgene expression, brain tissues of rats received DNA-NP carrying 

ZsGreen-expressing plasmids were harvested 48 hours after the administration and 

Negron et al. Page 7

J Control Release. Author manuscript; available in PMC 2020 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subsequently fixed with 4% formaldehyde. Tissues were then sectioned using a Leica CM 

1905 cryostat into 100 or 50 μm coronal slices for healthy or tumor-bearing rats at ± 3 mm 

of the infusion plane in striatum or until the tumor tissue was no longer visible, respectively. 

Slices of F98-based orthotopic tumor tissues were stained with DAPI (Molecular Probes, 

Eugene, OR) to visualize tumor cell nuclei. All fluorescence images were taken using an 

LSM 710 confocal microscope under 5X, 20X and/or 40X magnification. We carefully 

optimized the settings to avoid background fluorescence based on the microscopy of 

untreated control rat brains. The volume of transgene expression was quantified using a 

custom-made MATLAB script that subtracted background fluorescence by Otsu’s method of 

thresholding [39, 40]. The area of transgene expression in each slice was integrated to 

calculate the total volume of transgene expression. To reconstruct 3D-rendered images of 

volumetric transgene expression, we stacked and aligned the acquired images using 

Metamorph ® Microscopy Automation & Image Analysis Software (Molecular Devices, 

CA). Finally, we used an Imaris Software (Bitplane, CT) to create 3D isosurfaces of the 

reconstructed images.

The kinetics of transgene expression was also determined based on the distribution of 

transgene expression over time. For the assessment of a short- and a long-term transgene 

expression, animals were treated with a BPN formulation carrying ZsGreen- and mCherry-

expressing plasmids driven by CMV and human β-actin promoters, respectively. In parallel, 

we determine the volume of transgene expression mediated by a BPN formulation stored at 

4 °C for one month, following a routine physicochemical characterization as described 

above.

To quantify the overall level of transgene expression, we treated rats using the identical 

dosing method applied to the distribution study but with various DNA-NP carrying 

luciferase-expressing plasmids (i.e. pBAL). Seven days after the administration, tissues were 

harvested and subjected to homogenate-based luciferase assay using a standard Luciferase 

Assay Kit and a 20/20n luminometer. The RLU values were normalized to the total protein 

content measured by BCA protein assay.

2.5.4 Immunofluorescence.—To assess the transgene expression in different cell 

types, animals bearing orthotopic F98-mKate-based tumor were treated with a BPN 

formulation carrying ZsGreen-expressing plasmids as described above. Two days after the 

administration, brain tissues were harvested, sectioned and subjected to immunochemistry. 

Specifically, astrocytes and microglial cells were immunostained by antibodies against 

GFAP (Abcam, Cambridge, UK) and Iba1 (Wako Chem USA Corp., Richmond, VA). 

Images were taken using an LSM 710 confocal microscope under 20X and/or 40X 

magnification. The transgene expression in F98-mKate glioma and microglial cells was 

quantified using an ImageJ software based on the co-localization of different fluorescence. 

At least three representative fields of view from at least three different coronal sections were 

used for the analysis.
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2.6 Statistical analysis

Statistical analysis between two groups was conducted using a two-tailed Student’s t-test 

assuming unequal variances. If multiple comparisons were involved, one-way analysis of 

variance (ANOVA), followed by Sidak’s multiple comparisons test, was employed, using 

GraphPad Software (GraphPad Software Inc., La Jolla, CA). Differences were determined to 

be statistically significant at p < 0.05.

3. Results and discussion

3.1 Formulation and characterization of DNA-NP

We first engineered three PEI-based DNA-NP possessing different surface PEG contents. 

