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11Institute of Genetic Medicine, Johns Hopkins University School of Medicine, Baltimore, MD 
21231, United States

Abstract

Safe and effective delivery of DNA to post-mitotic cells, especially highly differentiated cells, 

remains a challenge despite significant progress in the development of gene delivery tools. 

Biodegradable polymeric nanoparticles (NPs) offer an array of advantages for gene delivery over 

viral vectors due to improved safety, carrying capacity, ease of manufacture, and cell-type 

specificity. Here we demonstrate the use of a high-throughput screening (HTS) platform to 

synthesize and screen a library of 148 biodegradable polymeric nanoparticles, successfully 

identifying structures that enable efficient transfection of human pluripotent stem cell 

differentiated human retinal pigment epithelial (RPE) cells with minimal toxicity. These NPs can 

deliver plasmid DNA (pDNA) to RPE monolayers more efficiently than leading commercially 

available transfection reagents. Novel synthetic polymers are described that enable high efficacy 

non-viral gene delivery to hard-to-transfect polarized human RPE monolayers, enabling gene loss- 

and gain-of-function studies of cell signaling, developmental, and disease-related pathways. One 

new synthetic polymer in particular, 3,3′-iminobis(N,N-dimethylpropylamine)-end terminated 

poly(1,5-pentanediol diacrylate-co-3 amino-1-propanol) (5-3-J12), was found to form self-

assembled nanoparticles when mixed with plasmid DNA that transfect a majority of these human 

post-mitotic cells with minimal cytotoxicity. The platform described here can be utilized as an 

enabling technology for gene transfer to human primary and stem cell-derived cells, which are 

often fragile and resistant to conventional gene transfer approaches.

Lay Summary:

Many retinal diseases are attributable to dysregulation in gene expression or lack of expression of 

specific genes, allowing for the possibility of prevention or cure of these diseases by effective 

delivery of nucleic acids coding for the necessary gene to the retina. Delivery of nucleic acids to 

cells of the retina is challenging due to the non-dividing nature of most retinal cells, preventing 

DNA from reaching the nucleus. To overcome this barrier, we engineered and tested a library of 

nanoparticle formulations to identify polymers that enabled safe and effective delivery of nucleic 

acid cargoes to retinal pigment epithelial cells. The nanoparticle technology explored here has the 

potential to be utilized for therapeutic delivery of nucleic acids to retinal cells, possibly enabling 

treatment for otherwise untreatable retinal diseases for which a specific genetic deficit is known 

but no drugs are available.

Keywords

Retinal pigment epithelial cell; human stem cell; nanoparticles; non-viral gene therapy; poly(beta-
amino ester); polymer; ophthalmology

1. INTRODUCTION:

Gene therapy holds promise for treating many acquired and inherited blinding disorders [1]. 

Gene therapy for long-term expression, particularly in vivo, has traditionally utilized viral 
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vectors to deliver double stranded DNA. For retinal gene therapy, adeno-associated virus 

(AAV) in particular has been successfully utilized for effective delivery to various cells of 

the retina [2]. However, utilization of AAV vectors for gene therapy does have a number of 

drawbacks, including limited cargo capacity of the AAV capsid [3–5], risk of insertional 

mutagenesis [6], the challenge of large scale production of clinical grade vector for human 

therapy [7], difficulty in transducing some cell types, and as pre-existing patient immunity to 

specific AAV serotypes [2, 8]. To overcome these challenges and to develop a potentially 

safer approach, an alternative strategy that is receiving increased attention is the formulation 

and development of biodegradable non-viral vectors to facilitate delivery of the gene of 

interest to the target site of interest. Non-viral vectors, although they have their own 

challenges such as relatively low efficiency, have the potential to overcome many of the 

drawbacks of AAV and other viral-based gene delivery methods [9].

With this goal of developing safe and efficient non-viral methods for gene delivery, a wide 

variety of non-viral nanoparticles (NPs) have been engineered and tested [10–16]. NPs have 

been developed that can effectively complex with nucleic acids, mediate cell uptake, achieve 

endosomal escape, and result in cellular gene expression. However, despite these significant 

successes, DNA transfecting NPs that have been developed to date have tended to suffer 

from low efficacy [17]. Efficacy of non-viral transfection reagents in post-mitotic cell types 

that have exited the cell cycle is particularly low, as nuclear uptake of plasmid DNA remains 

a major hurdle to effectively mediating expression [18, 19]. Poly(beta-amino ester)s 

(PBAEs) are a promising class of synthetic, cationic polymers with large structural diversity 

that have been demonstrated to effectively condense plasmid DNA into nanoparticles via 

electrostatic interactions and self-assembly, and to transfect a wide variety of cells including 

embryonic stem cells [20], as well as immortalized human RPE cell lines in vitro and mouse 

RPE cells in vivo [21].

