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Hugo Guerrero-Cázares,†,# Stephany Y. Tzeng,‡,§,# Noah P. Young,‡,§ Ameer O. Abutaleb,†

Alfredo Qui~nones-Hinojosa,†, ),* and Jordan J. Green†,‡,§, ),^,*

†Department of Neurosurgery, ‡Department of Biomedical Engineering, §Translational Tissue Engineering Center, )Institute for Nanobiotechnology, and ^Department of
Ophthalmology, Johns Hopkins University School of Medicine, 400 North Broadway, Baltimore, Maryland 21231, United States. #These authors contributed equally.

B
rain tumors affect over 600000 pa-
tients in the United States, with glio-
blastoma (GBM) being the most

common form of primary brain tumor in
adults1 and considered the most lethal and
aggressive form of brain cancer. Nearly
25000 new cases of brain cancer are diag-
nosed in the United States each year, ac-
counting for nearly 15000 deaths.2�4 Patients
who suffer from GBM have a median survival
of 14.6months despite surgery, radiation, and
chemotherapy combined.2,5�7 This devastat-
ing prognosis for a GBM patient has not
significantly changed for the past decades,
which underlines the important necessity of
developing new alternative therapies. One
potential strategy for improving GBM patient
outcomes is the incorporation of therapeutic

genes in patients with brain tumors. Gene
therapy can induce the expression of genes
that induce apoptosis if expressed by tumor
cells, are neuroprotective if expressed by the
noncancerous tissue, or modulate immune
responses to the tumor.8�13 However, most
common gene therapy approaches involve
the use of viral vectors, which are character-
ized by several safety concerns that limit
their translational potential.14 Viral vectors
often show insufficient gene delivery effi-
cacy in vivo and are immunogenic, prevent-
ing effective initial infection as well as
repeated administration.15 For example, a
study using adenovirus-mediated suicide
gene delivery in a primate model for glioma
found that the dosage of viral particles was
limited by toxicity and the development of
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ABSTRACT Current glioblastoma therapies are insufficient to

prevent tumor recurrence and eventual death. Here, we describe a

method to treat malignant glioma by nonviral DNA delivery using

biodegradable poly(β-amino ester)s (PBAEs), with a focus on the

brain tumor initiating cells (BTICs), the tumor cell population

believed to be responsible for the formation of new tumors and

resistance to many conventional therapies. We show transfection

efficacy of >60% and low biomaterial-mediated cytotoxicity in

primary human BTICs in vitro even when the BTICs are grown as 3-D

oncospheres. Intriguingly, we find that these polymeric nanoparticles show intrinsic specificity for nonviral transfection of primary human BTICs over

primary healthy human neural progenitor cells and that this specificity is not due to differences in cellular growth rate or total cellular uptake of

nanoparticles. Moreover, we demonstrate that biodegradable PBAE/DNA nanoparticles can be fabricated, lyophilized, and then stored for at least 2 years

without losing efficacy, increasing the translational relevance of this technology. Using lyophilized nanoparticles, we show transgene expression by tumor

cells after intratumoral injection into an orthotopic murine model of human glioblastoma. PBAE/DNA nanoparticles were more effective than naked DNA at

exogenous gene expression in vivo, and tumor cells were transfected more effectively than noninvaded brain parenchyma in vivo. This work shows the

potential of nonviral gene delivery tools to target human brain tumors.
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humoral immune response.16 In some cases, viral gene
therapy has been implemented in GBM patients with-
out showing increased adverse side effects; however,
in many cases, the prognosis has not been improved
due to poor delivery of the therapeutic agents, includ-
ing in a phase III clinical trial.17

Nonviral gene delivery strategies include utilizing
biomaterials such as lipids, polymers, peptides, sugars,
dendrimers, and other materials that are capable of
binding or encapsulating nucleic acids and then facil-
itating intracellular delivery through multiple delivery
steps.18�20 We have developed a polymer library by
varying the different structural components that make
up a class of cationic linear polymers, poly(β-amino
ester)s, by systematically tuning the polymer back-
bone, side chain, polymer terminal group, and degrad-
able linkages that compose the polymers.21�23 These
cationic polymers self-assemble with DNA to form
nanoparticles that encapsulate up to 100 plasmids
per nanoparticle,24 are noncytotoxic and biodegrad-
able with a half-life between 1 and 7 h in aqueous
conditions,25 and show promise for therapeutic use.26

While DNA delivery has been studied in various
research settings, nonviral in vivo and clinically trans-
latable technologies must be further developed to
enhance efficacy, safety, and specificity. To promote
tumor targeting of nonviral nucleic acid delivery

nanoparticles, strategies such as addition of a targeting
ligand to the nanoparticle27 or transcriptional control
through plasmid promoter design28 have been pre-
viously utilized. In this study, we explored the ability
of biomaterial-mediated intrinsic targeting of primary
human brain cancer cells over primary human neural
progenitor cells without the use of a targeting ligand or
transcriptional targeting. We show effective nonviral
DNA delivery to human primary brain tumor initiating
cells (BTICs), thought to contribute to tumor initiation
and recurrence. The nonviral nanoparticles used were
formulated for long-term stability and functioned in an
orthotopic murine model of GBM, showing efficacy
in targeting cancer cells while sparing the noncancer
tissue.

RESULTS

Safe and Effective Transfection of Brain Tumor Initiating Cells
(BTIC) as 3-D Oncospheres. Poly(β-amino ester)s (PBAEs)
were synthesized as previously described29 using the
monomers defined in Chart 1 and the reaction scheme
shown in Scheme 1. Polymers were then named
according to the backbone, side-chain, and end-cap
monomers used in synthesis, with the synthesis ratio of
backbone to side-chain monomer indicated (e.g., B4
polymerizedwith S5 at 1.2:1 ratio and end-cappedwith
E3 is called “453, 1.2:1”).