CPN were formulated by condensing plasmids solely with PEG-PEI synthesized at a 

moderate PEG to PEI ratio of 8, as previously reported [9]. In parallel, we engineered two 

additional DNA-NP with greater surface PEG contents using a method that we have 

previously developed to endow gene vectors with excellent compaction and colloidal 

stability in physiological conditions while providing capability to efficiently penetrate 

healthy brain parenchyma, BPN [9]. Specifically, a blend of non-PEGylated PEI and PEG-

PEI synthesized at a high PEG to PEI ratio of 30 or 50 was used to condense plasmids to 

yield BPNL (i.e. lower PEG BPN) or BPNH (i.e. higher PEG BPN), respectively 

(Supplementary Figure 1). Of note, BPNL is a close relative to a PEI-based DNA-NP that we 

have confirmed for efficient penetration through healthy rat brain tissues ex vivo and in vivo 
in our previous study [9]. We here hypothesized that a greater PEGylation, unless interferes 

with a capacity of PEI to form stable particles, might further enhance the ability of the 

resultant DNA-NP to percolate not only in healthy brain parenchyma but also in brain tumor 

tissues.

We found that all three freshly prepared DNA-NP exhibited similarly small sizes (i.e. ~50 

nm in hydrodynamic diameters) and excellent PDI values (≤ 0.20) (Table 1). On the other 

hand, the ζ-potential, an indicative of particle surface charge, decreased from positive 

towards neutral values with increased PEG contents (i.e. 18.0 ± 0.2, 7.0 ± 0.3 and 2.0 ± 0.1 

mV for CPN, BPNL and BPNH, respectively; Table 1), indicating that the otherwise cationic 

DNA-NP surfaces were effectively masked by PEG corona, particularly more so for BPNH 

that showed near-neutral ζ-potential values. The particle morphology was confirmed by 

TEM to be ~50 nm spheres regardless of PEG contents (Figure 1A–C), in consistent with the 

measured hydrodynamic diameters (Table 1). We found that BPN candidates formulated 

with an inclusion of PEG-PEI synthesized at even higher PEG to PEI ratios of 60 and 85 

exhibited similar physiochemical properties as BPNH (Supplementary Table 1), and thus 

excluded in subsequent evaluations. We then verified robust DNA compaction by all three 

different DNA-NP via a conventional agarose-gel migration assay; however, CPN, regardless 

of its lower PEG content, showed a brighter signal in the well compared to BPNL and 

BPNH, suggesting that an inclusion of non-PEGylated PEI in the blended BPN formulations 

might have enhanced their abilities to compact the plasmid payloads (Figure 1D).

In addition to these conventional physicochemical characterization, we conducted an 

additional analysis to quantify the average number of plasmid copies per different DNA-NP 
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using cylindrical illumination confocal spectroscopy (CICS) technique [33]. We found that 

each CPN contained an average of approximately four plasmid copies, whereas BPNL and 

BPNH packaged roughly two copies on average (Figure 1E). The finding suggests that 

double the amount (i.e. number of particles) of both BPN formulations will be administered 

compared to CPN at a fixed treatment dose of plasmids; this may be beneficial for enhancing 

gene transfer efficacy given a prior observation that the total amount of plasmid-containing 

particles rather than the overall plasmid quantity is the limiting factor for PEI-mediated 

transfection [41]. We next assessed the hydrodynamic diameters and plasmid copies per 

particle of different DNA-NP following a 4-hour incubation in aCSF at 37° C to predict 

potential alteration of particle properties in the physiological brain environment. We found 

that while both BPN formulations retained their hydrodynamic diameters in aCSF, the size 

of CPN incremented near to ~150 nm (Figure 1F) and continue to grow afterward (Figure 

1G), suggesting that CPN would be unlikely to efficiently penetrate brain tissues due to large 

particle size as well as positively charged particle surfaces. In contrast, the average number 

of plasmid copies per particle did not change upon aCSF incubation regardless of the DNA-

NP type. The finding reveals that the increase in CPN size in aCSF is most likely attributed 

to particle swelling rather than aggregation, providing an additional evidence that inclusion 

of non-PEGylated PEI in the blended BPN formulations endowed DNA-NP with an 

enhanced plasmid compaction stability.

