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Abstract
Endothelial cell dysfunction is a critical component of ocular diseases such as age-related macular
degeneration and diabetic retinopathy. An important limitation in endothelial cell research is the
difficulty in achieving efficient transfection of these cells. A new polymer library was synthesized
and utilized to find polymeric nanoparticles that can transfect macrovascular (human umbilical
vein, HUVECs) and microvascular (human retinal, HRECs) endothelial cells. Nanoparticles were
synthesized that can achieve transfection efficiency of up to 85% for HRECs and 65% for
HUVECs. These nanoparticle systems enable high levels of expression while avoiding problems
associated with viral gene delivery. The polymeric nanoparticles also show cell-specific behavior,
with a high correlation between microvascular and macrovascular transfection (R2 = 0.81), but
low correlation between retinal endothelial and retinal epithelial transfection (R2 = 0.21). These
polymeric nanoparticles may be used in vitro as experimental tools and potentially in vivo to
target and treat vascular-specific diseases.
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Background
Endothelial cells play important roles in various ocular diseases, such as age-related macular
degeneration, diabetic retinopathy, and retinoblastoma.1 The dysregulation and subsequent
angiogenic proliferation of these ocular microvascular endothelial cells represents the key
step in most retinal causes of blindness. Regulation of this angiogenesis by anti-angiogenic
drugs such as ranibizumab is now the first-line therapy and there is continued interest in
more effective anti-angiogenic therapies.2 Gene delivery is one such alternative method for
delivery of antiangiogenic factors to endothelial cells, such as endostatin, angiostatin, and
vascular endothelial growth factor-binding protein.3, 4 In addition, gene therapy can be used
to correct specific genetic deficiencies within the endothelial cell population. In this
strategy, therapeutic genes that can either add or block a function are delivered to a targeted
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cell population. Additionally, such gene delivery methods can also be very useful in the
study of cellular biology and disease.

Non-viral transfection of human retinal endothelial cells (HRECs) remains a challenge as
does transfection of many other cell types. For example, one recent report using lipid coated
magnetic nanoparticles achieved only ~5% transfection efficacy.5 Leading commercial
reagents, such as Lipofectamine 2000, can improve the transfection of HRECs. One study
found that this approach could lead to 42%–67% knockdown of a target receptor’s surface
expression following plasmid transfection.6 Macrovascular (human umbilical vein
endothelial cells, HUVECs) are also generally difficult to transfect as a lead polymer
(polyethylenimine) plus magnetofection yielded transfection efficacy of only 39% positive
cells.7 New nanomedicines are needed to further increase the effectiveness of non-viral gene
delivery.

Certain poly(β-amino esters) (PBAEs) have recently shown good transfection efficacy to a
variety of cell types, including hard to transfect cell types like human mammary epithelium
in 2D and 3D,8 human brain cancer cells,9 and HUVECs.10 Particular polymers
formulations have shown selectivity in terms of transfecting brain cancer cells as compared
to normal astrocytes.9 In addition, polymer end-group modification has been suggested as a
tool to tune transfection efficacy.10–12 The objectives of this study were to investigate the
endothelial and retinal cell-type specificities of PBAE-based nanoparticles and also to
identify novel nanoparticles that can achieve high transfection of human endothelial cells
with minimal toxicity. A new PBAE combinatorial polymer library was synthesized and
evaluated to discover nanoparticles that can transfect either macrovascular (HUVECs)or
microvascular(HRECs) human endothelial cells or both.

