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Abstract

Nanoparticles are a promising technology for delivery of new types of therapeutics. A polymer
library approach has allowed engineering of polymeric particles that are particularly effective for
the delivery of DNA and siRNA to human cells. Certain chemical structural motifs, degradable
linkages, hydrophobicity, and biophysical properties are key for successful intracellular delivery.
Small differences to biomaterial structure, and especially the type of degradable linkage in the
polymers, can be critical for successful delivery of siRNA vs. DNA. Furthermore, subtle changes
to biomaterial structure can facilitate cell-type gene delivery specificity between human brain
cancer cells and healthy cells as well as between human retinal endothelial cells and epithelial
cells. These polymeric nanoparticles are effective for nucleic acid delivery in a broad range of
human cell types and have applications to regenerative medicine, ophthalmology, and cancer
among many other biomedical research areas.

GENE THERAPY AND THE NEED FOR NON-VIRAL MATERIALS

Since the discovery of DNA as the substrate for inheritable information,>8 there has been
interest in manipulating DNA to better understand and engineer biological function. Gene
therapy is the use of exogenous nucleic acid as a drug. There is great potential in this
approach as virtually all diseases have a genetic component, even certain diseases and target
pathways that may be seen as currently undruggable. Moreover, rather than treating the
symptoms of a disease, gene therapy could enable clinicians to directly treat its prime cause.
This approach could be used for monogenic diseases such as cystic fibrosis, hemophilia, and
severe combined immunodeficiency.>® Moreover, gene delivery could be used in the future
to treat acquired diseases that also have genetic components. The scope of amenable
diseases is broad, and as more information is gleaned from the human genome, these may
include cancer, cardiovascular disease, neurological diseases, Crohn’s disease, type 2
diabetes, and other diseases.12 Gene delivery can also lead to successful genetic vaccines. In
this approach, rather than deliver a traditional antigen, DNA is delivered and the antigen is
encoded in the DNA. This technique can be used to treat infectious diseases or as an
immunotherapy to treat other diseases such as cancer.3 Delivery of double stranded RNA
rather than DNA offers a complementary approach where target genes can be silenced.14
Together, the potential capabilities of using nucleic acids as drugs for genetic medicine are
far-reaching.

The potential of gene therapy has not been realized due to the challenge of safe and effective
delivery. In many instances, a clinician or scientist may know which cells need to be
targeted in a patient’s body, which gene is mutated, and what sequence of nucleic acid needs
to be delivered to repair the genetic defect. However, after more than 1,600 clinical trials,?
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safe and effective gene therapy has not yet been demonstrated and there currently is not an
FDA-approved treatment. Most of these gene therapy trials (~75%) have used viruses to
deliver the genes. The most common vectors utilized have been adenovirus, retrovirus,
vaccinia virus, adeno-associated virus, herpes simplex virus, pox virus, and lentivirus. The
primary concern with viral gene therapy is safety, as human studies have shown the potential
for cancer-causing insertional mutagenesis'! and life-threatening immune response.22 Other
limitations with using a viral approach depend on the type of vector and include small cargo-
capacity, tropism to only particular cells, manufacturing challenges, and resistance to
repeated administrations.>3 While improvements to viral gene therapy are ongoing, others
believe that non-viral approaches would be best to alleviate the concerns of virus-mediated
delivery.

Many promising non-viral approaches use biomaterials and nanotechnology to construct
nucleic-acid containing particles that behave like synthetic viruses. These biomaterials are
chemical agents such as polymers, lipids, peptides, sugars, or other materials, often cationic,
designed to bind to and/or encapsulate nucleic acids to improve their stability and
delivery.34 37. 39 Cationic lipid/liposomal formulations have been the most commonly used
biomaterials for non-viral nucleic acid delivery.2 Unfortunately, even with the most
advanced lipid materials, most lipoplexes are toxic, interact non-specifically with serum
proteins and cells, aggregate, and have other limitations.30: 43

To improve non-viral vector design, it is important to consider the specific mechanistic steps
of transport to design biomaterials that can overcome delivery bottlenecks. Recent work in
the field has identified several key steps and these are highlighted in Figure 1. The steps in
non-viral gene delivery include (1) biomaterial binding/complexation/condensation of
nucleic acid,* 16 (2) cellular uptake/endocytosis, 24 25 57 (3) endosomal escape,*’ (4) release
of cargo/biomaterial unbinding,*2 (5) biomaterial degradation, and in the case of DNA, (6)
nuclear import.13 Following nuclear import, important downstream steps for DNA
expression include promoter binding to the DNA, transcription to mRNA, and translation
into protein. Although these mechanistic steps have been identified, they are still not well
understood and further research is necessary to elucidate how biomaterial structure precisely
affects each step in gene delivery.