The RPE, which is essential for retinal function, is composed of a monolayer of pigmented 

bipolar epithelial cells at the backside of the retina. Compromise of the cellular environment 

of the RPE is associated with many hereditary and acquired retinal diseases, including age-

related macular degeneration (AMD) and retinitis pigmentosa (RP) [22]. Mutations of genes 

expressed in the RPE are associated with a number of retina diseases, and viral-based gene 

therapies are actively being pursued for several of these diseases [23]. In fact, the first FDA 

approved gene therapy for an inherited disease (voretigene neparvovec-rzyl) is for an RPE-

related disease, using an AAV-based vector system. Building upon this success, a number of 

academic and industry groups are pursuing gene therapies for a number of other RPE-related 

genetic diseases. A challenge in this work is that a number of the diseases of interest involve 

genes that exceed the limited carrying capacity of AAV. One approach to address this 

challenge involves clever efforts to artificially increase AAV’s carrying capacity [24] A 

second approach involves efforts to develop other classes of viral gene vectors for retinal 

disease [25, 26]. A third approach, as noted above, involves development of non-viral 

approaches. However, despite the testing of many different non-viral strategies to deliver 

DNA to RPE, the success of the technologies that have been tested to date has been limited 

[27–36]. To address this challenge, we first established a high throughput-assay platform to 

screen potential PBAE nanoparticles for their ability to efficiently transfect iPSC-derived 

human RPE monolayers in vitro. Additionally, we hypothesized that the efficiency of 
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cationic PBAE-pDNA NPs to transduce RPE monolayers could be significantly increased by 

tuning the hydrophilicity and end group chemistry of the constituent polymers. To test this 

hypothesis, we synthesized 4 PBAE base polymers with different backbones and then end-

capped the linear polymers in a parallel plate-based format to yield a library of 148 polymer 

structures. This library of polymers, that included novel amine-containing small molecules 

as end-groups to serve as putative transfection enhancers, was then screened using the high 

throughput human iPSC RPE monolayer assay. Here we describe identification of several 

promising NPs for RPE transfection.

2. MATERIALS AND METHODS:

2.1 Polymer synthesis and characterization

Monomers for base polymer synthesis were purchased from vendors listed in Table S2, 

while end-cap monomers used were purchased from vendors listed in Table S3 and S4. 

Acrylate monomers were stored with desiccant at 4°C, while amine monomers were stored 

with desiccant at room temperature. PBAE polymers were synthesized neat at 1.1:1 B:S 

monomer ratios for polymers 3-5-Ac, 4-4-Ac and 4-5-Ac and 1:1.05 monomer ratio for 5-3-

Ac for 24 hours at 90°C. Following synthesis, neat polymers were dissolved at 200 mg/mL 

in anhydrous DMF then precipitated in diethyl ether twice at a solvent ratio of 1:10 by 

vortexing the solvents and centrifuging at 3000 rcf. Polymers were allowed to dry under 

vacuum for 24 hours, at which point they were massed and dissolved at 200 mg/mL in 

anhydrous DMSO and allowed to remain under vacuum to remove additional diethyl ether 

for another 24 hours. Finally, acrylate terminated polymers were aliquoted and stored at 

−20°C until use in end capping reactions.

For polymer characterization, samples of the initial neat polymer and neat polymer 

following diethyl ether removal were set aside for characterization via 1H NMR and gel 

permeation chromatography (GPC). GPC was performed on polymer samples both before 

and after double precipitation in diethyl ether using a Waters system with auto sampler, 

styragel column and refractive index detector to determine MN, MW and PDI relative to 

linear polystyrene standards. GPC measurements were performed as previously described 

with minor changes consisting of a modified flow rate (0.5 mL/min) and an increase in 

sample run time to 75 minutes per sample[37]. Analysis of polymers via 1H NMR (Bruker 

500 MHz) following diethyl ether precipitation and drying was performed to confirm the 

presence of acrylate peaks. For NMR, neat polymer was dissolved in CDCl3 containing 

0.05% v/v tetramethylsilane (TMS) as an internal standard.

2.2 Polymer library preparation

PBAE polymers were prepared for transfection screening experiments by high-throughput, 

semi-automated synthesis techniques using a ViaFlo 384 (Figure 2B). For end capping 

reactions, 25 µL of end-cap molecules in anhydrous DMSO at a concentration of 0.2 M were 

distributed to source wells of a deep-well 384 well plate, then distributed to corresponding 

replicate wells in groups shown in multiple colors of the end capping reaction 384-well deep 

plate (240 µL volume). Acrylate terminated base polymers at 200 mg/mL in anhydrous 

DMSO were thawed and distributed to wells containing 36 different end-cap molecules and 
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a single well containing DMSO only for the acrylate terminated polymer control. End 

capping reactions were allowed to proceed for two hours at room temperature on a gentle 

shaker, after which end-capped PBAE polymers were diluted to 50 mg/mL in anhydrous 

DMSO and aliquoted to 5 µL per well on the left side of 384-well nanoparticle source plates. 

Nanoparticle source plates were sealed and stored at −20°C with desiccant until needed for 

transfection. Following large-scale screening of the PBAE library in 384-well plates, larger 

batches of top PBAE structures were synthesized from frozen base polymer using the same 

protocol described above. End-capped polymers were then aliquoted to individual tubes and 

stored at −20°C with desiccant.

For end capping, reaction volumes of 50 µL at 100 mg/mL polymer concentration and 0.1 M 

amine monomer end-cap concentration were selected as sufficient to enable effective 

reactivity over a two-hour time period. For initial studies, end-cap molecule E1 was titrated 

between 0.2 and 0.0625 M in reactions with base polymer PBAE 4-5-Ac at 100 mg/mL over 

two hours. Reacted polymers were then precipitated twice in diethyl ether to remove excess 

end-cap monomer, dried and assessed using 1H NMR to determine efficacy of the end 

capping reaction by the disappearance of acrylate moiety peaks between 5.5–6.5 ppm. These 

results demonstrated effective end capping down to a concentration of 0.05 M for end-cap 

molecule E1. To allow for varying levels of reactivity between end-cap molecules, an end-

cap molecule concentration of 0.1 M was used for parallel large-scale end capping reactions.