Methods
Materials

All chemicals and solutions were used as received unless otherwise indicated. Monomers
and vendors used for synthesis are the following: from Acros Organics [1-(3-
aminopropyl)pyrrolidine (E8)], Alfa Aesar [3-amino-1-propanol (S3), 4-amino-1-butanol
(S4), 5-amino-1-pentanol (S5), 1,4-butanediol diacrylate (B4), 1,6-hexanedioldiacrylate
(B6), 1-(3-aminopropyl)-4-methylpiperazine (E7)], Fluka[2-(3-aminopropylamino)ethanol
(E6)], Monomer-Polymer and Dajac Laboratories [1,3-propanediol diacrylate (B3), 1,5-
pentanedioldiacrylate (B5)], Sigma-Aldrich [1,3-diaminopropane (E1), 2,2-Dimethyl-1,3-
propanediamine (E2), cystaminedihydrochloride (E10), 2-(1H-imidazol-4-yl)ethanamine
(E12)], and TCI America [1,3-diaminopentane (E3), 2-methyl-1,5-diaminopentane (E4),
(PEO)4-bis-amine (E5)]. Anhydrous DMSO and 3 M sodium acetate buffer were purchased
from Sigma Aldrich. Sodium acetate buffer was diluted to 25 mM and filtered through 0.2
μm filter. pCMV-eGFP DNA was purchased from Aldevron. PBS, 0.25% trypsin-EDTA,
Fu-Gene HD, and Lipofectamine 2000 were purchased from Invitrogen. CellTiter 96®
AQueous One MTS assay was purchased from Promega. 96-well TCP and non-TCP round-
bottom plates were purchased from Sarstedt. Human Umbilical Vein Endothelial Cells
(HUVECs) and EGM-2 Bullet Kit and Reagent Pack were purchased from Lonza. Human
retinal endothelial cells (HRECs) were obtained from Cell Systems and cultured in EGM2-
MV (from Lonza), as previously described.13, 14 The immortalized human RPE cell line,
ARPE-19, was obtained from the Dr. James Handa.15

Synthesis of Poly(beta-amino ester) (PBAE)
The structures of these polymers were chosen so that there are ester linkages to ensure
degradability of the polymers and amine groups to ensure the ability to bind DNA and form
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nanoparticles. The base polymers were synthesized by mixing diacrylates, labeled as ‘B#’ in
the text, and amino alcohols, ‘S#’, at a molar ratio of 1.2:1 in glass scintillating vials with
teflon stir bars, forming ‘B#-S#’ base polymers. The reaction was run at 90°C for 24 hours.
The base polymer was then dissolved at 167mg/mL in DMSO. In the last step of the
reaction, 480 μL containing 80 mg of the base polymer and 320 μL of 0.5 M end-capping
amine, ‘E#’, were mixed in a 1.5 mL eppendorf tubes in a shaker for 1 hour. Completed
polymers were aliquoted into smaller volumes and stored at 4°C. The completed polymers
are designated as ‘B#-S#-E#’; for example, B3-S5-E1 is an end-modified PBAE formed
from the B3-S5 base polymer which is then end-modified with the end-capping amine E1.
Polymer molecular weights were typically ~10 kDa as we previously have reported and
among these polymers we have found that molecular weight is not correlated to transfection
efficacy.16 We have recently published the polymer characterization of these synthetic
biomaterials including 1H-NMR and Gel Permeation Chromatography of each polymer.16

Nanoparticle Sizing
DNA was diluted in 25 mM sodium acetate buffer to 0.01 mg/mL. Polymer was diluted in
sodium acetate buffer to either 30 or 60 times that concentration (30 and 60 weight to
weight, w/w, ratios), added to the DNA solution and incubated at room temperature for 10
minutes. Nanoparticles were then diluted 20 fold into PBS and loaded into NS500 nanosight
tracking analysis (NTA) system. Nanosight videos were captured for 60 seconds and then
analyzed used the NTA software, version 2.2.

Transmission Electron Microscopy (TEM) imaging
Nanoparticles were prepared the same way as for sizing by NTA. 10 uL of sample was
dropped onto carbon coated copper grids and left to dry in chemical hood for 2 hours.
Unstained TEM imaging was then performed using the Philips CM120 system. Nanoparticle
sizing was performed using ImageJ software.

