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Abstract
Polymeric nanoparticles are promising for gene therapy and stem cell reprogramming using non-
viral vectors. A novel assay utilizing nanoparticle tracking analysis (left) is developed here to
easily quantify the number of plasmids within polymeric nanoparticles while in aqueous solution.
Particles effective at co-transfecting primary human fibroblasts (right) are ~100 nm in diameter
and contain ~100 plasmids per particle.
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Gene delivery is attractive both to treat genetic diseases[1] and as a technology for
regenerative medicine.[2] For successful clinical translation of a cell-based gene therapy
approach[3], it is important to address two key challenges: 1) to develop safe and effective
gene delivery vectors[4] and 2) to find a replenishable and genetically matched source of
cells.[5, 6] Non-viral gene delivery is a safer alternative to viral vectors.[7–10] Cationic
polymers condense DNA via electrostatic interaction with the negatively charged DNA
backbone to form self-assembled complexes on the order of ~100 nm and are commonly
termed polyplexes or polymeric nanoparticles. Polyethylenimine (PEI) is a widely-used off-
the-shelf cationic polymer that forms polymeric nanoparticles with DNA and is non-
degradable.[11] Poly(beta-amino ester)s (PBAEs) are a newer class of cationic polymers that
similarly form polymeric nanoparticles, but are hydrolytically degradable.[12] End-
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modification of PBAEs has shown improved gene delivery efficacy in certain cell
types.[13–15]

Recently, human fibroblasts have been successfully reprogrammed to induced pluripotent
stem cells (iPSCs)[16] that offer potential applications in regenerative medicine as a
replenishable source of autologous stem cells.[16–18] Many reprogramming studies utilize
viral vectors that have higher efficiency but are unsafe for clinical applications, while non-
viral methods, such as nanoparticle-based methods, have reported low reprogramming
efficiency.[6] Reprogramming requires transfection of a combination of plasmids that encode
reprogramming factors.[6, 19] Since the number of plasmids complexed per particle affects
transfection efficiency, a quantitative determination of this number would benefit the
development of nanoparticle-based gene delivery strategies, especially for co-delivery of
multiple plasmids to the same target as required in factor-based reprogramming. Few studies
have investigated the composition of gene delivery nanoparticles in terms of the number of
plasmids associated with a single nanoparticle, and the assays used have had significant
drawbacks that affect the estimation.[20–23] In the present study, we developed a novel assay
to easily quantify the number of plasmids within polymeric nanoparticles in physiologically
relevant aqueous conditions using a nanoparticle tracking analysis technique. We
investigated PEI and six formulations of PBAEs optimized for gene delivery to human
primary fibroblasts (IMR90). We studied how small modifications, including to the polymer
structure and polymer to DNA weight ratio, affect the composition of the nanoparticles in
terms of plasmids associated per particle and its implications in co-transfection of multiple
plasmids to the same cells. Particles effective at transfecting primary human fibroblasts had
30–120 plasmids per particle, depending on polymer structure. Nanoparticles that contain a
high level of plasmids per particle (120 vs. 30) proved promising for coexpression. This
quantitative understanding has implications for co-delivery of therapeutic genes and for stem
cell reprogramming using nanoparticles.

The structures of the polymers used in this study are shown in Figure 1. We focused on six
end-capped PBAE formulations: B4S4E7, with base polymer synthesized at a 1.2:1
monomer ratio and formulated at 40 weight polymer to weight DNA (wt/wt), B4S4E7
(1.2:1, 60 wt/wt), B5S3E7 (1.05:1, 60 wt/wt), B5S3E7 (1.05:1, 100 wt/wt), B4S5E7 (1.2:1,
100 wt/wt), and B5S5E1 (1.2:1, 100 wt/wt). The nanoparticles were formed by complexing
polymers with enhanced green fluorescent (EGFP-N1) plasmid DNA in 25 mM, pH 5
sodium acetate (NaAc) solution. The 25 kDa branched PEI-based control nanoparticles were
prepared in 150 mM, pH 5.5 sodium chloride (NaCl) solution at 2 wt/wt ratio (N/P ratio of
16).