2.3 Differentiation and Culture of RPE From hPSCs

RPE monolayers were differentiated as described previously [38, 39] from the EP1-GFP 

human iPS cell line that constitutively expresses H2B-nuclear-GFP. In brief, iPS cells to be 

differentiated were plated at 60,000 cells per cm2 on Matrigel-coated 384-well plates and 

allowed to grow for 25 days in RPE medium consisting of 70% DMEM (catalog no. 

11965092; ThermoFisher Scientific), 30% Ham’s F-12[40] Nutrient Mix (catalog no. 

11765–054; Invitrogen), serum free B27 supplement (catalog no. 17504044; ThermoFisher 

Scientific), and antibiotic-antimycotic (catalog no. 15240062; ThermoFisher Scientific). 

Coating of plates with Matrigel (25 μL per well), seeding of cells (50 μL per well), and 

media change every other day (replaced with fresh 25 μL per well) were accomplished using 

a high throughput Viaflo microplate dispenser (catalog no. 6031; Intergra). Cells were 

confirmed to possess an RPE monolayer phenotype at day 25 following plating.

2.4 Nanoparticle characterization

Following transfection screening, 5-3-J12 polymer was selected as the top performer due to 

it’s high transfection efficacy and robustness. The hydrodynamic diameter of top PBAE 

structure 3,3′-iminobis(N,N-dimethylpropylamine)-end terminated poly(1,5-pentanediol 

diacrylate-co-3 amino-1-propanol) (5-3-J12) was characterized at three different w/w ratios 

to assess the influence of w/w ratio on nanoparticle characteristics. For dynamic light scatter 

(DLS) measurements, nanoparticles were initially formed in 25 mM MgAc2, pH 5.0 then 

diluted 1:6 into 10% FBS in PBS dynamics and analyzed in disposable micro-cuvettes using 

a Malvern Zetasizer NanoZS (Malvern Instruments, Malvern, UK) with a detection angle of 

173°. For zeta potential, nanoparticles were prepared and diluted as for DLS, but were 

analyzed by electrophoretic light scattering was in disposable zeta cuvettes at 25°C using the 
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same Malvern Zetasizer NanoZS. For nanoparticle tracking analysis, nanoparticles were 

formed in 25 mM MgAc2, pH 5, then diluted 1:500 in 150 mM PBS as previously described 

using a Nanosight NS300 [41].

A gel retention assay to assess PBAE: DNA binding strength was performed as previously 

described [42] using a 1% agarose gel. Acrylate terminated PBAE 5-3-Ac was compared 

against top PBAE structure 5-3-J12 at w/w ratios from 0 to 50 to demonstrate improved 

binding of end-capped PBAE structures.

Transmission electron microscopy (TEM) images were acquired using a Philips CM120 

(Philips Research, BriarcliffsManor, New York) on 400 square mesh carbon coated TEM 

grids. Samples were prepared at a DNA concentration of 0.045 µg/µL and polymer 90 w/w 

ratio in 25 mM MgAc2, pH 5.0 after which 30 µL were allowed to coat TEM grids for 20 

minutes. Grids were then dipped briefly in ultrapure water, wicked dry and allowed to fully 

dry before imaging.

2.5 Plasmid Design

For the in vitro transfection, a plasmid coding for the mCherry open reading frame was 

created by PCR amplification of the mCherry-N1 plasmid (catalog no. 632523; Clontech). 

Since this plasmid has no start site, an ATG initiation codon was added to the forward 

primer. After PCR amplification, mCherry was inserted into the directional pENTR-D-

TOPO gateway entry vector (catalog no. K240020; Invitrogen). Positive colonies were 

selected by PCR and confirmed by sequencing. 100ng of purified entry plasmid was mixed 

with pCAGG-DV destination vector, created by incorporating a gateway cassette containing 

attR recombination sites flanking a ccdB gene into the pCAGEN vector (Addgene #11160), 

in the presence of LR clonase II (catalog no. 11791019). After recombination clones were 

selected and sequenced and deposited (Addgene 108685). For experiments using co-delivery 

of two plasmids, iRFP670-N1 (Addgene 45457) [43] was used.

2.6 Imaging and Analysis using HCS studio 2.0 Software

Images were acquired on an ArrayScan VTI HCA Reader (Thermo Fisher Scientific) using a 

20x objective. For analysis, the Thermo Scientific AdvancedTargetValidationV4.1 

application was used with the assay described in Figure S4.