Green Fluorescent Protein (GFP) transfection
HUVECs and HRECs were seeded at 2,500–5,000 cells/well onto 96-well plates and
allowed to adhere overnight, in 100 μL of the appropriate media per well (EGM-2 for
HUVECs and EGM-2 MV for HRECs). Immediately before transfection, media in plates
were replaced with 10% supplemented FBS HUVEC media, 100 μL per well. For RPE
transfections, ARPE-19 cells were seeded at 15,000 cells/well and allowed to grow to
confluence over 3 days, and then transfected in DMEM with 10% supplemented FBS.
Polymers and pCMV-eGFP DNA were diluted in 25mM sodium acetate buffer. The final
DNA concentration of the mixture was 0.03 mg/mL, with PBAEs at either at 0.9 or 1.8 mg/
mL (30 w/w and 60 w/w ratios, respectively). Solution was mixed, incubated for 10 minutes
at room temperature and then 20μL were added per well. FuGene HD and Lipofectamine
2000 were screened to find best formulation by following the manufacturer’s guidelines.
FuGene HD-DNA ratio of 4-1 was used, with 10 μL added per well, while Lipofectamine
2000-DNA ratio of 1.5-1 was used, with 10 μL added per well. Plates then incubated for 4
hours, after which nanoparticle loaded media was removed and fresh EGM-2 and EGM-2
MV media were added, 100 μL/well. Each experimental condition was evaluated in
quadruplicate. Duplicate plates were made for each experimental group to use one each for
cell viability and transfection efficiency measurements.

Cell metabolism/viability
Twenty-four hours after transfection, designated plates were used for the CellTiter 96®
AQueous One MTS assay. 10 μL of the aliquoted assay solution was added per well. Plates
were incubated for 1–4 hours, after which absorbance at 490 nm was measured using the
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BioTekSynergy 2 Plate Reader. Absorbance measurements were corrected from background
media signal and normalized by untreated groups. Each experimental condition was
evaluated in quadruplicate.

Flow cytometry
Forty-eight hours after transfection, flow cytometry was performed using the Accuri C6
flow cytometer with IntelliCyt high-throughput attachment. Cells were washed with 1x PBS
and trypsinized with 30 μL/well of 0.25% trypsin-EDTA. 170 μL FACS buffer (2% FBS,
1x PBS) was added to cells and 200 μL/well transferred to 96-well round-bottom plates. The
plates were centrifuged at 1000 rpm for 5 minutes, after which 170 μL/well of the
supernatant was removed. The pellets were re-suspended in the remaining 30μL of buffer.
Plates were then placed onto the IntelliCyt high-throughput attachment and HyperCyt
software was to acquire and process data. FlowJo was used to analyze the flow cytometry
data.

Results
Polymer and Nanoparticle Synthesis

A polymer library was synthesized for gene delivery, such that a large diversity of structures
could be investigated, each with small differential structural changes from each other. The
structures of these polymers were chosen so that there are ester linkages to ensure
degradability of the polymers and amine groups to ensure the ability to bind DNA and form
nanoparticles. These polymers were synthesized from a pool of 4 acrylate monomers, 3 side
chain monomers, and 12 end-chain capping molecules as described in the methods. The
synthetic polymers are referred to by a ‘B’ number, a ‘S’ number, and an ‘E’ number, each
referring to their constituent monomers. The number following the ‘B’ or the ‘S’
corresponds to the number of carbons between functional groups in the diacrylate or amino-
alcohol monomers; thus ‘B4-S5’ is a polymer formed from a base diacrylate with 4 carbons
between each acrylate group, and an amino-alcohol with 5 carbons between the amine and
the alcohol functional groups.

Nanoparticles are formed through electrostatic self-assembly, due to attractive interactions
between cationic polymers and anionic DNA. We use relatively high polymer to DNA
weight ratios (w/w) such that the polymers encapsulate 100% of the DNA as we have
recently described.17 Representative polymers of interest were chosen for sizing
measurements. Even though polymer structure varied, nanoparticle size was found to be
similar with these different types of polymers (Figure 2A). Hydrodynamic diameter of the
nanoparticles was approximately 150 nm, with a range of 110–190 nm in the particle
distributions that was dependent on polymer to DNA weight-to-weight (w/w) formulation
ratio. The average diameter of a nanoparticle formed from B3-S5-E1 at 60 w/w as measured
by TEM was 147 nm (Figure 2B), which closely matches the results found from NTA. There
was no correlation between the sizes of nanoparticles that transfected the cells well (B3-S5-
E# and B4-S4-E# series) as compared to those that transfected the cells less well (B3-S4-E#
series). Therefore, we hypothesize that chemical structure, not nanoparticle physical
properties, is the driver of the differences seen in transfection efficacy.