The nanoparticles were used for transfecting human fetal fibroblasts (IMR90) with EGFP
and DsRed plasmids. The cells were transfected in three different conditions, a) transfection
with complexes containing both EGFP and DsRed plasmids for 4 hours, b) transfection with
exclusively EGFP containing complexes for 2 hours, followed by transfection with the same
dose of exclusively DsRed containing complexes for 2 hours after media change and c)
transfection with exclusively EGFP containing complexes for 4 hours, followed by
transfection with the same dose of exclusively DsRed containing complexes for 4 hours after
a gap of 24 hours.

The nanoparticles were analyzed by nanoparticle tracking analysis (NTA) using a Nanosight
LM10 that tracks the random Brownian motion of individual nanoparticles suspended in an
aqueous solution. The particle characterization performed using NTA was confirmed by
dynamic light scattering (DLS) using Malvern Zetasizer NanoZS. Unlike the intensity-based
distribution of particle size given by DLS, NTA gives a direct number-averaged distribution
of the particle hydrodynamic diameter by tracking individual particles in real-time as light
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scattering centroids using a sensitive CCD camera. The number mean particle size (diameter
in nanometers) and absolute particle concentration (number of particles/mL) were
determined using NTA.

All polymers used in this study formed monodisperse particle size distributions as verified
by a unimodal distribution by NTA (Figure 2a). Transmission Electron Microscopy (TEM)
was also performed with dried nanoparticles and gave comparable sizes to the hydrated
nanoparticles (Figure 2b). The samples were analyzed by gel electrophoresis to evaluate
whether 100% of plasmid was complexed into particles at the wt/wt ratios used for NTA
measurements. Each lane in the gel contained nanoparticles formulated at a particular wt/wt
and the first lane contained a control sample of free DNA by itself (Figure S1). The gel
electrophoresis results validate that free DNA is not present in these samples and all plasmid
for these formulations is complexed within nanoparticles. The known mass (calculated from
concentration and total volume) and molecular weight of the EGFP-N1 plasmid (4.7
kilobase pairs, kbp) used for particle formulation was used to calculate the number of
plasmids per mL. As all of the DNA was complexed within nanoparticles and all the
nanoparticles were monodisperse, the ratio of plasmids per mL to particles per mL
(concentration measured using NTA) determines the average number of plasmids per
particle. The analysis was performed for PEI and the six different PBAE formulations to
study the effect of varying polymer structure and wt/wt ratio on the number of plasmids
associated per nanoparticle.

NTA tracks individual nanoparticles so that number fractions can be directly calculated. The
nanoparticle sizes were binned rounding to the nearest nanometer, and the following
equations were used to determine average nanoparticle size (Table 1). The number mean
diameter, d¯, reported by NTA is determined using eq.1. The mean volume based-diameter,

, was calculated using eq.2 and used to estimate the average theoretical maximum
number of plasmids per particle. This average quantity gives the average volume of a
particle randomly selected (or taken up by the cell) from the population of particles.

(1)

(2)

d¯ = Number - weighted Mean Diameter

Single condensed plasmid size was estimated from literature data to determine the average
plasmid volume. Dividing the average particle volume by the volume of a condensed
plasmid determines the average theoretical maximum number of plasmids per particle.
Based on branched 25 kDa PEI saturated DNA condensate sizes and cationic thiol-detergent
compacted single plasmid DNA dimensions reported in previous publications, the diameter
used for a single condensed 5 kbp plasmid DNA can range from 20–40 nm.[24, 25] The
choice of a plasmid size from within this range can dramatically affect the theoretical
maximum calculation. Therefore, a likely minimum condensed plasmid size was calculated
using the result that the distance between DNA helices in DNA condensates is 2.7 nm.[26]

This value has been reported to range from 2.4–2.8 nm,[27, 28] but this variation has a
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smaller effect on the calculations than varying the plasmid diameter. Assuming a cylindrical
shape, the volume of a minimum condensed plasmid can then be calculated to be 9140 nm3

( = π*(2.7/2 nm)2*(0.34 nm per base pair)*(4.7 kbp), where 0.34 nm equals the length of a
DNA rod per base pair[29] and each plasmid contains 4.7 kbp). A volume of 9140 nm3

corresponds to an equivalent spherical diameter of 25.9 nm. In general, the actual number of
plasmids per particle for any sized particle is less than the theoretical maximum. This may
be due to nanoparticle volume taken up by extra polymer that is not tightly associated to
condensed DNA as well as a possible range in the degree of plasmid condensation.