Chart 1. Monomers used in PBAE synthesisa

aOnebackbone (B)monomer is polymerizedwith one side chain (S). This base polymer is thenend-cappedwith a smallmolecule (E).
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Nanoparticles were composed of varying ratios of
polymer mass to DNA mass (w/w). We evaluated the
transfection efficacy and safety of PBAE/DNA nano-
particles on primary cultures of human BTIC cells
maintained as 3-D oncospheres, as depicted in
Scheme 2. BTIC sample JHGBM-551 oncospheres were
transfectedwith PBAEs complexedwithDsRed-encoding
DNA. Transfection efficacy and viability (lack of
cytotoxicity) were measured using high-throughput
flow cytometry and the MTS assay (Figure 1). As we
have recently observed,21,22 we found that increased
hydrophobicity (estimated by the number of carbons
in the polymer's repeat unit) correlated with increased
transfection efficacy as well as increased toxicity; in
addition, the end-caps designated E3, E6, and E7 in
Scheme 1 were generally the most effective. Leading
polymers from this initial screening with 8�9 carbon
repeat units were resynthesized and purified with
ether to remove unreacted amine monomer (marked
by the letter “e”, such as “453e”) for a second evaluation
on BTIC oncospheres. Five polymers in this screen with

low cytotoxicity and high transfection efficacy were
identified, with leading polymer, 447e, and other for-
mulations yielding >80% viability. Fluorescence micro-
scopy and flow cytometry showed >50% of cells in the
oncospheres expressing the DsRed transgene when
transfected with the top PBAE formulations (Figure 2).
This work demonstrates for the first time that PBAE
polymeric nanoparticles can significantly transfect 3-D
oncospheres throughout the oncospheres volume,
rather than only transfecting cells at the surface as
with 2-D cell culture.

PBAE/DNA Nanoparticles Are Effective in Btics from Multiple
Patient Sources. The purified polymers were evaluated
on a second sample of primary cultured BTICs derived
from a different patient (JHGBM-276), using GFP
DNA as a transfection marker (Figure S1, Supporting
Information). Similarly high transfection efficacy was
seen in JHGBM-276 BTICs, with PBAE 447e once again a
leading polymer (61 ( 3% transfection with 97 ( 7%
viability). However, PBAE 537e was found to be the top
formulation for transfection of JHGBM-276 BTICs, with

Scheme 1. PBAE synthesis reaction scheme.

Scheme 2. In vitro and in vivo DNA delivery schemea

aA library of PBAEs is evaluated for DNA delivery efficacy in brain tumor initiating cells (BTICs) and low efficacy in fetal neural
progenitor cells (fNPCs). The top formulation was used to deliver a fluorescence gene to tumor cells in a mouse model of GBM.
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up to 76 ( 2% transfection with 90 ( 4% viability,
although it transfected only between 20 and 45% of
cells in JHGBM-551 BTICs. A moderate correlation in
transfection efficacy of PBAE formulations (r2 = 0.42)
was found between two oncosphere cultures (JHGBM-
551 and JHGBM-276), with 537e as the only statistical
outlier. Outlier statistics calculations were done using
Prism software (see the Methods). The non-537e poly-
mers show a stronger correlation between the two
primary glioblastoma oncospheres cultures (r2 = 0.66)
(Figure 3). A strong correlationwas also found between
transfection of oncospheres and monolayer cultures
(r2 = 0.79), indicating that, while a few polymers like
537emayhavesomespecificity foronehumancell sample
over another, trends in transfection found in one GBM cell
sample are largely applicable to other GBM samples, even
when derived from separate patient sources.

Nanoparticle Transfection Efficacy Is Specific for Human Brain
Tumor Initiating Cells over Human Neural Progenitor Cells. Our
previous work suggested that an optimized PBAE
nanoparticle formulation could be more effective at

transfecting one patient-derived BTIC culture, JHGBM-
551, than one fNPC culture, F34.29 These observations
were significantly strengthened by evaluating addi-
tional PBAE nanoparticle formulations in multiple
patient-derived BTIC cultures and multiple fNPC cul-
tures. Here, our top polymeric nanoparticle was tested
on four patient-derived BTIC cultures (JHGBM-276,
JHGBM-551, JHGBM-854, and JHGBM-965) as well as
on three healthy, noncancerous primary human fetal
neural progenitor cell cultures (fNPCs) (F34, F54, and
F48) cultured in the same conditions as their cancer
counterparts. We first evaluated PBAEs in JHGBM-276
BTICs and F34 fNPCs (Figure 4A), which showed that
many of the PBAEs had significantly higher transfec-
tion in BTICs compared to fNPCs. We further evaluated
our top PBAE, 447e, on the four BTIC and three
fNPC cultures using two PBAE/DNA ratios (30 w/w
and 60 w/w) and a range of nanoparticle doses. When
results of transfection were combined for all BTIC and
fNPC cells, at every dose tested, significantly higher
expression was seen in BTICs over fNPCs (Figure 4B,C).