POLYMERIC NANOPARTICLES

Cationic polymers are a class of biomaterials especially promising for gene delivery.
Polymers are promising because they have large structural diversity and there is flexibility in
altering polymer structure to enhance gene delivery. Cationic charge is important to ensure
electrostatic attraction between the polymer and the strongly negatively charged nucleic
acid. This is important as nucleic acids, large hydrophilic, and negatively charged
biomolecules, are generally not able to enter cells efficiently on their own. However, if the
nucleic acids bind positively charged molecules like cationic polymers, their charge, which
comes from anionic phosphate groups, is neutralized. This charge neutralization allows large
nucleic acids, such as DNA, to collapse into smaller shapes and become more compact.
Depending on the charge ratio between the polymers and the nucleic acids, the overall
complexes can carry a neutral to positive charge, which can help the particles to interact
favorably with the negatively charged surface of the cell. Complexation/DNA condensation
is also important to compact DNA and reduce its susceptibility to nucleases.

There are many types of polymers used for non-viral gene delivery such as
polyethylenimine,® chitosan,3! cyclodextrins,38 polypeptides,1® and others. One class of
polymers of interest for gene delivery are the poly(beta-amino ester)s (PBAES), a class of
polymers first developed by David Lynn and co-workers in the Langer Lab.2° Over two
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thousand PBAESs were subsequently synthesized and screened for efficacy in COS-7 cells?
and the leading structures were further investigated and found to work in vivo.16: 23 Another
class of polymers of interest for gene delivery are poly(amido amine)s (PAAs).28: 41 These
polymers can be bioreducible through the use of disulfide-containing monomers in the
polymer backbone and have shown high gene delivery efficacy with a range of polymer
structures.® 27 PAAs share many properties with PBAES, including the ability to bind
nucleic acids to form nanoparticles, facilitate cellular uptake, promote endosomal escape,
and allow intracellular delivery.

My lab is interested in synthetic polymers with differential structures and structural diversity
for use in gene delivery. We synthesize new PBAEs and PAAs utilizing commercially
available amine-containing monomers and either diacrylates or diacrylamides and design the
polymers to be degradable through hydrolytic and/or bioreducible linkages.48: 90: 55 There
are many advantages of these types of materials including their ease in synthesis, diverse
biophysical properties, and tunable biological activity. Critically, they have low cytotoxicity
due to their degradability. This reduced cytotoxicity can be 100-fold compared to commonly
used non-degradable, cationic polymers such as polyethylenimine.1” We have systematically
investigated new PBAESs to examine the differential effects of changes to polymer backbone,
side-chain, and end-group combinatorially.”: 59 We have also developed new, specialized
polymer end-groups and found that these can have a dramatic effect on cell-type
specificity4®: 49: 54 or can enable triggered release.>®

These PBAEs and PAAs are synthesized by a Michael Addition reaction with a monomer
containing a primary amine and either a diacrylate monomer or diacrylamide monomer
respectively. This step-growth polymerization forms linear polymers with a range of
molecular weights from 2,000-48,000 Da depending on synthesis conditions.59 Often these
reactions are performed neat or with DMSO as a solvent to minimize the steps required
between initial synthesis and cell-based testing. We have found that trace DMSO and trace
unreacted monomer do not cause cytotoxicity. To synthesize polymers with various end-
group molecules, a two-step procedure is performed. First, an acrylate-terminated or
acrylamide-terminated base polymer is synthesized. Second, a molar excess of an amine-
containing molecule is added to this base polymer.>® For purified synthesis, the reaction is
performed in tetrahydrofuran, and then diethyl ether is used to precipitate the polymer and
remove unreacted monomer. Molecular weight and polymer structure are verified by gel
permeation chromatography and *H-NMR. Representative monomers used to synthesize the
polymers are shown in Figure 2. The naming convention used for each polymer is composed
of the monomer used as the backbone (B), followed by the monomer used as the side chain
(S), and finally the monomer used as the end group (E). In most cases, the number after “B”
refers to the number of carbons between acrylate groups, and the number after “S” refers to
the number of carbons between amine and alcohol groups in the side chain. Other modifiers
for polymer naming include “m” for methyl and “0” for hydroxyl. Nanoparticle biophysical
properties including particle size, zeta potential, and particle concentration have been
characterized by dynamic light scattering, transmission electron microscopy, and
nanoparticle tracking analysis.”: 8 55