2.7 In vitro nanoparticle mediated gene delivery

On the day of transfection, the old media was discarded and replaced with 40 μL of fresh 

RPE media. PBAE/pDNA nanoparticles were formed under optimal conditions previously 

described {Wilson, 2019 #907}. Briefly, pDNA was diluted in 25 mM magnesium acetate 

buffer (MgAc2, pH 5) and aliquoted to individual wells on the right half of the 384-

nanoparticle-source plate. End capped PBAEs from the left half of the 384 well round 

bottom source well place (Figure 2D) were then resuspended in parallel in 25 mM MgAc2 

using a ViaFlo microplate dispenser. After a brief centrifugation (1000 RCF for 1 minute) 

the solutions of unique PBAE structures were then transferred to the right half of the 384 

well round bottom source well place containing pDNA (Figure 2D) in a 3:1 (vol/vol) ratio, 

resulting in a defined weight-weight (w/w) ratio between 20–100 of PBAE:DNA. The 

Mishra et al. Page 6

Regen Eng Transl Med. Author manuscript; available in PMC 2021 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nanoparticle source plate containing the PBAE/DNA mixtures was then briefly centrifuged 

(1000 RCF for 1 minute). To dispense nanoparticles to cells, 5 µL volumes of the NPs in 

each well were then added to the RPE monolayer (Figure 2E) and incubated with cells for 2 

hours inside the 37°C incubator; all nanoparticles and media were then replaced with 50 μL 

of fresh RPE media. After approximately 48 hours to allow for reporter gene expression, 

images were acquired using an automated fluorescence-based imaging system (Cellomics 

ArrayScan VTI; Thermo Fisher Scientific) for nuclear-GFP and mCherry. Transfected cells 

were identified as those expressing both the endogenous nuclear GFP and exogenous 

mCherry reporters, and the percent of transfected cells, as well as cell viability, was 

determined for each NP and condition.

2.8 Immunostaining and Confocal Microscopy

iPS EP1 cells, without a nuclear-GFP reporter, were differentiated by plating them at 25,000 

cells per cm2 on Matrigel-coated borosilicate sterile 8-well chambered cover glasses (catalog 

no. 155409; Lab-Tek II; ) and allowed to grow for 25 days in RPE medium. On the day of 

transfection, the old media was discarded and replaced with 300 μL of fresh RPE media. The 

PBAE 5-3-J12 was then mixed with CAG-mCherry pDNA in a 3:1 (vol/vol) ratio, resulting 

in a defined weight-weight (w/w) ratio of 90:1 of PBAE:DNA. To dispense nanoparticles to 

cells, 50 µL volumes of the NPs containing 1500 ng DNA were then added to the RPE 

monolayer and incubated with cells for 2 hours inside the 37°C incubator; all nanoparticles 

and media were then replaced with 300 μL of fresh RPE media. After approximately 48 

hours, to allow for reporter gene expression, the cells were fixed with 4% paraformaldehyde 

in PBS, cells were blocked and permeabilized for 30 min in 5% goat serum, 0.25% Triton 

X-100 in PBS, and then incubated for 1 h at room temperature with polyclonal mouse anti–

ZO-1 (1/500; catalog no. 40–2200; Invitrogen) monoclonal rat anti–mCherry (1/1000; 

catalog no. M-11217; Molecular Probes). Cells were then incubated for 1 h at room 

temperature with the corresponding secondary antibody conjugated to Alexa 488 or Alexa 

568 (Invitrogen), and counterstained with Hoechst 33342 (Invitrogen). Images were captured 

with a confocal microscope (Zeiss LSM 710).

2.9 Co-expression Assay

To assess the ability of top PBAE nanoparticles to co-deliver two plasmids, plasmids CAG-

mCherry (Addgene 108685) and CMV-iRFP670 (Addgene 45457) [43] were diluted 

together in 25 mM MgAc2 and used to form PBAE 5-3-J12 nanoparticles at a 90 w/w ratio. 

These nanoparticles were used to transfect a combined total DNA dose of 200 ng/well in 

384 well plates. For the co-delivered condition, plasmids in 25 mM MgAc2, were pre-mixed 

prior to complexation with PBAE and added to RPE monolayers together in the same 

nanoparticles. Transfection efficacy for iRFP and mCherry was then assessed 72 hours 

following transfection using the HCS assay as described.

2.10 Statistical analysis

Graph pad prism software (v.7.0) was used for data analysis. One-way ANOVA test was 

used for comparison of the results. For finding the differences between groups, data was 

analyzed by post-Hoc, Dunnett’s multiple comparisons test. P values of ****p<.0001; 

***p<.001; **p<.01; *p<.05 were considered as statistically significant.
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3. RESULTS

3.1 Polymer Synthesis and Characterization

Four acrylate-terminated PBAEs that were shown previously to be effective for gene 

delivery in various cell types were synthesized as previously described [44] as neat polymers 

from small molecule diacrylate and amino monomers (Figure 1). The acrylate-terminated 

polymers were also washed twice with diethyl ether and characterized via gel permeation 

chromatography and 1H NMR to assess number average molecular weight (MN) and to 

ensure that the majority of polymer molecules were acrylate terminated to allow for effective 

end-capping (Figure S1). The results indicated that all synthesized polymers, were acrylate 

terminated with number average molecular weights between 6.2 to 7.8 kDa (Figure S2). 

Precipitation in diethyl ether has previously been utilized to remove excess end-cap 

monomers reacted with base-polymers to avoid free monomer induced cytotoxicity [45]. We 

hypothesized that precipitation via diethyl ether even in the absence of end-cap monomers to 

be removed would increase molecular weight and reduce polydispersity of synthesized 

acrylate terminated polymers by removing oligomers that have been shown to be ineffective 

for gene delivery purposes [46, 47]. This effect was confirmed by GPC analysis of polymer 

before and after precipitation, whereby MN increased by an average of 41 ± 9% (mean ± 

SD) and PDI decreased by an average of 16 ± 9% (mean ± SD). The molecular weights of 

the base polymers are all within the optimal range for transfection efficacy previously 

reported for similar polymer structures [46].