Figure 1. Evaluation of PBAEs for oncosphere transfection efficacy and safety. A wide screen of PBAE formulations, including
different PBAE chemical structures and polymer/DNA ratios (w/w), was used to transfect 3-D BTIC JHGBM-551 oncospheres.
All PBAEs used here (x-axis) were synthesized at a 1.2:1 B:S ratio. Leading polymers from this screenwere chosen on the basis
of high transfection efficacy (percent of cells transfected) and low toxicity (loss of relative metabolic activity). Fluorescence
microscopy shows GFPþ oncospheres transfected with DsRed using purified PBAEs.
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Of note, the difference between BTIC and fNPC trans-
fections was even more striking when measured by
intensity of GFP fluorescence from the cell population,
indicating that several times more protein was
being produced by transfected BTICs compared to

transfected fNPCs. This was particularly evident at
lower doses, for which fNPCs were transfected very
poorly or not at all, while most of the BTIC samples still
showed significant transfection. Fluorescence micro-
scopy qualitatively confirmed these results (Figure 4D).
The specificity of transfection at low doses has great
implications for an in vivo application.

To determine if cell division rate was the determi-
nant factor in the specificity of our polymers, we
compared the cellular growth rates as well as the
cellular uptake of nanoparticles in each primary culture
of BTICs and fNPCs. Cellular growth rate can affect
gene delivery, as the nuclear membrane is a significant
delivery barrier preventing exogenous plasmid DNA
from being able to be successfully transcribed. Cells
that quickly divide quickly can reduce the impact of
this barrier and increase the likelihood of successful
transfection. There was no statistically significant dif-
ference between the cellular doubling times of BTICs
and fNPCs, indicating cell division rate was not a factor
in this observation (Figure S2, Supporting Information).

We then evaluated if particle uptake, an important
step for particle-mediated intracellular gene delivery,
was different between BTICs and fNPCs. There was no
statistically significant difference between cellular up-
take of nanoparticles in fNPCs compared to BTICs
(Figure S2, Supporting Information). This result was

Figure 2. Transfection efficacy and safety of leading PBAE
nanoparticles at transfecting human GBM BTIC onco-
spheres (primary JHGBM-551 cells). (A) Transfection efficacy
was measured by percent of cells expressing DsRed. (B)
Viability was measured by relative metabolic activity nor-
malized to untreated cells. Polymer formulations are shown
on the x-axes. CTRL: untreated control. Lipo: Lipofectamine
2000 control reagent. Bar graphs show mean ( standard
error of the mean (SEM).

Figure 3. PBAE nanoparticles transfect BTIC oncospheres and monolayers from different patient sources. (A) Fluorescence
and brightfield micrographs showing transfection of JHGBM-551 and JHGBM-276 primary cultures with PBAE 447e, effective
for transfection of both cell types, and PBAE 537e,more effective for transfection of JHGBM-276 than JHGBM-551. In each pair
of images, (top) brightfield and transgene signal merged (DsRed or GFP, false-colored green for both) and (bottom) DsRed or
GFP only. (B) Correlation between transfection efficacy of all PBAEs and JHGBM-551 and JHGBM-276 oncospheres (black line)
and for comparison without including outlier PBAE 537e (gray line). Points on the graph are labeled with the PBAE used to
transfect them. (C, D) Transfection in 2-D (monolayer) and in 3-D (oncospheres) showshigh correlation (r2 = 0.79, 0.64). Graphs
show mean ( standard error of the mean (SEM).
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obtained both when measuring uptake as the percent
of cells that are positive for uptake of particles contain-
ing fluorescently labeled DNA as well as by total
relative fluorescence from uptake of these particles.
Even though transfection efficacy was much higher in
the BTICs than the fNPCs, the fNPCs had a slightly
higher median measure of cellular uptake (relative
fluorescence units) compared to the BTICs. These find-
ings indicate that factors other than overall particle
uptake and cell division rate are themajor contributors
to the increased transgene expression seen in BTICs
cells compared to healthy fNPCs.

Lyophilized DNA/PBAE Nanoparticles Retain Full Function for
at Least 2 Years in Storage. Long-term storage of nano-
particles is necessary to increase the translational
potential of this method. In preparation for in vivo

studies, we freeze-dried nanoparticles after formation
to allow them to be stored stably as well as more easily
concentrated for administration of high doses at low
injection volume. Previous work using 447e showed
that DNA/PBAE nanoparticles lyophilized with sucrose
as a protectant retained full transfection efficacy after
being stored for 3months at 4 �C, although efficacy de-
creased to ∼50% after 6 months of storage (Figure 5).
To further determine the shelf life of PBAE nanoparti-
cles, we evaluated lyophilization with different added

amounts of sucrose (0�45 mg/mL) and different
storage conditions (room temperature ∼25, 4, and
�20 �C) over a time period of 2 years. While nanopar-
ticles without added sucrose rapidly lost efficacy,
nanoparticles formulated at 30 and 45 mg/mL sucrose
maintained full efficacy for at least 2 years when stored
at �20 �C (Figure 5).

Physical and Chemical Characteristics of Nanoparticles Are
Conducive to Intracellular Delivery. The polymer 447e, 1.1:1
had a number-average molecular weight of 11.3 kDa
and weight-average molecular weight of 36.8 kDa,
measured by gel permeation chromatography (GPC).
Nanoparticles were made by complexing 447e and
DsRed DNA at 60 w/w, lyophilized with 30 mg/mL
sucrose, and stored at �20 �C until use. After resus-
pending the particles in water, we characterized them
by nanoparticle tracking analysis (NTA), which mea-
sured a mean number-weighted hydrodynamic dia-
meter of 143 nm in PBS (44 nm standard deviation),
and by dynamic light scattering, which measured a
zeta potential of þ16.4 mV (0.96 mV standard error of
the mean of five measurements). We have recently
shown successful in vivo ophthalmic gene delivery
using lyophilized nanoparticles reconstituted at high
concentration.30 Here, we evaluated whether our fro-
zen nanoparticles maintained in vivo transfection

Figure 4. PBAE nanoparticles as GBM-specific gene delivery vehicles. JHGBM-276 BTICs and F34 fNPCs were transfected with
leading PBAE formulations. (A) Several polymers showed a higher transfection efficacy in JHGBM-276s cells when compared
with healthy cells. (B, C) BTICs were more efficiently transfected with top polymer (447e, tested at 30 and 60 w/w) than fNPCs
at equivalent w/w ratios and nanoparticle doses, measured by percent of cells transfected andGFP fluorescence intensity. (D)
Fluorescence micrographs qualitatively show the same result. For all graphs, *p < 0.05, **p < 0.01, ***p < 0.001. Graphs show
mean ( standard error of the mean (SEM).
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efficacy after reconstitution and evaluated efficacy in
an orthotopic tumor model for the first time. We used
447e, 1.1;1, lyophilized, stored for 1�12weeks at�20 �C,
and then reconstituted just prior to in vivo injection.