Another important point is that there is a distribution of plasmid/particle numbers, reflecting
the distribution of particle sizes observed within a population. Therefore, there will be
particles with plasmid/particle numbers both greater than and less than the average numbers.
An example of the profiles can be seen in Figure 2C, as well as in supplemental Figure S2,
which together show the plasmid per particle distribution data for all formulations as
determined by calculating the number of plasmids per particle for each 1 nm increment (see
methods).

Table 2 shows the particle per plasmid quantification. Each nanoparticle condition was
fabricated and analyzed in at least duplicate independent batches and each of these replicates
included a minimum of 500 completed tracks by NTA to ensure good statistics for the
number of particles and their size. The 25 kDa branched PEI-based nanoparticles had 90±10
plasmids per particle on average as calculated by NTA with an average theoretical
maximum estimate of 267 plasmids per particle. The average plasmids per particle counts,
calculated by NTA, for the six PBAE formulations ranged from 30±2 to 120±20 and the
average theoretical maximum average estimates ranged from 80 to 195. Similar to PEI-
based nanoparticles, B4S4E7 nanoparticles at 60 wt/wt had 110±10 plasmids per particle
and at 40 wt/wt, 120±20 plasmids per particle as calculated by NTA. Changing the polymer
to DNA weight ratio, from 40 to 60 wt/wt for B4S4E7-based nanoparticles and 60 to 100 wt/
wt for B5S3E7-based nanoparticles did not significantly change the number of plasmids
associated per particle. Interestingly, B4S4E7 nanoparticles, which are highly effective at
transfecting IMR90 cells, have the highest plasmid per particle counts in the PBAE-DNA
nanoparticles tested. This indicates that, in addition to polymer structure, plasmid per
particle count maybe an important parameter to determine the transfection efficacy of
PBAE-based nanoparticles for a specific cell type. A study conducted by Ogris et al.
correlated DNA/PEI (with or without transferrin ligand) complex size with transfection
efficiency.[30] Greater average intensity of green fluorescent protein (GFP) expression per
cell was found following transfection with larger sized particles compared to smaller sized
particles. This may be due in part to the larger particles containing more plasmids per
particle than the smaller particles.

The three B4-based nanoparticles have similar plasmids per particle counts (90–120) and the
three B5-based nanoparticles have similar plasmids per particle counts (30–45). Intriguingly,
the B4-based nanoparticles have approximately 3-fold the DNA carrying capacity per
particle even though the structure of B4 and B5 differ by only a single carbon to the
repeating backbone and both B4-based and B5-based nanoparticles have similar ~100 nm
particle size as measured by NTA analysis. This finding highlights how the number of
plasmids/particle is an important parameter for consideration in nanoparticle design and
characterization and it can be tuned through changes to biomaterial structure.

A critical barrier to the generation of induced pluripotent stem cells and to achieving high
reprogramming efficiency with non-viral vectors is the low probability of uptake and
expression of multiple plasmids (carrying multiple reprogramming factors) by the same cell.
Accordingly, co-transfection experiments using EGFP and DsRed plasmids were conducted
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in IMR90s to gain insight into the process of delivering multiple plasmid types
intracellularly using nanoparticles. Similar co-delivery is seen with PBAE-based
nanoparticles as with Lipofectamine 2000, a leading commercially available transfection
agent, but with higher cell viability for the PBAE-based nanoparticles. Gene expression
following co-delivery with nanoparticles containing multiple plasmids differs from delivery
of the same genes in the same type of nanoparticles when formulated and administered
separately. Figure 3 shows that if the two plasmids are mixed together before nanoparticle
self-assembly to form co-delivery particles, more cells coexpress the two plasmids together
(orange-yellow cells) than when the two plasmids are formulated and delivered separately
with the same type of nanoparticles on two different days (green and red cells, Figure 3a).
When the nanoparticles are formulated separately and administered together on the same
day, the trend of reduced co-delivery also holds (Figure 3b). In the case of nanoparticles that
contain both GFP and DsRed plasmids, most of the cells exhibit coexpression (yellow/
orange cells). When the same type of nanoparticles are used on the same day at the same
dose, but containing exclusively GFP and then exclusively DsRed, very few cells exhibit
coexpression (yellow/orange cells) and instead individual plasmid expression is strongly
seen as either EGFP (green cells) or DsRed (red cells). Cells also do not exhibit
coexpression (yellow/orange cells) of the GFP and DsRed plasmids in the separate particles
when they are administered 24 hours apart. Thus, for certain applications, co-delivery within
the same nanoparticles is critical to ensure coexpression. Schwake et al. presented a
stochastic model of transfection to predict co-transfection ratio and plasmid expression level
distribution in Lipofectamine and PEI complexes.[31] They studied co-transfection of pre-
mixed plasmids encoding yellow fluorescent protein (YFP) and cyan fluorescent protein
(CFP) and post-mixed plasmids (complexes contains either CFP or YFP plasmid) and
observed that the co-transfection ratio was higher (21.9%) in pre-mixed than in post-mixed
complexes (12.9%), which could also be predicted by their mathematical model.[31] This
observation is consistent with our observations in the co-transfection experiments in IMR90
cells. Choosing nanoparticles that contain a high level of plasmids per particle (120 vs. 30)
may be a promising strategy to maximize coexpression. Flow cytometry analysis of the co-
transfected cells (same day, same particle) showed that B4S4E7-based nanoparticles
achieved coexpression in 15.8±0.5% of live cells, whereas B5S3E7-based nanoparticles
achieved coexpression in 3.3±1% of live cells (Figure S3).