3.2 In vitro transfection efficiency of DNA-NP in 2D culture versus 3D spheroid model

We initially sought to investigate the in vitro transfection efficiency of different DNA-NP 

formulated to carry the most widely used reporter, GFP. However, evidences suggest that 

immunogenicity and cytotoxicity of GFP potentially confound the interpretation of in vitro 
and/or vivo transfection data [42–44]. Therefore, we compared the cytotoxicity and 

transfection efficiency, as measured by mean fluorescence intensity, of GFP with those of 

ZsGreen in F98 rat glioma cells following the treatment of cells with lipofectamine carrying 

respective plasmids at an identical dose. We found that GFP exhibited greater (i.e. ~3-fold) 

toxicity and lower (i.e. ~5-fold) transfection efficiency than ZsGreen (Supplementary Figure 

2B), in agreement with previous reports [45, 46]. We thus pursed the following studies with 

different PEI-based DNA-NP, including CPN, BPNL and BPNH, carrying ZsGreen-

expressing plasmids. We first evaluated the cytotoxicity of DNA-NP at various 

concentrations of plasmid payloads following 48 hours of incubation. All DNA-NP showed 

comparably good cell viability (i.e. ~100%) at the plasmid concentrations of 1 and 5 μg/mL, 

but CPN, but not BPN formulations, resulted in over 40% cell death at 10 μg/mL (p < 0.001) 

(Supplementary Figure 3A). However, we note that the 10 μg/mL plasmid concentration is 

markedly great than conventional working concentrations for in vitro transfection 

experiments.

We then assessed in vitro cellular uptake and transfection efficiency of DNA-NP carrying 

Cy5-labeled and unlabeled plasmids, respectively, using an F98-based 2D cell culture. The 

percentage of cells that took up detectable amounts of Cy5-labeled plasmid payloads were 

all ~100% regardless of the type of DNA-NP (Supplementary Figure 3B), in agreement with 

our and others’ observations that PEGylation does not completely block individual cells to 

engulf small nanoparticles [9, 10, 47, 48]. However, the amounts of internalized DNA-NP 
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per cell, as indicated by fluorescence intensity, were significantly lower for BPNL and BPNH 

in comparison to CPN (p <0.001; Supplementary Figure 3B). This is most likely due to the 

reduced interactions of charge-shielded (Table 1) BPN formulations with negatively charged 

cell surfaces, although potential impacts of dense PEG on other intracellular processes 

cannot be fully excluded.[49] Accordingly, in vitro transfection efficiencies of BPNL and 

BPNH, as confirmed by confocal microscopy and homogenate-based luminescence assay (p 

< 0.001), were lower than those of CPN (Supplementary Figure 3C–D).

However, 2D cell cultures, due in part to the absence of extracellular components, do not 

provide a reliable model for predicting in vivo performances of gene vectors. We thus 

investigated in vitro behaviors of DNA-NP in an F98-based 3D model of multicellular tumor 

spheroid that better recapitulates architecture and biology of solid tumors observed in vivo 
[50]. In particular, 3D spheroid models simulate an ECM-filled intercellular permeability 

barrier [50–53], and thus serve as an excellent model to evaluate the penetration of gene 

vectors through solid tumor tissues [54]. To this end, we constructed a 3D spheroid model 

with F98-mKate cells and assessed distribution of different DNA-NP carrying Cy5-labeled 

plasmids. As shown by representative confocal images, DNA-NP with denser surface PEG 

coronas exhibited greater inward penetration compared to those with less PEG contents 

(BPNH > BPNL > CPN; Figure 2A). Quantitatively, BPNH showed the greatest spheroid 

penetration in the radial profile from the edge (coordinate 0) to the core (coordinate 1) of the 

spheroid, followed by the BPNL and CPN (Figure 2B). We then evaluated the distribution 

and level of transgene expression following the treatment of the spheroids with DNA-NP 

carrying ZsGreen-expressing plasmids. Similar to the vector distribution study (Figure 2A), 

representative confocal images revealed a greatest distribution of transgene expression by 

BPNH compared BPNL and CPN with CPN exhibiting a weakest distribution (Figure 2C and 