PBAE/DNA Nanoparticles Specifically Transfect Tumor Cells
in Vivo. Orthotopic tumors formed from GFP-labeled
human BTICs (JHGBM-276) in nude athymic mice were
allowed to grow for 9 weeks. After tumor formation,
lyophilized PBAE/DsRed-DNA particles (stored for
12 weeks) were reconstituted and immediately injected
intratumorally. Assessment via fluorescence microscopy

showed that naked DNA caused very little expression. The
expression level was drastically increased by using nano-
particles containing both DNA and 447e (Figure 6), quan-
tifiedbothby comparing the largest cross-sectional areaof
DsRed signal in each brain and by comparing the total
volume of DsRed signal in each brain. Importantly, nano-
particles injected into tumors showed statistically signifi-
cantly better transfection (p < 0.01) than nanoparticles
injected into brain without tumor, similar to in vitro results
that showedbetter transfection of BTICs compared to fetal
(noncancer) fNPCs. This study also demonstrated the

Figure 5. Efficacy of lyophilized nanoparticles after long-term storage. (A) Lyophilized nanoparticles of 447e and GFP DNA
retained 100% efficacy after 2 years of storage at�20 �C with 30mg/mL or more of sucrose. Fluorescencemicrographs show
GFP signal from JHGBM-319 cells after transfection. (B) 447e/DNA nanoparticles retained 100% efficacy after lyophilization
with 30mg/mLormore of sucrose and storage at�20 �C for at least 2 years, quantifiedbyflowcytometry. Graphs showmean(
standard error of the mean (SEM).

Figure 6. Transfection of humanBTIC over healthy brain in vivo. (A)Microscope images showing the expression of DsRed and
GFP inmice injectedwith either nakedDNAor nanoparticles. (B�C) Significantlymore transfectionwas seen in the 447e/DNA
nanoparticle treatment group compared to the naked DNA group, as well as in the tumor group compared to the controls
with nanoparticles but no tumor. **p < 0.01, ***p < 0.001. Graphs show mean ( standard error of the mean (SEM).
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translational potential of this technology as the lyophilized
biodegradable nanoparticles used in this study had been
stored for 3 months prior to use and worked well in vivo

following simple reconstitution in PBS.
To further evaluate the nanoparticle specificity for

tumor cells in vivo, colocalization analysis was per-
formed on micrographs of mouse brains following
Cy5-labeled DsRed nanoparticle injection into tumors
formed over 4 weeks instead of 9 weeks. By allowing
only 4 weeks for tumor growth, fluorescence (brain
cancer constitutive GFP and/or DsRed exogenous
expression) could be seen in individual cells more
clearly (Figure 7), rather than by larger sections of
tissue as was seen after 9 weeks (Figure 6). Using a
method previously described,31 we used image anal-
ysis to calculate a normalized mean deviation product
(nMDP) at each point of the images taken on both
fluorescence channels as follows

nMDP ¼ (IGFP � IGFP, avg)(IDsRed � IDsRed, avg)
(IGFP,max � IGFP, avg)(IDsRed,max � IDsRed, avg)

where I = intensity. Thus, an nMDP index between �1
and þ1 was calculated for each point in the region of
interest, with positive numbers corresponding to colo-
calization of the two fluorescence color signals and
negative corresponding to lack of colocalization. nMDP
indices between �0.1 and þ0.1 were considered to
represent autofluorescence and were excluded from
consideration. Of the parts of the image that were
DsRedþ, more pixels were also positive for GFP than
pixels negative for GFP. No points in the images had an
nMDP index ofr0.5 for DsRed/GFP colocalization,while
indices ofþ0.5 toþ1 were found, and fewer than 5% of
all DsRedþ pixels were found to beGFP�, indicating that
theDsRedþ signalwas farmore likely tobe in tumor cells
than in healthy brain tissue. This in vivo finding clearly
supports the in vitro finding that gene expression with
these materials is highly specific to cancer cells over
healthy cells. Interestingly, when the same analysis was
performed on the Cy5/GFP signal, to detect the location
of cellular uptake of nanoparticles, rather than detecting

only successfully transfected cells, a lower degree of
colocalization was found. Although >50% of Cy5 signal
was colocalized with GFP signal, which was expected as
the Cy5þ nanoparticles were stereotactically injected
into the same region as the tumor, >35% of Cy5þ pixels
were found in nontumor tissue. Thus, like in vitro, while
nanoparticles can be efficiently taken up by noncancer
cells, they seem to only efficiently express the delivered
transgene within cancer cells.