Previous studies on the number of plasmids contained within gene delivery nanoparticles
have been limited.[20–23] In studies using cryo-TEM, X-ray scattering, and DLS to evaluate
lipopolyamine-DNA complexes, up to 7 plasmids (6.4 kbp) per ~50 nm lipoplex particle and
13 plasmids (3.7 kbp) per 50–100 nm lipoplex particle were calculated.[21, 23] In making
these calculations, the particles were assumed as monodisperse spheres although size
showed irregularities. Based on the periodicity of ordered microdomains of the particles,
half the TEM volume of the ~50 nm spheres was assumed to be occupied by DNA and the
number of plasmids was calculated by dividing this volume by the density of DNA as 1.66 g
cm−3. In this manner, as the length of DNA was shortened, the number of plasmids per
particle was calculated to increase linearly up to 55 plasmids per lipoplex particle when the
DNA was 0.9 kbp in size.24 This study, which analyzed lipoplexes and did not include
polymeric nanoparticles, is dependent on the observation of ordered microdomain structure
and did not look at the effect of varying biomaterial structure on nanoparticle composition
and properties.

In an alternative strategy, Ho et al. reported the use of quantum dot (QD) labeling combined
with regular TEM for estimation of plasmids per particle in chitosan-based nanoparticles.[20]

The number of quantum dots per polyplex nanoparticle can be determined by the ratio of
fluorescence signal from a single polyplex compared to a single QD and by counting the
electron-dense regions of QDs within a polyplex in a TEM image. Estimating 0–3 QD per
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plasmid, ~30 plasmids per particle were calculated for a ~60 nm particle.[20] While this QD
technique works very well as a novel tool to evaluate intracellular stability and DNA
unpacking, it has limitations in easily estimating plasmids per particle as the DNA must be
first labeled and this may change its self-assembly properties with certain materials,
unlabeled DNA that may be encapsulated is not directly detected, counting QDs per particle
by TEM becomes more difficult as the number of plasmids increases due to potentially
overlapping plasmids and QDs in the 2D image, and other simplifying assumptions.

A third approach at measuring plasmids per particle was developed by Collins et al. who
studied (Lys)16 containing peptide/DNA complexes and quantified the number of plasmids
per particle in physiologically relevant aqueous solution.[22] However, the technique used,
Flow Particle Image Analysis, is only amenable to sizing larger, micron-sized particles. A
polylysine-based Polymol peptide was found to form ~1 μm particles that contained an
estimated 70,000 (6.0 kbp) plasmids per particle. These microparticles are approximately
10-fold larger than the nanoparticles used in the current study, and hence, their volume is
~103-fold greater.