Supplementary Figure 4). In addition, BPNH, but not BPNL, showed significantly greater 

level of transgene expression, as measured by mean fluorescence intensity, compared to 

CPN (p <0.05; Figure 2D). While the average fluorescence intensity of BPNL was ~4-fold 

greater than that of CPN, statistical significance was not achieved presumably due to 

variability of the transgene expression mediated by BPNL in different individual spheroids 

(Figure 2D and Supplementary Figure 4). The findings here underscore that, in contrast to 

the observations with 2D cultures (Supplementary Figure 3), DNA-NP with greater surface 

PEG coverage provides superior transgene expression compared to those with lesser PEG, 

due to the ability to efficiently penetrate the extracellular barrier established in tumor 

spheroids.

3.3 Ex vivo diffusion of DNA-NP in rodent brain tissues

We have previously demonstrated that diffusion rates of nanoparticles, measured by MPT, in 

brain tissues ex vivo reliably predict their spread in brain parenchyma in vivo [5, 8–10]. We 

thus conducted MPT experiments to confirm that a greater surface PEG coverage resulted in 

enhanced brain penetration by DNA-NP. Specifically, DNA-NP carrying Cy5-labled 

plasmids were injected into a freshly harvested healthy rat brain tissue and their diffusion 

was monitored over a time period of 20 seconds. As evidenced by the highly constrained 

trajectory, CPN were immobilized in the brain parenchyma (Figure 3A). In contrast, BPNL 

and BPNH demonstrated relatively unhindered motions, leading to trajectories that span 
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several microns in distance (Figure 3A). We then quantified their diffusion rates of DNA-NP 

by measuring the MSD; which represents an averaged square of distances traveled by 

individual particles within a given time interval and thus MSD values are directly 

proportional to respective particle diffusion rates [55]. Consistent with our prior observation 

[9], BPNL exhibited significantly greater MSD values compared to CPN (p < 0.001), but we 

found here that increasing the surface PEG coverage further enhanced the ability of PEI-

based DNA-NP to penetrate brain tissue ex vivo (i.e. BPNH > BPNL > CPN; Figure 3B). We 

also note that BPNH exhibited more uniform high MSD values than BPNL, suggesting that 

BPNH may provide a more consistent ability to penetrate through the highly heterogeneous 

tumor microenvironment.

3.4 In vivo transgene expression mediated by DNA-NP in healthy brain parenchyma

We next investigated whether ex vivo diffusion behaviors of DNA-NP translated to their in 
vivo distribution patterns in healthy rat brain. Different DNA-NP carrying ZsGreen-

expressing plasmids were administered into the rat striatum via CED that has been clinically 

applied to enhance the therapeutic distribution within brain by creating a continuous 

pressure-driven bulk flow [39, 56]. Transgene expression was then assessed 48 hours after 

the treatment. The 3D reconstruction of confocal images of serial coronal sections of rat 

brains revealed enhanced volumes of transgene expression when rats were treated with 

DNA-NP possessing greater surface PEG coverage (Figure 4A). The transgene expression 

mediated by CPN was confined to the site of administration despite the pressure gradient 

provided by CED. Inability of conventional cationic gene vectors to provide widespread 

transgene expression regardless of CED may have attributed to a limited success in a phase 

I/II clinical trial in which patients with glioblastoma received non-PEGylated DNA-NP 

formulated with cationic lipids via CED [57, 58]. In agreement with our previous 

observation [9], BPNL exhibited significantly greater volumetric distribution of transgene 

expression than CPN (p < 0.01), but importantly, BPNH, mostly likely due to its superior 

ability to penetrate the brain parenchyma (Figure 4), roughly doubled the transfected volume 

on average in the rat striatum compared to BPNL (p < 0.001; Figure 4B). In parallel, we 

quantitatively determined the overall levels of transgene expression mediated by CED of 

BPNH, BPNL and CPN carrying luciferase-expressing plasmids, using a homogenate-based 

luciferase assay. Like the trend observed with the transfected volume, DNA-NP possessing 

greater surface PEG contents provided greater overall levels of transgene expression; BPNH 

exhibited statistically significant improvements (p < 0.001) with ~20- and ~210-fold greater 

luciferase activities in comparison to BPNL and CPN, respectively (Figure 4C). The findings 

here suggest that the unique ability of BPNH to further increase the volumetric distribution 

of transgene expression over BPNL led to quantum enhancement of the overall gene transfer 

efficacy. Efforts towards greater transfection efficiencies often focus on enhancing cellular 

gene delivery to a specific cell type of interest, but this study provides an example 

underscoring the importance of achieving a greater coverage of transgene expression in a 

target tissue.