DISCUSSION

Our work demonstrates that PBAE nanoparticles can
be used to specifically target brain cancer cells in vitro

and in vivo. Our in vitro work shows that we can
transfect BTICs not only in a monolayer culture but
also in 3-D oncosphere culture. Aside from demon-
strating the ability of PBAE nanoparticles to penetrate
and transfect cells in 3-D, as in an in vivo environment,
the high correlation between transfection of mono-
layer and oncosphere cultures also suggests that two-
dimensional transfection studies, which are common
initial experiments, have predictive value for the more
clinically relevant three-dimensional case. Moreover,
the correlation between two BTIC cultures (JHGBM-276
and JHGBM-551), each of which was derived from a
different human GBM patient, suggest that the PBAEs
identified here to be top candidates for transfection
will also likely be effective on cells derived from other
tumors from other GBM patients, although a more
extensive study with more samples would be neces-
sary to confirm this trend. A leading polymer in the
JHGBM-276 sample, 537e, was found to be less effec-
tive in JHGBM-551 cells. This shows that there is
potentially some patient-source specificity for certain
polymers. The 447e polymer was chosen to be used for
in vivo studies because it was a particularly effective
polymer in all of the four primary BTIC samples tested.
While nonviral, nanoparticle-based delivery of drugs

and nucleic acids have been a subject of much re-
search, many hurdles must still be overcome for their
use in an in vivo or clinical setting.32,33 Because surgical

Figure 7. Tumor cell-specific transfection in vivo. (A) Coronal section of a tumor-bearing brain showing a small region
containing tumor cells and nanoparticles (inset). Fluorescence microscopy shows distinct signals from GFPþ tumor cells,
DsRedþ transfected cells, and Cy5þ nanoparticles. (B) Image-based colocalization analysis shows nearly 100% colocalization
of transfected cellswith tumor cells and<60%colocalization of nanoparticleswith tumor cells. Graphs showmean( standard
error of the mean (SEM).
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intervention is common in GBM treatment, local applica-
tion of therapeutic nanoparticles is a relevant strategy.
However, even direct, local injection of nanoparticles is
met with challenges in distribution and efficacy that can
be overcome in particle design and chemical composi-
tion.34,35 Our finding in this study that cancer cells were
specifically transfected with the nanoparticles over non-
cancer cells supportspreviouswork showingsimilar results
in different settings.29,36 Interestingly, this finding was not
due to factors such as cellular division rate, cellular uptake
of nanoparticles, or media composition. While the exact
mechanism for the nanoparticle-mediated cancer specifi-
city remains elusive, it is dependent on polymer structure
and polymer to DNA weight ratio (Figure 4A). We hy-
pothesize that the differences in transfection may be the
result ofdifferentialpathwaysofendocytosis (eventhough
total endocytosis appears the same) and that these path-
ways may be cell-type dependent and tunable by differ-
ential polymer structures.37 This is a subject of active
investigation by our group. Nevertheless, we have ob-
served this phenomenon consistently among many pa-
tient samples and both in vitro and in vivo.
For this nanoparticle technology to be translated to

a clinical setting, a method for making nanoparticles in
a more stable form is necessary. When prepared in
aqueous solution, these nanoparticles self-assemble
quickly but also aggregate over time. In addition, while
there appears to be some slowing of polymer degrada-
tionwhen the PBAE polymers are complexedwith DNA
into particles,21 the PBAEs remain hydrolytically de-
gradable. Therefore, it would be preferable to formu-
late the biodegradable nanoparticles in a form that is
stable over time, resisting both degradation as well as
aggregation. A concern is that many freezing and
drying processes themselves cause denaturation or
irreversible aggregation of nanoparticles. We have
previously described the formulation of sucrose-
protected lyophilized nanoparticles for in vitro and
in vivo transfection and short-term storage; our data
now show that the optimized lyophilized nanoparticles
can be stored at�20 �C and remain fully functional, as
measured by in vitro efficacy, for at least two years.
Furthermore, our in vivo studies validate that these
stored nanoparticles remain efficacious in vivo follow-
ing storage for at least 3 months. In addition to
simplifying the preparation;essential for use in com-
plicated surgical procedures;lyophilized PBAE/DNA
complexes can be easily resuspended in water or PBS
to almost any concentration, including concentrations

much higher than how theywere originally prepared in
aqueous buffer. We have found that this is because the
solubility of the polymeric nanoparticles lyophilized
with sucrose and resuspended in water is higher than
the solubility of the uncomplexed polymer in water.
This is an important consideration due to the small
injection volume limitations for certain therapeutic
applications such as injection into the eye or brain.
In the mouse GBM models, it was promising to see

that these polymer-based, nonviral nanoparticles were
able to transfect tumor cells upon injection using a
polymer selected from an in vitro screen. Moreover, the
PBAE nanoparticles exhibit selectivity for tumor cells over
healthy cells in vivo. Although there remains the possibility
that the selectivity observed in vivo is for human cells
(tumor) over mouse cells (healthy brain), the results do
corroborate the in vitro results showing selectivity for
human BTICs over human fNPCs. Particularly telling is
the result that the physical distribution of nanoparticles
in vivohasa lowerdegreeof colocalizationwith tumorcells
than does the expression of the transgene. This indicates
that while the nanoparticles may be convected or diffuse
outside of the tumor space and enter healthy brain tissue
cells, transgene expression will occur to a much lower
extent in noncancer cells than in tumor cells. Although
only a portion of the tumorwas transfected in this study, it
has already been shown that unmodified nanoparticles
tend to have very limited diffusion within brain tissue.34,38

Theability of ourparticles todiffuse followingadirect, local
injection is comparablewithotherpolymericnanotechnol-
ogies studied in the brain, including nanoparticles speci-
fically modified for increased diffusivity.34 Because our
PBAE-based nanoparticles can be used to deliver essen-
tially any DNA sequence without changing the particles'
physicochemical properties,21 they could, in future studies,
be used to transfect a region of the tumor to express a
secreted therapeutic protein that would subsequently
diffuse away from the injection site to affect other regions
of the tumor via a bystander effect.