Nanoparticle-mediated Gene Delivery
Leading polymeric nanoparticles were found to be very effective for gene delivery to human
microvascular and macrovascular endothelial cells. Significantly, transfection efficiencies of
up to 85% for HRECs and 65% for HUVECs were observed as opposed to 49% (HREC)
and 32% (HUVEC) with a leading commercially available reagent, Lipofectamine 2000
(Figures 3A, and 3B). Lipofectamine 2000 was also more toxic than the PBAE nanoparticles
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(Figures 3C and 3D). The polymeric nanoparticles were found to display a wide range of
transfection efficacies with both HRECs and HUVECs, which was dependent on polymer
structure. Both the choice of base polymer and end-capping groups had a large effect on the
transfection efficacy. The B4, B5, and B6 diacrylates differ by one carbon, yet there are
significant differences in toxicity and transfection efficacy. A similar effect was observed
when changing the side-chain amines. For example, B3-S4-based polymeric nanoparticles
had very low transfection (< 10%), but a single carbon added to each of the side-chain
monomers (B3-S5-based polymeric nanoparticles) resulted in highly effective gene delivery
for both HRECs (up to 76%) and HUVECs (up to 64%). The end-group of the polymer
made a big difference to endothelial cell gene delivery as well, where the best formulations
usually contained E5, E6, and E7.

In order to better isolate the effects from changing each component of the polymer, the data
were averaged together across two of the three polymer elements that compose each
synthetic polymer. In general, B4 and B5 based polymers had the highest gene delivery
efficacy (Figure 4A) and reveal an optimal base diacrylate length. On the other hand, we
observe an increasing monotonic trend with increasing length for the various side-chain
amines used in this experiment, with S5 based polymers performing best (Figure 4B).
Unlike with the structure of the base polymers, a clear trend in the structure of the end-group
with transfection efficacy is not observed (Figure 4C). However, there are some end-capping
amines, such as E6, which dramatically improve delivery, and others, such as E12, that are
much less effective. These results motivate further studies on how polymer structure affects
endothelial cell gene delivery.

Endothelial Cell-specific Gene Delivery
Comparing the transfection efficiencies between the different cell types and tissues revealed
interesting trends (Figure 5). In this study, the HREC and HUVEC transfection profiles were
positively correlated (linear regression, R2= 0.81), with greater transfection efficiencies for
HRECs overall. Similar viability profiles were also observed between HUVECs and
HRECs. On the other hand, using the same set of nanoparticles, there is very little
correlation between the transfection efficacies for gene delivery to HRECs as compared to
retinal pigment epithelium (RPEs, linear regression, R2 = 0.21), or HUVECs as compared to
RPEs (linear regression, R2 = 0.23). Polymers that performed better on the endothelial cell
types as compared the regression line include B4-S4 and B3-S5, as well as some B4-S5-
based polymers (upper left hand corner of Figures 5B and 5C). As a group, these polymers
were synthesized by diacrylate monomers that were less hydrophobic and contained 3 or 4
carbons between diacrylate monomer groups. On the other hand, there are some polymers
that work better on the epithelial cells, such as B6-S5 (lower right hand corner of Figures 5B
and 5C). This polymer is more hydrophobic than the polymers that tend to be better at
transfecting endothelial cells and this polymer contains 6 carbons between its diacrylate
monomer groups. The polymers that work well on both endothelial and epithelial cell types
include B5-S5 based-polymers (upper right hand corner of Figures 5B and 5C), which have
an intermediate level of hydrophobicity and 5 carbons between its diacrylate monomer
groups. Strikingly, these structural changes are quite subtle and they do not influence
nanoparticle size (Figure 2).