To evaluate the expression kinetics of BPNH in healthy rat brains, we treated rats via CED 

with BPNH carrying plasmids controlled either by the CMV or by the long-acting human β-

actin promoter. We found that peak volume of transgene expression lasted up to 2 days or 3 
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weeks upon a single treatment when regulated by CMV or human β-actin promoter 

(Supplementary Figure 5), respectively, suggesting that the life span of transgene expression 

mediated by can be tuned by a careful selection of a promoter. We also confirmed that BPNH 

retained the brain-penetrating physiochemical properties (i.e. small particle diameters and 

near-neutral surface charges; Supplementary Table 2) and the ability to yield widespread 

transgene expression in rodent striatum at least for 1 month when stored at 4⁰ C 

(Supplementary Figure 6)

3.5 In vivo transgene expression mediated by DNA-NP in orthotopically established 
malignant glioma

We next evaluated in vivo gene transfer efficacy of BPNH, BPNL and CPN carrying 

ZsGreen-expressing plasmids in an orthotopic model of aggressive brain tumor following 

CED. The model was established by intracranial stereotactic inoculation of 1 × 105 F98 cells 

and a CED experiment was conducted 10 days after the inoculation when a large volume 

(~30 mm3) of orthotopic tumor was established in the rat striatum. As shown by 

representative 3D-reconstructed images, BPNH exhibited the greatest volumetric distribution 

of transgene expression, followed by BPNL and CPN (Figure 5A). The volume of transgene 

expression achieved by BPNH was ~2-and ~3.5-fold greater than BPNL (p < 0.05) and CPN 

(p < 0.001), respectively, in the orthotopic brain tumor (Figure 5B). We then quantified the 

volumetric fractions of the orthotopic tumor with reporter transgene expression mediated by 

different DNA-NP. The percentages of total tumor volumes exhibited positive reporter 

transgene expression were ~90%, ~65% and ~35% for BPNH, BPNL and CPN, respectively, 

with statistically significant differences between all different DNA-NP groups (Figure 5C). 

Importantly, the finding here is in good accordance with our observation with a 3D tumor 

spheroid model (Figure 2) but opposite to the trend shown in a 2D culture (Supplementary 

Figure 3). To this end, 3D tumor spheroid models, providing good in vivo correlation unlike 

2D culture, may serve as a reliable in vitro surrogate to screen newly engineered gene 

vectors prior to their evaluation for in vivo cancer gene delivery.

In this study, we noticed that the volume of transgene expression mediated by identically 

administered DNA-NP was significantly greater in F98-based orthotopic tumor than in 

healthy rat brain (Figure 4 and 5). This is not readily expected a prior as the high cellularity 

commonly found in tumors would render the intercellular spaces narrower, thereby 

potentially reinforcing the tumor ECM as a steric barrier. We speculate that the greater 

volumetric transgene expression shown in the orthotopic model may be in part attributed to 

the heterogeneous nature of tumor microenvironment [32], specifically the necrotic regions 

through which BPN formulations can spread out relatively unhindered. In addition, the 

characteristic high intratumoral pressure [59], may have facilitated outward diffusion of 

DNA-NP from the core to the tumor edge.

Highly invasive tumor cells that migrate beyond the tumor edge and infiltrate into normal 

brain tissue are responsible for recurrence of malignant gliomas [60]. Thus, the unique 

ability of BPNH to efficiently penetrate both normal brain parenchyma and brain tumor 

tissue may serve favorably for this specific application. However, an additional method to 
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confine therapeutic transgene expression to tumor cells would be desired, particularly when 

therapy can exert a toxic effect to normal tissues (e.g. cytotoxic genes).