NANOPARTICLES FOR DNA DELIVERY

We have found that our polymers work especially well for DNA delivery and that small
changes to structural composition make dramatic differences to transfection efficacy.
Polymers containing linear hydrocarbon backbones were determined to be the most effective
for gene delivery. Hydrophobic modifications (such as BL1 and BL2) caused increased
toxicity while hydrophilic modifications (BH1), decreased efficacy.>? With linear stretches
of hydrocarbons in the backbone and side chain of the polymers, increased hydrophobicity
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tended to increase transfection efficacy. The trend of increased hydrophobicity of the
backbone causing increased transfection efficacy was most significant when the side chain
was less hydrophobic itself (S30, S3). Similarly, the trend of increased hydrophobicity of the
side chain causing increased transfection efficacy was most significant when the backbone
was less hydrophobic itself (B3, B3m, B4) (Figure 3). Thus, the overall polymer (backbone
+ side chain) can reach a hydrophobicity limit, beyond which, further hydrophobicity does
not improve efficacy and may even cause cytotoxicity among certain cell types.
Interestingly, these increases in hydrophobicity can increase transfection nearly 1,000-fold
in side chain cases such as B3-S3 compared to B3-S5 and 100-fold in backbone cases such
as B3m-S30 compared to B6-S30.50

Polymer end group composition also caused significant changes to transfection efficacy,
even when polymer molecular weight and nanoparticle properties were kept constant.59: 55
With the same base polymer composition, end-group changes such as E12 to E5 increase
efficacy by 10-fold on average and in some cases over 1,000-fold. Performance of polymer
end-groups also tended to cluster based on structure with E1 and E3 end-groups (propane
diamine-based structures), producing polymers with similar efficacy, as do polymers
containing E6, E7, and E8 end-groups (contain one or two secondary/tertiary amines) 2.

While the molecular weight among the polymers we have tested has varied considerably
depending on synthesis conditions (2,000-110,000 Da), this difference generally has low
correlation to transfection efficacy across polymer structures (linear regression, /2 =0.003, p
=0.7833).50 Although, for a given polymer structure, optimization of monomer molar ratio
during synthesis can vary molecular weight and improve transfection.” Nanoparticle self-
assembly conditions including the weight ratio of polymer to DNA, make an important
difference to transfection efficacy. Over a range of 30 wt polymer:wt DNA to 150 wt
polymer:wt DNA, 60 wt polymer:wt DNA (w/w) was determined to be the most effective.50
Luciferase expression gene delivery studies show that higher w/w ratios can boost
transfection efficacy by 10,000-fold compared to lower w/w ratios. In addition, certain
polymers, such as those composed of B3-S5 as a base polymer, require a higher weight ratio
than 60 w/w, such as 125 w/w, to become effective.

For regenerative medicine applications, such as programming stem cells8: 59 or
reprogramming human cells into human induced stem cells (iPSCs),>2 60 methods for safe
and effective gene transfer are especially needed. As the delivery of multiple factors is
required for reprogramming, co-delivery and co-expression are also needed for this
application in particular. We determined that these polymeric nanoparticles contain 30-120
plasmids per particle.8 The cargo capacity varied with polymer structure and also correlated
to coexpression. For example, polymer B4-S4-E7, with ~120 plasmids per particle, showed
co-expression in ~5 times as many IMR90 human fibroblasts as compared to polymer B3-
S5-E7, which had a lower ~30 plasmids per particle loading capacity.2 We have also found
that these polymers work well for transfection of mammary epithelial cells and that relative
transfection in a 2D monolayer /n vitro system correlates well to transfection in a 3D system
of organoids.” Transfection with these polymers is non-cytotoxic and preserves healthy
organoid morphology and development over time.