CONCLUSIONS

This work introduces a nanobiotechnology with
translational potential for treating glioblastoma, a dis-
ease in need of new therapies. With both in vitro and
in vivodata showing high transfection and safety of the
nanoparticles in human primary glioblastoma cells as
well as intrinsic tumor cell specificity by the biomater-
ial, these materials are promising as vehicles for the
deployment of anticancer genetic medicines.

MATERIALS AND METHODS

For details, see the Supporting Information
Materials. Lipofectamine 2000 (Invitrogen, Carlsbad, CA),

Opti-MEM I (Invitrogen), pEGFP-N1 DNA (Elim Biopharmaceu-
ticals, Hayward, CA), pDsRed-Max-N139 (Addgene DNA plasmid

21718, Cambridge, MA), and cell culture media components
were used as received. Monomers used for synthesizing poly-
mers (Scheme 1) were purchased as follows: 1,3-butanediol
diacrylate (B3b; Sigma-Aldrich, St. Louis, MO); 1,4-butanediol
diacrylate (B4; Alfa Aesar, Ward Hill, MA); 1,5-pentanediol dia-
crylate (B5; Monomer-Polymer and Dajac Laboratories, Trevose,
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PA); 3-amino-1-propanol (S3; Alfa Aesar); 4-amino-1-butanol
(S4; Alfa Aesar); 5-amino-1-pentanol (S5; Alfa Aesar); 1,3-diami-
nopropane (E1; Sigma-Aldrich); 1,3-diaminopentane (E3;
TCI America, Portland, OR); 2-methyl-1,5-diaminopentane
(E4; TCI America); 1,11-diamino-3,6,9-trioxaundecane (E5; TCI
America); 2-(3-aminopropylamino)ethanol (E6; Sigma-Aldrich);
1-(3-aminopropyl)-4-methylpiperazine (E7; Alfa Aesar); 1-(3-
aminopropyl)pyrrolidine (E8; TCI America); and cystamine dihy-
drochloride (E10; Alfa Aesar). 40 ,6-Diamidino-2-phenylindole
dihydrochloride (DAPI) was purchased from Sigma and used
as a 750 nM solution in PBS. Othermaterials were reagent grade.

Polymer Synthesis. PBAEs were synthesized according to pre-
viously reported protocols.21 For initial screening, one diacrylate
backbone (“B”) monomer was mixed with one monoamino side
chain (“S”) monomer at a 1.2:1 molar ratio, with B in excess to
ensure that the B�S base polymer would be diacrylate-termi-
nated. The mixture was stirred at 90 �C for 24 h. The resulting
base polymer was then dissolved in anhydrous dimethyl sulf-
oxide (DMSO). A 0.5-M solution of one end-cap (“E”) small
molecule in DMSO was added for a final base polymer concen-
tration of 100 mg/mL, and the mixture was vortexed for 1 h at
room temperature. Polymers were stored until use at 4 �C in
small aliquots to reduce the number of freeze�thaw cycles.

Top polymers were chosen from the initial transfection
screening done in JHGBM-551 BTICs. These polymers were
resynthesized in a purified form as described previously at B:S
ratios ranging from 1.05:1 to 1.2:1.36 Briefly, the base polymer
and end-capwere dissolved in anhydrous tetrahydrofuran (THF)
instead of DMSO. After 1 h of stirring at room temperature, the
polymers were precipitated into anhydrous diethyl ether. The
precipitate was collected by centrifugation, washed again with
ether, and centrifuged to isolate the end-capped polymer.
Residual ether was removed under vacuum for 48 h. The dry
PBAEs were then dissolved in anhydrous DMSO (100 mg/mL)
and stored at �20 �C in small aliquots until use.

Molecular weight of the top polymer was measured by gel
permeation chromatography (GPC; Waters, Milford, MA) in BHT-
stabilized tetrahydrofuran with 5% DMSO and 1% piperidine.
Number-averaged and weight-averaged molecular weight (Mn

andMw, respectively)were calculatedusingpolystyrene standards.
Cell Culture. All the primary cultures of BTICs studied here

were obtained from adult patients undergoing surgery for GBM
(Table 1), after informed consent, following institutionally ap-
proved protocols. Samples were prepared and maintained as
previously described.40 Cells were maintained in culture as
nonadherent oncospheres in complete BTIC medium [DMEM/
F-12 (1:1) with 1X B-27 supplement, 1% antibiotic�antimycotic
(Invitrogen), 20 ng/mL basic fibroblast growth factor (bFGF),
and 20 ng/mL epidermal growth factor (EGF)]. For passaging,
oncospheres were collected by centrifugation and were me-
chanically dissociated by tituration. Primary cultures of human
fetal neural progenitor cells (fNPCs) F34, F48, and F54 were
obtained as described previously.29,41 Briefly, following ap-
proval by the Johns Hopkins University Institutional Review
Board, intraoperative human central nervous system (CNS)
tissues were obtained at 17 weeks of gestation, which were
obtained following written informed consent for clinical proce-
dures, were used for this research since theywere considered to
be pathological waste. Brain cortical tissue was mechanically
dissociated and cells were maintained in 2:1 high-glucose
DMEM (Invitrogen)/Ham's F-12 (Cellgro), 1X B-27, 1% anti�anti,
20 ng/mL bFGF, 20 ng/mL EGF, 20 ng/mL leukemia inhibitory
factor (LIF, Millipore, Billerica, MA), and 5 μg/mL heparin (Sigma)].