Utilization of end-cap monomers in linear PBAEs has been demonstrated to greatly improve 

transfection efficacy compared to side-chain monomer terminated polymers (i.e. C32) [48–

52]. Furthermore, polymer end-capping groups have been shown to significantly increase the 

efficacy of acrylate terminated base polymers that are almost entirely ineffective for both 

uptake and transfection [53]. With this rationale, we selected potential end-cap monomers 

from those previously published and available potential primary amine monomers from 

chemical supply companies. Polymer 4-4-Ac was end-capped with each potential monomer 

initially and pre-screened for transfection efficacy in HEK293T cells to separate out wholly 

ineffective end-cap monomers (Figure S3 and Table S4). From this pre-screen, we selected 

36 end-cap monomers (Figure 1) to use for polymeric library preparation, having eliminated 

24 of the structures for RPE screening tests.

The polymer nomenclature “BN-SN-XY” in the synthesized polymer library denotes base 

monomer (B) carbon number between acrylate moieties, and side-chain monomer (S) 

number denotes carbon number between hydroxyl as previously described.[44] Due to the 

large number of amino end-cap monomers, we utilized a new naming scheme whereby end-

cap monomers were given a letter (J-P) for specific structural category (denoted X above) 

followed by a number for specific monomer in the category (denoted Y above). Structural 

categories of end-cap monomers included amino alkanes (J), amino piperidines (K), amino 

pyrollidines (L), amino alcohols (M), amino piperizines (N), diamino-ethers (O) and amino 

morpholinos (P). By this nomenclature, 3,3′-iminobis(N,N-dimethylpropylamine)-end 

terminated poly(1,5-pentanediol diacrylate-co-3 amino-1-propanol) (PBAE 5-3-J12) was 
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synthesized from monomers B5 and S3 to yield an acrylate terminated PBAE followed by 

end-capping with monomer J12 to yield a linear, end-capped polymer.

3.2 Polymer Library Preparation

The polymer library described above was prepared in a semi-automated, high-throughput 

manner to identify polymer formulations effective for transfection of iPSC derived RPE cells 

in a highly parallel manner as shown in Figure 2. For high-throughput polymer end-capping 

reactions, end-cap monomers in DMSO were distributed to deep-well 384-well plates, after 

which acrylate terminated polymers were distributed likewise in parallel and allowed to react 

for two hours at room temperature with gentle shaking. End-capped polymers in the master 

reaction plate were diluted further in DMSO and a set volume was distributed in parallel to 

individual nanoparticle source plates (384 well round-bottom plates). Nanoparticle source 

plates were then sealed and stored at −20°C with desiccant until the time of transfection. 

This method allowed many nanoparticle source plates to be prepared at one occasion to 

ensure reproducibility between transfections on different days.

3.3 High Throughput Semi-Automated NP Transfection to RPE Monolayers

To access the transfection efficacy of the PBAE nanoparticles in mature RPE monolayers at 

day 25 following seeding of differentiated RPE cells (Figure S5), we conducted a high 

throughput-screening assay with the prepared library of 148 PBAE structures. For high-

throughput transfections, a nanoparticle source plate with polymers in one-half of the wells 

was thawed and DNA diluted in pH 5 magnesium acetate (MgAc2) buffer was distributed to 

the right half of the plate. For initial screening assays we choose to use a plasmid in which 

expression of the fluorescent reporter mCherry is driven by the chicken β-actin with a CMV 

enhancer (CAG) promoter because the CAG promoter was previously shown to be highly 

active in human iPSC-derived RPE cells [54]. Each polymer was resuspended in pH 5 

MgAc2 buffer in parallel and mixed with the dilute DNA to form polyplex nanoparticles by 

electrostatic self-assembly. Nanoparticles were then distributed to plates of cells in parallel 

to screen for transfection efficacy using an image-based High Content Screening assay 

(Figure S4). This setup enabled 148 polymer structures per nanoparticle source plate to be 

tested with two replicates for each polymer per plate of cells.

Our library of polymers was first screened at a 60 w/w ratio of polymer to plasmid DNA to 

assess transfection efficacy (Figure 3A) and viability (Figure 3B) relative to untreated RPE 

monolayers. As previously observed, acrylate terminated polymers (5-3-Ac, etc) lacking any 

end-cap monomer failed to yield detectable transfection [55]. Heat map arrays of 

transfection efficacy demonstrated that more hydrophobic polymer structures (base polymers 

5–3- and 4–5-) generally yielded greater transfection and the end-cap played an important 

role in the efficacy of polymers overall. Several leading PBAE structures, 5-3-J12, 5-3-O3 

and 5-3-O4, resulted in 42%, 37% and, 34% positively transfected cells, respectively while 

maintaining high cell viability (90%, 97% and, 98%, respectively). Among all polymers 

evaluated, cell viability was not directly proportional to a polymer’s ability to transfect RPE 

monolayers, as some other PBAEs demonstrated extremely low transfection efficacy despite 

high cell viability. Interestingly, the results of screening this library of polymers on mature 

RPE monolayers at day 25 post-seeding differed from transfection efficacy screening in 
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mitotic RPE cells on day 3 post-seeding (Figure S6), where more hydrophilic polymer 

structures demonstrated the highest efficacy and greater cytotoxicity was notable among all 

polymers. These results thus confirm our prior experience that polymer transfection 

efficiency can be highly cell type/state dependent and highlight the importance of optimizing 

polymers on the specific cell type and cell state of interest.