Cancer therapy is a promising area for genetic medicine as cancer is often caused by
mutations to tumor suppressors, which if reintroduced, could cause targeted apoptosis in
only cancer cells. Cancer is estimated to cause more than 577,000 deaths in 2012 and is the
second leading cause of death in the United States.? Cancer gene therapy can be targeted to
cancer cells through nanoparticle size and the enhanced permeation and retention (EPR)
effect, ligand conjugation3® or coating mediated uptake, 2% 4461 and transcriptional
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targeting.#6 These methods for targeting and cancer specificity greatly expand the
therapeutic window compared to conventional cancer chemotherapies.

Our lab is particularly interested in gene-based treatments for glioblastoma, an aggressive
primary brain tumor. Although advancements have been made in treating glioblastoma,
median survival of patients with high-grade tumors is a tragically short, at approximately 14
months following surgery, chemotherapy, and radiation-based therapy.1%: 3233 We are
developing nanoparticle formulations to target and treat both the bulk of a glioblastoma
tumor as well as brain tumor stem cells (BTSCs).>* Using fluorescently labeled DNA,
nanoparticle cellular uptake was found to be high for most end-modified PBAE structures
evaluated in GB319 human brain tumor-derived astrocytes. Successful cellular uptake is
necessary, but not sufficient, for effective gene delivery, and polymers B4-S4-E7 and B4-
S5-E7 had the highest levels of transfection. Across multiple polymers, it was determined
that the E7 end-group is particularly effective for transfecting these cells. Nanoparticles
formed with polymer B4-S4-E7 transfected 60% of these human brain cancer cells in a
single dose while maintaining >80% cell viability.>* Following a single dose, exogenous
gene expression peaked at ~1 week and persisted for at least 2 weeks, depending on polymer
structure.

For clinical benefit, a nanoparticle treatment must be able to be easily administered by a
clinician. The polymeric nanoparticles described above are typically prepared fresh, formed
through self-assembly in aqueous buffer during an incubation period and then degraded in
water through hydrolysis of ester linkages. The last point is a particular concern as polymers
such as B4-S4-E7 degrade fully in water within 24 hrs.2> While this works well to ensure
nucleic acid release and minimizes potential cytotoxicity of cationic polymers, it does not
enable a viable shelf-life. Thus, we endeavored to formulate these biodegradable
nanoparticles in a manner that would extend their shelf-life and clinical ease of use. We
found that by lyophilizing these biodegradable nanoparticles in the presence of sucrose,
shelf-life could be extended for at least 3 months, while preserving efficacy and viability.>*
The presence of sucrose was key to maintaining small particle size (100-200 nm) and high
particle concentration following lyophilization. Our on-going studies (unpublished) suggest
that formulations of these particles can be stored freeze-dried for over a year, and then
simply by adding water, their efficacy is restored to the equivalent level of freshly prepared
particles and they are also able to be readily injected once water is added.

NANOPARTICLES FOR SIRNA DELIVERY

Polymers from the same class of materials useful for intracellular DNA delivery may also be
useful for intracellular sSIRNA delivery. However, there are important differences between
these two nucleic acid cargos. DNA is a molecule ~200 times larger in size than siRNA and
it has a circular, supercoiled structure, whereas siRNA’s structure is similar to a short, stiff
rod. siRNA is also active in the cytoplasm, whereas DNA needs to be transported into the
nucleus to be effective. Due to these differences, in previous work we found that for
successful PBAE-mediated siRNA delivery, the siRNA molecules needed to be pre-
assembled together as a particulate scaffold first, before addition of the polymer.26