3.6 In vivo cell tropism of BPNH in orthotopically established malignant glioma

While we showed robust reporter transgene expression by BPNH in an orthotopically 

established malignant glioma, the tumor volume and edge were estimated based on the high 

tumor-cell cellularity, uncovered by a conventional DAPI staining (Figure 5). Therefore, we 

established an orthotopic model as described above but with F98 cells constitutively 

expressing fluorescent mKate (i.e. F98-mKate) to confirm whether the transgene expression 

indeed took place in tumor cells in vivo. We first determined F98 cells to be the most 

abundant cells within the orthotopically-established tumor tissue (Supplementary Figure 7). 

Microglial cells were also ubiquitously present within the tumor bulk, as expected from their 

roles in glioma maintenance and progression [61], whereas neuron-supporting astrocytes 

were rarely found (Supplementary Figure 7). We then treated rats harboring orthotopic 

mKate-expressing F98 tumor with BPNH carrying ZsGreen-expressing plasmids via CED 

and evaluated relative transgene expression in those two cells most highly prevalent in the 

tumor, including F98 and microglial cells. We found that ~90% and ~30% of F98 and 

microglial cells, respectively, were positive to BPNH-mediated ZsGreen transgene 

expression, as determined by image-based analysis of randomly selected confocal image 

fields (Figure 6). The BPNH is not specifically designed to preferentially target cancer cells 

and thus a ~3-folder greater number of transfected cells for F98 over microglial cells was not 

readily assumed. It is most likely that passive mechanisms have been involved. A relatively 

larger number of F98 cells in the tumor tissue (Supplementary Figure 7), as well as high 

endocytic activities often observed with tumor cells [62–64], may render them a better 

“particle sink” compared to other brain-resident cells, such as microglial cells. In addition, 

mitotic activities of brain-resident cells are very low, whereas glioma cells are highly mitotic 

[39], thereby enhancing the probability of plasmid payloads entering into the nucleus to be 

transcribed. We note that while the described are reasonable scenarios, further mechanistic 

underpinning should be followed to elucidate a full picture.

4. Conclusions

Here, we introduce a novel polymer-based gene vector capable of efficiently penetrating 

both healthy brain parenchyma and brain tumor tissue. Specifically, a lead formulation, 

BPNH, exhibited the greatest ability to provide widespread and high-level transgene 

expression in 3D tumor spheroids and orthotopically-established brain tumors compared to 

formulations with inferior surface PEG coatings, with an excellent in vitro-to-in vivo 
correlation. We note that while the transgene expression occurred preferentially in gliomas 

cells within orthotopically-established tumor tissue, a significant expression was observed in 

microglial cells as well. Thus, an additional strategy is likely needed if highly selective 

cancer cell transfection is required, while retaining the ability to cover widely scattered 

tumor areas within the brain. To this end, our current effort focuses on achieving widespread 

but cancer-selective therapeutic transgene expression via a marriage of BPNH and promoters 

designed to drive transgene expression specifically in cancer cells.
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Figure 1. Physicochemical properties and stability of DNA-NP.
Transmission electron microscopy images of (A) CPN, (B) BPNL, (C) BPNH freshly made 

in ultrapure water. Scale bar = 400 nm. and (D) Compaction of plasmids in DNA-NP shown 

by electrophoresis: I) free DNA, II) CPN, III) BPNL, IV) BPNH. Number of plasmids in 

each DNA-NP and hydrodynamic diameter of DNA-NP when (E) freshly made in water and 

(F) when incubated in aCSF for 4 hours. (G) Change in hydrodynamic diameters over 12 

hours in aCSF at 37°C measured by DLS. Differences are statistically significant as 

indicated (***p < 0.001), of CPN compared to BPNL and BPNH.
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Figure 2. In vitro DNA-NP distribution and transgene expression in F98-based 3D spheroids.
(A) Representative images showing F98 tumor spheroids (red; mKate) 5 hours after 

treatment with DNA-NP (cyan; Cy5). Scale bar = 250 μm. (B) Quantification of radial 

distribution of DNA-NP within the spheroids. The coordinates 0 and 1 indicate the spheroid 

edge and core, respectively. (C) Representative reporter transgene expression (green; 

ZsGreen) by DNA-NP carrying ZsGreenexpressing plasmids 48 hours after NP-treatment. 