3.4 Validation of 5-3-J12 Nanoparticle Transfection Efficacy

In order to validate and optimize the top polymer structure identified in our screen, 5-3-J12, 

polymer to DNA w/w ratio and overall polymer dose per well were varied to identify 

optimal transfection conditions (Figure S7). With this optimization, 90 w/w 5-3-J12 

nanoparticles were demonstrated to yield the greatest transfection efficacy (up to 60% 

transfection) compared to 30 w/w and 60 w/w nanoparticles of the same polymer structure at 

an equal polymer dose per well of cells. Assessment of a wide range of leading 

commercially available transfection reagents at multiple ratios of reagent to DNA and 

multiple DNA doses further demonstrated the enhanced efficacy of this new chemical 

compound in transfection of RPE monolayers (Figure S8). In direct comparisons, PBAE 

5-3-J12 yielded statistically significantly higher transfection efficacy (Figure 4A) than all 

tested commercial transfection reagents as well as our previously developed top PBAE 

polymer for transfection of RPE cells (PBAE 557) [56]. Viability of RPE monolayers with 

nanoparticle 5-3-J12 was not statistically significantly different from untreated cells, in 

contrast to most commercial reagents, which induced significant cytotoxicity to achieve 

lower transfection efficacy (Figure 4B). PBAE 5-3-J12 further yielded a greater degree of 

transgene expression than the top commercial reagent ViaFect, as shown by both flow 

cytometry (Figure 4C) and by microscopy (Figure 4D). Overall transfection efficacy for all 

transfection reagents varied together across independently prepared iPSC-derivations of 

mature RPE monolayers over a 9-month time-span, but the top polymer structure, 5-3-J12, 

always yielded transfection efficiencies (20% to 60%) that were statistically higher than the 

top commercial reagent, ViaFect (Figure S9).

3.5 Biophysical Characterization of 5-3-J12 Nanoparticle

To further investigate the biophysical properties of 5-3-J12, we characterized these 

nanoparticles at multiple w/w ratios via dynamic light scattering (DLS), electrophoretic light 

scattering for zeta-potential, and nanoparticle tracking analysis (NTA). 5-3-J12 nanoparticles 

at w/w ratios of 30, 60 and 90 polymer to DNA varied significantly in diameter assessed by 

DLS and NTA with 90 w/w nanoparticles forming significantly smaller particles (Figure 

5A,B). This result is consistent with our previously published findings that forming PBAE 

nanoparticles at high w/w ratios with excess polymer has a tendency to yield a smaller 

overall population of nanoparticles [57, 58]. Zeta-potential of 5-3-J12 did not vary with w/w 

ratio, with all 5-3-J12 nanoparticles measured to have a surface charge of between 25–30 

mV (Figure 5C). The addition of the J12 end-cap moiety to base polymer 5-3-Ac was 

demonstrated to improve DNA binding capacity via a gel retention assay (Figure 5D), likely 

due to increased positive charge from the amine-containing J12 end-group. The diameter of 

PBAE 5-3-J12 nanoparticles assessed by TEM was similarly consistent with hydrodynamic 

diameter sizing measurements, showing dried particles of approximately 100 nm in diameter 

(Figure 5E).
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3.6 Co-transfection and Properties of RPE Monolayer Transfected Cells

For in vitro mechanistic studies as well as potentially for in vivo ocular gene therapy 

applications, it could be advantageous to transfect cells simultaneously with multiple genes. 

We therefore tested whether our non-viral delivery system could provide efficient co-

expression of multiple genes. Transfection of mature RPE monolayers with 5-3-J12 90 w/w 

nanoparticles prepared with CAG-mCherry and CMV-iRFP670 plasmids yielded up to 22% 

of cells showing co-expression of both genes (Figure 6A). Among cells detectably 

expressing either fluorescent protein, most showed expression of both genes (53.5 ± 1.4%), 

rather than expressing just one gene (15.0 ± 2.6% and 31.4 ± 2.7% for CAG-mCherry and 

CMV-iRFP670 respectively). In all transfection experiments, among the transfected cells we 

observed a wide range of expression levels. We also observed that there seemed to be a 

relationship between expression level and cell viability. With the strong synthetic CAG 

promoter, with both PBAE 5-3-J12 as well as ViaFect-mediated transfection, the cells that 

expressed the exogenous reporter genes at the highest levels were more likely to undergo 

cell death (see Supplementary Video that demonstrate time-lapse microscopy of highly 

expressing cells undergoing cell death for PBAE 5-3-J12 transfection (Video 1) and ViaFect 

transfection (Video 2)). However, the induction of cell death was determined not to be 

directly attributable to the polymers themselves as nanoparticles prepared with non-coding 

Cy5-labeled plasmid DNA [59] did not induce a significant level of cell death, whereas a 

reduction in the total number of nuclear-GFP positive cells per well for RPE monolayers 

transfected with the same nanoparticles prepared with the CAG-mCherry plasmid was 

observed (Figure S10). Finally, confocal microscopy assessment of RPE monolayers 

transfected and stained for tight junctions (ZO-1) at 48 hours post-transfection demonstrated 

the presence of tight junctions following transfection with 5-3-J12 (Figure 7).