Preparation of Cy3-Labeled DNA. eGFP DNA was labeled with
Cy3 using a Label IT Tracker kit (Mirus Bio) according to the
manufacturer's instructions. Briefly, a solution of 125 μg/mL
DNA and 100 μL/mL Label IT Tracker reagent was prepared in
buffer and then incubated at 37 �C for 3 h on an orbital shaker.
The labeled DNA was precipitated with ethanol in 300 mM
sodiumacetate buffer and cooled at�20 �C for 30min. TheDNA
was pelleted by centrifugation at 15000g at 4 �C for 15 min,
washed with 70% ethanol, and centrifuged again. The dried
pellet was reconstituted in fresh unlabeled eGFP DNA in water.
The concentration was verified using by absorbance at 260 nm
using a Nanodrop 2000 with associated software (v. 1.4.1)

(Thermo Fisher, Waltham, MA). The absence of protein from
the solutionwasmeasured by absorbance at 280 nm (A260/A280g
1.7). The labeled DNA was diluted further with unlabeled nucleic
acid to a final dye-to-nucleotide molar ratio of 1:350.

Transfection Experiments in Vitro. For 3-D transfections, BTIC
oncospheres 200�1000 μm in diameter were collected by
centrifugation and resuspended in complete BTIC medium
without dissociation using a 5 mL serological pipet. A small
aliquot was removed, mechanically dissociated with a 200 μL
micropipet, and used for counting and determination of
cell density. Cells were seeded into round-bottom, nontissue
culture-treated 96-well plates at 1.5 � 104 cells/well in 100 μL
complete culture medium and incubated at 37 �C overnight.

For nanoparticle preparation, DsRed (for GFPþ JHGBM-551
cells) or eGFP DNA (for all other unlabeled cells) was diluted to
60 μg/mL in 25 mM sodium acetate pH 5 buffer (NaAc). PBAEs
were diluted from their stock solutions in DMSO in 25mMNaAc
and added to DNA solutions at PBAE/DNA mass ratios (w/w) of
30, 60, or 90. The resulting mixture was mixed by pipetting and
incubated at room temperature for 10 min to allow nanoparti-
cles to form. Nanoparticles (20 μL) in NaAc were added directly
to the oncospheres in culture medium in 96-well plates (final
nanoparticle/medium ratio of 1:5, final DNA concentration
of 5 μg/mL or 600 ng/well, final polymer concentration of
150�450 μg/mL). Oncospheres were incubated with particles
at 37 �C for 2 h. A replicate of each plate was transfected in the
same way for viability measurements. The plates were then
centrifuged at 180g for 5 min. The media and remaining
nanoparticles were removed and the oncospheres gently re-
suspended in complete culture medium. Viability was defined
as the metabolic activity retained in each well following trans-
fection, measured after 24 h by MTS (Cell Titer AQueousONE,
Promega, Madison,WI) according to themanufacturer's instruc-
tions. Transfection efficacy was measured by fluorescence
microscopy and by flow cytometry after 48 h using an Accuri
C6 with a Hypercyt high-throughput robotic sampler (Intellicyt)
after mechanically dissociating the oncospheres to single-cell
suspensions. Transfection data were analyzed with FlowJo
7 software (Treestar). Experimentswere donewith n= 4 replicates.

After initial screening on JHGBM-551 oncospheres, purified
polymers were used for all further experiments. Following a
transfection screening using purified polymers, one optimized
B/S synthesis ratio was chosen for each PBAE based on high
transfection (percent of cells positive for transgene) and low
loss in metabolic activity (MTS assay).

For 2-D transfections, a similar protocol was used. Flat-
bottom, tissue-culture-treated 96-well plates were coated with
20 μg/mL laminin (Sigma) by incubation at room temperature
for 1 h and then washing once with 1xPBS with Ca2þ and Mg2þ.
Oncospheres were collected by centrifugation, and the whole
pellet was mechanically dissociated with a 200 μL pipet. Dis-
sociated cells were then seeded at 1.5� 104 cells/well in 100 μL
of complete medium into laminin-coated plates. Cells were
incubated overnight at 37 �C. For fNPCs, medium was replaced
with complete BTICmedium immediately before transfection to
ensure that any media interactions with nanoparticles were
comparable for all the primary cultures tested. After transfection
with DNA/PBAE nanoparticles and incubation for 2 h, the
medium and nanoparticles were removed and replaced with
fresh BTIC or fNPC culture medium. Viability and transfection

TABLE 1. Primary Cultures Used

name cell type source

JHGBM-276 GBM (BTIC) 53-y.o. patient
JHGBM-319 GBM 79-y.o. patient
JHGBM-551 GBM (BTIC) 69-y.o. patient
JHGBM-854 GBM (BTIC) 41-y.o. patient
JHGBM-965 GBM (BTIC) 61-y.o. patient
F34 fNPC 17 gestational wk
F48 fNPC 17 gestational wk
F54 fNPC 17 gestational wk
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measurements were taken in the sameway. For flow cytometry,
cells were first trypsinized, resuspended in PBSwith 2%FBS, and
transferred to round-bottom 96-well plates for use with the
Hypercyt reader.

Comparison of Fetal and GBM Cell Behavior in Vitro. Uptake of DNA-
containing nanoparticles by fNPCs and BTICs was compared.
Transfections were then carried out as above on monolayer
cultures using fluorescently labeled DNA, keeping cells out of
direct light to avoid photobleaching. Uptake was measured by
flow cytometry immediately after 2 h of incubationwith labeled
nanoparticles.

To measure growth rate, BTICs or fNPCs were seeded into
laminin-coated 96-well plates at 5000 cells/well and allowed to
adhere overnight. At set time points, the metabolic activity of a
set of wells was measured by MTS assay (Cell Titer). The
doubling time for each BTIC and fNPC culture was calculated
by fitting the data to an exponential growth curve.