(D) Quantification of ZsGreen transgene expression within the spheroids. Differences are 

statistically significant as indicated (*p < 0.05).
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Figure 3. Ex vivo diffusion of different DNA-NP in rat brain tissues.
(A) Representative trajectories of DNA-NP in rat brain tissue over 20 seconds. Scale bar = 1 

μm. (B) Logarithms of median mean square displacements (MSD) of DNA-NP at a time 

scale of 1 second. Data represent 5 independent experiments with n ≥ 200 particles tracked 

for each experiment. Differences are statistically significant as indicated (*p < 0.05; ***p < 

0.001).
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Figure 4. In vivo transgene expression mediated by CED of different DNA-NP carrying ZsGreen- 
or luciferase-expressing plasmids in healthy rat brain tissues.
(A) Representative isosurface 3D images depicting volumetric distribution of ZsGreen 

reporter transgene expression (green) in healthy rat brains, obtained by stacking multiple 

sequential confocal images 48 hours after NP-treatment carrying ZsGreen-expressing 

plasmids. Scale bar = 1 mm. (B) Volume of ZsGreen transgene expression (n ≥ 6 rats). (C) 
Overall level of luciferase transgene expression (n ≥ 6 rats). Differences are statistically 

significant as indicated (**p < 0.01;***p < 0.001).
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Figure 5. In vivo transgene expression mediated by CED of different DNA-NP carrying ZsGreen-
expressing plasmids in F98-based orthotopic rat brain tumor tissues.
(A) Representative isosurface 3D images depicting volumetric distribution of ZsGreen 

reporter transgene expression (green) in orthotopic brain tumors (light blue), obtained by 

stacking multiple sequential confocal images. Scale bar = 1 mm. (B) Volume of transgene 

expression (n ≥ 4 rats). (C) Percentage of tumor volume covered by transgene expression (n 

≥ 4 rats). Differences are statistically significant as indicated (*p < 0.05; ***p < 0.001).
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Figure 6. In vivo transgene expression mediated by BPNH carrying ZsGreen-expressing plasmids 
in F98-mKate orthotopic rat tumor tissues.
Representative confocal images at 40X magnification showing (A) F98 tumor cells (red; 

mKate), (B) microglia (cyan; Iba1), (C) transgene expression (green; ZsGreen) and (D) 
overlay. Scale bar = 50 μm. (E) Quantification of percentage of F98 tumor and microglia 

cells with the transgene expression. Differences are statistically significant as indicated 

(***p < 0.001).
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Table 1.

Physicochemical properties of DNA-NP.

Hydrodynamic diameter ± 

SEM (nm)
a PDIa

ζ-Potential ± SEM 

(mV)
b

Hydrodynamic diameter ± SEM at 

12 hours in aCSF (nm)
c

PDI at 12 hours in 

aCSF
c

CPN 50 ± 1 0.16 18.0 ± 0.2 212 ± 3 0.17

BPNL 49 ± 1 0.19 7.0 ± 0.3 67 ± 6 0.16

BPNH 48 ± 5 0.20 2.0 ± 0.1 56 ± 3 0.15

a Hydrodynamic diameter and polydispersity index (PDI) were measured by dynamic light scattering (DLS) in 10 mM NaCl. Mean ± SEM (n ≥ 3).

b ζ-potential was measured by laser Doppler anemometry in 10mM NaCl at pH 7.0. Mean ± SEM (n ≥ 3).

c Hydrodynamic diameter and PDI were measured by DLS following a 12-hour incubation in aCSF at 37° C.
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