DISCUSSION

Safe and effective non-viral gene delivery of plasmid DNA to post-mitotic cells remains 

challenging in part due to the lack of nuclear membrane breakdown, which is a major barrier 

to gene delivery. Delivery of plasmid DNA to post-mitotic cells is of great utility for the 

study of retinal biology as well as for the development of non-viral therapeutic materials for 

retinal gene therapy. Here, we designed and utilized a semi-automated high throughput 

system to generate and identify candidate biodegradable polymer structures that mediate 

effective delivery to post-mitotic, mature RPE monolayers derived from induced pluripotent 

stem cells [38, 39]. While prior studies have utilized immortalized RPE cell lines such as 

ARPE-19 or hTERT-RPE1 to study gene delivery to RPE monolayers in vitro, these cell 

lines provide only a limited model of the cell behavior of RPE cells in vivo both in terms of 

cellular phenotype and gene expression profile. The ES-derived RPE monolayers used here 

have been previously validated to better mimic native RPE phenotype and gene expression 

of RPE cells in the human retina, enabling them to serve as a useful model for the study RPE 

biology in high throughput formats [39].

The approach for high throughput PBAE library generation described here is highly 

adaptable for rapid library generation and screening techniques. In contrast to prior 

automated and semi-automated synthesis libraries that have used pipetting robots such as 
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Tecan [60], our simplified semi-automated technique facilitates parallel testing of polymer 

structures that can be implemented with any parallel pipetting framework, including in 96 

well plates with a simple multichannel pipet. Our approach also demonstrates the 

importance of end-cap monomer structure for determining the efficacy of linear PBAEs for 

transfection, an approach which is highly amenable to simple parallelization [52].

With these validated RPE monolayers and semi-automated polymer library preparation and 

screening technique, we identified multiple candidate polymer structures for transfection of 

post-mitotic RPE monolayers with the most promising candidate, 5-3-J12, yielding up to 

60% transfection efficacy with minimal cytotoxicity. This polymer structure was further 

shown to enable co-delivery of two separate plasmids coding for two fluorescent proteins, 

and we demonstrated that tight junctions stained with anti-ZO-1 were still present at 48 

hours post-transfection. The utilization of this screening approach is notable given that our 

prior candidate for transfection of RPE cells (PBAE 557), identified by screening in 

ARPE-19 monolayers [21], yields <15% transfection efficacy in our current assay with 

mature RPE monolayers. Similarly, widely-used commercial transfection reagents such as 

Lipofectamine 3000 and JetPRIME polyethylenimine were minimally effective at 

transfecting difficult-to-transfect post-mitotic RPE monolayers. The commercial reagent 

ViaFect was the most effective commercially available reagent tested, but it yielded less than 

half the level of transfection of our top identified polymer, PBAE 5-3-J12.

Our top identified polymer structure, a new composition that utilizes 3,3′-iminobis(N,N-

dimethylpropylamine) as an end-group, was characterized as a nanoparticle and shown to 

possess biophysical properties very similar to other leading non-viral gene delivery particles 

(~100 nm in size with a positive surface charge). Given the relative ease of synthesis of 

PBAEs and their overall low cytotoxicty and permanence due to their rapid hydrolytic 

degradation rate [55], they represent a promising biological technology for routine in vitro 
transfections in the laboratory to further research into retinal biology and genetics.

Despite the promise of PBAEs for transfection of difficult to transfect cells, we do also want 

to mention a note of caution. Previous work has demonstrated that high levels of transgene 

expression, including high levels of fluorescent reporter protein expression, can induce 

apoptosis and other undesirable cellular changes in transfected cells, which may be a 

challenge for the use of high efficiency non-viral vectors such as those described in this 

manuscript [61]. Presumably related to this phenomenon, we did observe cellular changes 

and cell death in experiments in which RPE cells were induced to express high levels of 

mCherry here, a phenomenon that was not observed when using non-coding plasmid DNA. 

Potential approaches to limit the negatives effects of over-expression include utilization of 

self-limiting expression cassettes and use of weaker or regulatable promoters, as well as 

developing methods to directly reduce the cellular toxicity of over-expressed proteins.

CONCLUSIONS

In summary, here we report the high-throughput screening and development of PBAE-based, 

biodegradable nanoparticles as efficient vehicles for delivering pDNA to human iPSC-RPE 

monolayers using a combinatorial chemistry approach. By screening a total of 140 
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synthesized PBAEs with varying chemical structures, we identified lead PBAE structures 

that resulted in markedly increased pDNA delivery efficiency in vitro. Our results suggest 

that PBAE can effectively complex pDNA into nanoparticles, and protect the pDNA from 

being degraded by environmental nucleases and deliver pDNA effectively to RPE 

monolayers. Furthermore, our results support our hypothesis that PBAE-mediated pDNA 

delivery efficiency can be modulated by tuning PBAE end group chemistry. Using human 

iPSC-RPE monolayers as model cell types, we identified several PBAE polymers that allow 

efficient pDNA delivery at levels that are double that of leading commercial transfection 

reagents, while maintaining high cell viability. The top synthetic polymer, 3,3′-
iminobis(N,N-dimethylpropylamine)-end terminated poly(1,5-pentanediol diacrylate-co-3 

amino-1-propanol) (5-3-J12), formed ~100 nm nanoparticles when mixed with plasmid 