Formulation and Testing of Lyophilized DNA Nanoparticles. To test
the stability of lyophilized particles over time, eGFP DNA was
complexed with 447e, 1.2:1, as described previously.29 Briefly,
plasmid DNA and 447e were mixed in 25 mM NaAc at a PBAE:
DNA ratio of 30 w/w. After particle formation, a solution of
D-sucrose in 25 mM NaAc was added for a final DNA concentra-
tion of 15 μg/mL and final sucrose concentration of 0, 15, 30,
or 45 mg/mL. Nanoparticles were freeze-dried and stored at
room temperature (rt), 4 �C, or�20 �C in small aliquots for up to
2 years.

To test the efficacy of stored nanoparticles at various time
points, GBM cells (sample JHGBM-319) were seeded in 24-well
plates in complete astrocyte medium at 7.5 � 104 cells/well in
500 μL volume. The cells were left overnight to adhere. The next
day, nanoparticles were taken from storage and were resus-
pended in sterile water by pipetting to a final DNA concentra-
tion of 15 μg/mL. At the same time, fresh nanoparticles were
prepared; briefly, fresh eGFP DNAwas diluted in 25mMNaAc at
30 μg/mL. PBAE 447e, stored in small aliquots at room tem-
perature, 4 �C, or �20 �C, was dissolved in 25 mM NaAc and
added to the DNA solution at 30 w/w for final DNA concentra-
tion of 15 μg/mL. of reconstituted lyophilized or fresh nano-
particles (100 μL) were then added dropwise to 500 μL of
complete astrocyte medium in each well (1.5 μg DNA/well).
After 2 h incubation at 37 �C, media and nanoparticles were
aspirated from each well and replaced with fresh com-
plete astrocyte medium. Viability and transfection efficacy
were measured by MTS assay and flow cytometry as de-
scribed above and by fluorescence microscopy as described
previously.29

Nanoparticle Physicochemical Analysis. The top lyophilized parti-
cle formulation was sized using nanoparticle tracking analysis
(NTA) using an NS500 (NanoSight, Ltd.). The zeta potential was
measured using a Zetasizer Nano NS (Malvern). For both,
nanoparticles were formed in 25 mM NaAc at the same con-
centration as used for transfections, then diluted in 1xPBS as
necessary for sizing purposes.

In Vivo Testing of DNA Nanoparticles. Male nude athymic mice
were injected with 1 μL of GFPþ JHGBM-276 cells in PBS (105

cells/μL) at 8 weeks old. After a 4- or 9-week period for tumor
formation, nanoparticles composed of DsRed plasmid DNA
complexed with 447e, 1.1:1, at 60 w/w, lyophilized with
30 mg/mL sucrose, and stored at �20 �C were resuspended in
water. For particle localization studies, DsRed-coding DNA was
first labeled with Cy5 using a Label IT Tracker kit (Mirus Bio)
before complexation with PBAE. Nanoparticles (2 μL, 2 μg DNA)
were stereotatically injected into the tumor of the mice. Con-
trols included mice injected with nanoparticles but without
tumor, mice with tumor but no treatment, andmice with tumor
and injected with 2 μg naked DNA in a sucrose solution of the
same concentration. After 48 h, mice were anaesthetized with
ketamine/xylazine, sacrificed, and fixed by perfusion with PBS
and 10% formalin. Brains were removed, stored overnight in
10% formalin, soaked in 30% sucrose in 1 � phosphate buffer
for 24 h, and then embedded in Optimal cutting temperature
compound (OCT). Embedded brains were snap frozen in a dry
ice/ethanol bath and stored at �80 �C until use. Brains were
cryosectioned in 10-μm slices and mounted onto glass slides

with DAPI and stored at 4 �C, protected from light, until use.
Slices were imaged by fluorescence microscopy to assess
transfection using an Axio Observer A1 and captured with
Axiovision software.

Image Analysis of Brain Sections. The degree of transfection was
assessed by image analysis. For mice with tumors that devel-
oped over 9 weeks, ImageJ was used to find the area of DsRed
fluorescence in each section. ImageJ is a public domain pro-
gram and was downloaded from http://imagej.nih.gov/ij/. The
volume of transgene expression was estimated by multiplying
the area of DsRed signal on each slice by the thickness of the
slice and adding the resulting volumes. For mice with tumors
that developed over only 4 weeks, the Colocalization Colormap
plugin on ImageJ was used to find the degree of colocalization
of the DsRed andGFP signals based on themethod described in
Jaskolski et al.31 The number of DsRedþ pixels that were
colocalized with GFP signal was compared with DsRedþ pixels
not colocalized with GFP. The same analysis was also carried out
with Cy5 and GFP signal to compare pixels positive on both
channels to pixels positive for Cy5 but not for GFP.

Statistical Analysis. Unless otherwise stated, bar graphs show
mean ( standard error of the mean (SEM). Correlations be-
tween cell samples was determined using linear regression,
with outliers defined as points with externally studentized
residuals whose absolute values exceeded 2.5. Analysis was
done with Prism software (Graphpad).

For comparisons between GBM (JHGBM-276, JHGBM-551,
JHGBM-854, and JHGBM-965) and fetal cells (F34, F48, and F54),
results from all cell sources were pooled to form a single cancer
group and a single noncancer group. Comparisonswere done at
each transfection condition using a two-tailed Student's t test
with a Bonferroni correction for multiple comparisons. Polymer
transfection screens were analyzed via one-way ANOVA with a
post hoc Dunnett test to determine statistical significance.
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