Recently we have shown that gold-siRNA scaffolds are not necessarily needed for PBAE-
mediated gene delivery and that end-modified PBAEs and end-modified PAAs can directly
form complexes or nanoparticles for successful siRNA delivery.®® Biophysically, the
nanoparticles for DNA delivery and for siRNA formed with the same polymers are similar.
Particle size is ~100 nm when formed with a range of polymers for both nucleic acids,
although in some cases such as B4-S5-E6 at 60 w/w, siRNA particles are significantly
smaller than DNA particles (50 nm vs. 100 nm). Zeta potential of the particles is also similar
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as all particles are generally neutral to slightly positive (0 mV — 15 mV). They also form a
similar concentration of particles of approximately 1010 particles per microgram of nucleic
acid.®

In spite of these biophysical similarities, transfection efficacy between DNA and siRNA
cargos was not strongly correlated and more than half of the polymers evaluated were not
able to successfully deliver siRNA. Moreover, for sSiRNA delivery, higher w/w ratios of
polymer to nucleic acid were necessary to mediate sSiRNA transfection compared to DNA
transfection and this difference was also apparent by evaluating polymer/nucleic acid
binding strength by gel electrophoresis. In comparing polymers best for DNA delivery and
those best for sSiRNA delivery, B4-S5-E6 and B5-S3-E7 transfected twice or more as many
human umbilical vein endothelial cells (HUVECS) when carrying DNA vs. siRNA, B5-S3-
E10 and BSS-S4-E1 transfected five times or more HUVECS when carrying siRNA vs.
DNA, and B4-S5-E4 and B4-S4-E7 worked very well for both DNA delivery and siRNA
delivery, transfecting 60%—-90% of these human primary cells with both types of nucleic
acid.>

In evaluating these finding some general trends were evident. Small particle size (50-100
nm) was necessary, but not sufficient, to ensure successful DNA or siRNA delivery. Having
a higher concentration of particles formed through self-assembly at a standard nucleic acid
dose had a slightly positive correlation to improved transfection efficacy, as did having a
more positively charged zeta potential.>® Interestingly, disulfide-containing polymers were
much more relatively effective for SiRNA delivery rather than DNA delivery. This held true
when the disulfide was along the backbone (BSS-S4-E1) or the end-group (B5-S3-E10).
Since siRNA delivery needs to occur in the cytoplasm and disulfide containing polymers can
promote a triggered release when the polymer moves from the extracellular environment to
the cytoplasm due to increased levels of glutathione reductase and other reducing
enzymes,® 20,40 we hypothesize that this quick release is key for successful sSiRNA delivery
with these materials. In contrast for DNA delivery, a more gradual polymer degradation and
nucleic acid release may be key to protect the nucleic acid until the nanoparticle traffics
through the cell and reaches the nucleus. Our lab is currently researching these mechanisms.
Successful intracellular delivery is dependent on multiple parameters and further study is
necessary to elucidate how polymer structure more precisely affects function at each
delivery step.

NANOPARTICLES FOR CELL-SPECIFIC DELIVERY

While the cell targeting strategies for cancer gene therapy previously mentioned (ligand
targeting, transcriptional targeting, etc.) can facilitate cell-specific delivery, our lab has
become increasingly interested in how biomaterial structure itself may also directly mediate
cell specificity. For the application to glioblastoma, we found that nanoparticles most
effective for transfection of brain tumor stem cells (BTSCs) were not necessarily the same
nanoparticles that most successfully transfected BTSC-derived astrocytes. These polymeric
nanoparticles also differed in their transfection properties of healthy astrocytes and fetal
neural stem cells. Interestingly, we found that certain polymers such as B4-S5-E7 and B4-
S5-E6 can significantly transfect BTSCs and do not transfect normal neural stem cells
(Figure 4A).54 This differs from other polymers such as B4-S4-E7 that non-specifically
transfect BTSCs, neural stem cells, bulk glioblastoma astrocytes, and healthy astrocytes. It is
intriguing that such a small difference to chemical structure (5 carbons vs 4 carbons in the
hydroxyl-terminated side chain) can make such a significant difference to cell type specify
and motivates a more detailed exploration of this biomaterial-mediated phenomenon.
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We have also observed that with the same base polymer, modification of just the polymer
terminal group of a linear PBAE may also correlate to cell-type specificity. We have shown
that for a single base polymer, a single end-capping molecule did not create a polymer that
was optimal at transfect different types of cells. Instead, each cell type including COS-7,
Hela, HepG2, HUVEC, DC2.4, and hMSC, were transfected optimally by a different end-
capped version of the same base polymer.4? Strikingly, end-group structure could cause an
order of magnitude change in percent of cells transfected within a cell-type and between cell

types.