DNA, could co-deliver multiple plasmids to human iPSC-RPE monolayers, and was capable 

of transfecting a majority of iPSC-RPE cells with minimal cytotoxicity. Together, our results 

highlight the promise of PBAE-based nanoparticles as novel non-viral gene carriers for 

pDNA delivery into hard-to-transfect cells such as RPE monolayers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Sequential poly(beta-amino ester)s (PBAEs) library construction and synthesis scheme
(A) Synthesis scheme of linear PBAEs from diacrylate and primary amine small monomers 

to yield acrylate terminated polymers, followed by end-capping to yield linear end-capped 

PBAEs. (B) Representative PBAE 5-3-J12 formed from monomers B5, S3 and end-cap J12. 

(C) Τhree diacrylate monomers and (D) three side-chain amino alcohols utilized in library 

synthesis. (E) 36 end-cap monomers identified as effective for transfection.
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Figure 2. Schematic of combinatorial PBAE library construction
(A) Linear base polymer PBAEs were synthesized in vials to be acrylate terminated, then 

characterized via 1H NMR and GPC (B) Synthesized acrylate-terminated polymers were 

dispensed into a 384 well round bottom plate using a ViaFlo 96/384 microplate dispenser 

and end-capped with respective end-cap monomers. A total of 4 different base polymers as 

shown in different color scheme were end-capped per master plate containing 36 end-cap 

monomers each. (C) Source plates were then replicated from one master plate and stored 

them at −80 °C for future use. (D) End capped linear polymers (left 12 columns of the plate) 

were mixed with plasmid DNA (right 12 columns of the plate) to formulate NPs. (E) The 

RPE monolayers were transfected using an automated Viaflo microplate dispenser and 

incubated for 2 hours with NPs. (F) Images were captured using Cellomics.
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Figure 3: High throughput screening of PBAE nanoparticles in confluent D25 RPE monolayers.
(A) Heat maps showing the percentage transfected RPE cells and (B) relative percentage 

survival rate following the introduction of 148 different nanoparticles to confluent RPE 

monolayers at day 25 post seeding using a 60 w/w ratio of polymer to CAG-mCherry 

plasmid DNA. The color scale bar refers to the percentage transfection efficiency and 

percentage survival that was calculated based on the number of mCherry positive cells 

detected from the total cell population. Transfection efficacy and relative cell count were 

assessed approximately 48 hours after adding nanoparticles to cells.
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Figure 4: Transfection of RPE monolayers with top PBAE nanoparticles and with commercially 
available reagents.
(A) Transfection efficacy and (B) relative cell count of optimized nanoparticle formulation 

compared to commercial reagents. (One-way ANOVA with Dunnett corrected multiple 

comparisons) assessed approximately 72 hours after adding reagents to cells. (C) Relative 

expression level of cells transfected with 5-3-J12 and ViaFect demonstrating a greater 

number of cells expressing at all levels of expression. (D) Representative microscope images 

of RPE cells expressing nuclear GFP (green) and transfected with mCherry (red). Scale bar 

is 100 μm. Bars show mean ± SEM of four wells.
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Figure 5: PBAE 5-3-J12/DNA Nanoparticle Characterization
(A) Nanoparticle hydrodynamic diameter measurements assessed via DLS z-average and (B) 
NTA showed that average diameter decreased as polymer: DNA w/w ratio increased. DLS z-

average measurements were statistically lower for 90 w/w nanoparticles, compared to 30 

w/w nanoparticles. (C) Nanoparticle zeta-potential did not statistically differ between the 

nanoparticles at different w/w ratios. (D) End-capping with monomer J12 improved DNA 

binding compared to acrylate-terminated polymers. PBAE 5-3-J12 fully retarded DNA at 

w/w ratios down to 5 w/w, in contrast to the acrylate terminated polymer, which was only 

effective down to a 10 w/w ratio. (E) TEM showed 5-3-J12/DNA nanoparticles have a 

spherical morphology and size of approximately 100 nm. Graphs show the mean of three 

independently prepared samples. *p < 0.01, **p < 0.001, based on one-way ANOVA with 

Tukey’s post hoc test.
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Figure 6: Co-transfection of two reporter plasmids with PBAE 5-3-J12/DNA nanoparticles.
(A) Nanoparticles formed with pre-mixed plasmids encoding CAG-mCherry and CMV-iRFP 

enabled RPE monolayers to co-express two exogenous genes simultaneously when assessed 

at approximately 72 hours post addition of nanoparticles. The majority of the cell population 

detectable as expressing either fluorescent protein, expressed both fluorescent proteins. (B) 

Representative RPE monolayers co-transfected with both CAG-mCherry (red) CMV-

iRFP670 (blue) reporter constructs. A purple color indicates co-expression of the two 

exogenous genes. Scale bar is 100 µm. Bars show mean ± SEM of four wells.
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Figure 7: RPE monolayer morphology after transfection.
RPE monolayers were fixed and stained for tight junction protein ZO-1 to assess 

morphology of cells following transfection. Monolayers transfected with −3-J12/DNA 

nanoparticles at a 90 w/w ratio to express mCherry had ZO-1 present at cell boundaries but 

overall cell morphology differed from untreated cells. Scale bar is 50 µm.
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