Discussion
Synthesis and testing of a PBAE library resulted in the identification of polymeric
nanoparticles that can transfect human endothelial cells, HRECs and HUVECs, with high
efficiency as compared to current commercially available standards. The best polymers
(both good transfection and viability), B3-S5-E# and B4-S4-E# series, are new PBAE
structures that were able transfect at least as well as the commercially available reagents and
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in some cases with less toxicity. Additionally, Small molecular changes to polymer
backbone, side chain or end-group structure dramatically changed transfection efficiency.
The best polymers were ones that contained B4 and B5, and S4 and S5, with a few different
E# groups. The most hydrophilic polymers, such as B3-S4, were not good at transfecting the
cells, while their toxicity was also minimal. On the other hand, the most hydrophobic
polymers, such as the B6-S5 series, were usually relatively toxic to the endothelial cells,
subsequently also reducing the transfection efficiency. This trend is mirrored when looking
at the effects of the different diacrylate monomers used (Figure 4A), where B4 and S5
performed best. While among certain structures, high hydrophobicity correlated to increased
cytotoxicity and reduced transfection, overall, when all the data is evaluated together, there
is not a strong correlation between transfection efficiency and viability (R2 =0.06, data not
shown).

Interestingly, the gene delivery efficacy across the entire polymer library was highly
correlated between transfection of HREC and HUVEC cells – nanoparticle formulations that
performed well for HRECs also performed well for HUVECs (R2 = 0.81). This is
dramatically different when compared to the performance of the same nanoparticles with
retinal pigment epithelium, indicating that formulations could potentially be found which
selectively transfect one ophthalmic cell type and not the other, as can be observed in
Figures 5B and 5C. To our knowledge this phenomenon, that specific ocular cell types can
be targeted directly by fine-tuning of the polymer structure that composes nanoparticles, is
striking and surprising. This finding also suggests that biomaterial-mediated targeting from
this class of materials may be able to be combined with other methods of gene delivery
targeting such as ligand or coating-mediated cell uptake18–20 and transcriptional
targeting21, 22 to further improve specificity and efficacy to only one specific type of cell.

In particular, we show that the polymers in the middle of the hydrophobicity scale for this
PBAE library worked very well for the endothelial cells, but much less so for the epithelial
cells. On the other hand, those that were more hydrophobic, such as the B6-S5, worked well
for the epithelial cells. Taken together, these correlations indicate that there may be natural
cell type specificity for polymeric nanoparticles of this class.

Safe and effective gene delivery vehicles can have a large impact on biological studies and
for the treatment of diseases. For example, researchers have developed a system for gene
delivery of sFLT using adeno-associated virus (AAV) to bind VEGF in monkeys as a
potential treatment for age-related macular degeneration.23 However, viral gene therapy has
limitations that may preclude many clinical applications due to carrying capacity constraints
and safety concerns.24 In contrast, our study reveals premiere non-viral nanoparticles that
are enabling technologies for transfection of endothelial cells in vitro and are promising for
use in vivo as delivery vehicles for genetic nanomedicines. We also show that polymer
structure itself, may enable cell-specific non-viral gene delivery.
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Figure 1.
(A) Polymers were synthesized by reacting a diacrylate, ‘B#’, with an amino alcohol, ‘S#’;
(B) These were then reacted with an end-group, ‘E#’; (C) Monomer structures.
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Figure 2.
(A) Hydrodynamic diameter by nanoparticle tracking analysis. (B) Transmission Electron
Microscopyof nanoparticles formed from B3-S5-E1 (60 w/w); scale bar is 200nm.
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Figure 3.
(A) HUVEC and (B) HREC transfection percentage. (C) HREC and (D) HUVEC metabolic
activity relative to untreated control. Controls: Gray=untreated, Green=FuGene HD,
Yellow=Lipofectamine 2000.
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Figure 4.
Panel of monomer effects on transfection %. Collapsing (averaging) two of three types of
monomers attempt to isolate effects of each monomer change. (A) Diacrylate base, (B) Side-
chain amine base, (C) End-group amine.
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Figure 5.
(A) There is a strong correlation between transfection of HUVEC and HRECs and (B) a
much weaker correlation when compared to transfection of RPEs.
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