More recently, we have investigated a broader array of different polymers where the
backbone, side chain, and end-capping groups of the polymers have been systematically
varied. We have found that with over 100 different polymers, there is a high correlation
between polymers that transfect human microvascular endothelial cells and macrovascular
endothelial cells (R2 = 0.81) (Figure 4B) and a very low correlation between the polymers
that transfect either of these human endothelial cells with polymers that transfect human
epithelial cells (R? = 0.21).4° For an ophthalmic gene delivery application to retinal cells for
example, polymers based on B4-S4 or B3-S5 transfect human retinal endothelial cells
(HREC) very highly (~80%) while minimally transfecting human retinal pigment epithelial
(RPE) cells (0%-5% transfected). Conversely, B6-S5 or B6-S3-based polymers transfect
RPE significantly (~25%) while having a lower level of transfection with HRECs. As the
nanoparticles themselves have similar properties, we hypothesize that these cell-specific
transfection differences are mediated by small chemical differences to the polymer
structures. We are currently investigating how this biomaterial-based specificity can be
combined with traditional methods of cell targeting®: 21 36. 44,46, 61 tq fyrther enhance cell-
specific intracellular delivery.

FUTURE DIRECTIONS

In this work I have presented work from my lab in synthesizing and evaluating polymeric
nanoparticles for intracellular delivery of nucleic acids. Biomaterials are presented that can
achieve very high, and in some cases, virus-equivalent,19 non-viral gene delivery efficacy.
Importantly, these materials alleviate many of the concerns associated with viruses by
having quick biodegradation®® and increased safety, large cargo capacity,8 and ease and
stability in manufacture>* among other benefits. However, while a polymer library approach
facilitated the selection of the lead polymer structures, a full rational basis for their selection
is still not well understood. Amines are important to allow for binding to nucleic acid and
for endosomal buffering. Degradable linkages are important for nucleic acid release and
reduced cytotoxicity. There needs to be a delicate balance of polymer structural features
such as hydrophobicity and side chain length. Small particle size, positive zeta potential,
relatively high nanoparticle concentration, and sufficient polymer-nucleic acid binding
strength are all parameters that have some influence on transfection efficacy. Future work is
needed to identify additional polymer design criteria and determine differential effects of
structure on gene delivery transport bottlenecks. Biomaterial-based cell specificity and the
possible mechanisms that may mediate it, such as biomaterial interactions with cell
membranes, extracellular proteins, and/or intracellular machinery, need to be elucidated.
Progress in this field can lead to new translational technologies that can potentially benefit
the health of many and is a fascinating area of research within biomedical engineering.
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Figure 1.
Gene delivery mechanism. Reproduced with permission from: Sunshine, Bishop, & Green,
Therapeutic Delivery 2011 Volume 2, Issue 4, pp. 493-521.51
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Monomer structures and polymer synthesis. The polymer library consists of polymers
synthesized by the combination of 9 backbone monomers “B”, 5 side chain monomers “S”
and 11 end-group monomers “E.”

Ann Biomed Eng. Author manuscript; available in PMC 2013 July 01.

13



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Green Page 14

"

Average log(RLU/well)
P W & &

—
i

el &
< Q;b <

Bs3c Bs3 Bs4 [ss

Figure 3.

Increased hydrophobicity improves gene delivery of LUC DNA to COS-7 cells. Average
log-scale luminescence post-transfection (meanzs.e) of end-modified polymers with the
same base polymer. Reproduced with permission from: Sunshine et al., Biomacromolecules
2011 Volume 12, Issue 10, pp. 3592-600.%0
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Biomaterial structure mediates cell-specific delivery. (A) Polymeric nanoparticles
preferentially transfect brain tumor stem cells (BTSC) rather than fetal neural stem cells

(NSCs). Reproduced with permission from >4, (B) Polymeric nanoparticles highly effective
for transfection of macrovasculature (HUVEC) are also highly effective for transfection of
microvasculature (HREC). Reproduced with permission from 4°. All cells were transfected
with GFP DNA and measured by flow cytometry.
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