For all formulations described in this manuscript, calculated plasmid per particle counts
were lower than the estimated theoretical maximum value, but of the same order of
magnitude. The calculated values determined from this novel NTA method are similar in
some ways to the numbers previously reported in literature including an average of 30
plasmids per particle for chitosan-DNA nanoparticles[20] and 13 plasmids per particle for
lipopolyamine-DNA lipoplex nanoparticles.[21] These are both close to the low range of the
PBAE nanoparticles described. However, we also show that other PBAE nanoparticles as
well as PEI nanoparticles can have a much higher DNA carrying capacity of ~100 plasmids
per particle. This higher DNA loading may be especially important for the co-delivery of
genetic therapeutics for the treatment of diseases such as cancer or as an enabling tool for
stem cell reprogramming.

Although TEM is routinely used for nanoparticle characterization, and can be used to
estimate particle concentration, there are drawbacks of using this method. They include
errors introduced by processing effects such as dehydration and aggregation of “soft” self-
assembled particles that are typically hydrated in their native state, limited sample size per
image for sufficient statistics, consumption of the sample by the assay, and relatively high
cost and time consumed for sample collection and analysis. DLS is unable to measure
particle concentration and reports size that is biased towards larger particles. Thus, a new
technique is required. Here, we show that NTA is a technique that is able to meet this need.
In addition to its utility at measuring number-averaged size and concentration of
nanoparticles, the assay is also quick and non-destructive of the sample.

In comparison to viruses, which are natural nanoparticles, the polymeric nanoparticles are
found to contain up to 100-fold more copies of their delivery genome than viruses contain.
For example, while adenovirus particles and the polymer-based nanoparticles evaluated here
both contain double stranded DNA, are both ~100 nm in size, and have been shown to have
comparable efficacy in vitro to certain human cells,[32] this work shows that each synthetic
nanoparticle is dramatically less efficient in delivery. Future work is needed to improve the
efficiency of synthetic nanoparticles for non-viral gene delivery.

In conclusion, a quick, easy and robust assay for quantifying the number of plasmids per
nanoparticle in physiologically relevant aqueous solution was developed. PBAE-based and
PEI-based polymeric nanoparticles were analyzed by varying their polymer structure and
polymer to DNA weight ratio. The plasmids per particle values ranged from 30 to 120
plasmids per particle and depended on polymer structure. More plasmids per particle led to
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higher co-expression following gene delivery. To our knowledge, this is the first study to
report characterization of polymeric nanoparticles in terms of plasmids per particle in
aqueous conditions. Characterization of polymeric nanoparticles in terms of the number of
plasmids per particle can allow for improved design to non-virally co-deliver multiple
plasmids to the same target, a requirement for certain gene therapies and for factor-based
stem cell reprogramming.

Experimental Section
Polymer synthesis and nanoparticle formation

Details of the polymer synthesis and nanoparticle formation method have been previously
described.[13] Briefly, diacrylate terminated base polymers (BxSx) were first synthesized at
90 C by conjugate addition of acrylate and amine monomers for 24 hours. As a second step,
the base polymers were end-capped with amine containing small molecules at room
temperature in DMSO to form amine terminated end-capped PBAE versions (BxSxEx). To
form nanoparticles, PBAE stock solutions (100 mg mL−1) in DMSO and EGFP-N1 DNA
stock (1 mg mL−1) in deionized (DI) water were both diluted separately in sodium acetate
(NaAc) solution (25 mM, pH 5) at concentrations required to achieve polymer to DNA
weight ratios (wt/wt) of 40, 60 and 100 and mixed vigorously at a 1:1 ratio, with final
concentrations at 0.006 or 0.06 mg DNA per mL. The nanoparticles were formed through
self-assembly during a 10-minute incubation. PEI-based nanoparticles at a 2 wt/wt ratio
were prepared similarly, but using a sodium chloride solution (150 mM, pH 5.5).

Cell Transfection
IMR90s maintained in Eagle’s Minimum Essential Medium supplemented with 10% FBS
were plated at a density of 1.8x105 cells per well and transfected at 6 μg DNA per 100 μl
particles per well in a 6-well plate. After incubating the cells with nanoparticles for 4 hours,
the media was aspirated and replaced with fresh media and the fluorescence expression was
analyzed using microscopy after 48 hours.

Nanoparticle characterization by NTA and TEM
A Nanosight LM10 equipped with a sensitive CCD camera was used for characterizing the
nanoparticles by NTA. Two hundred microliters of diluted nanoparticle solution was loaded
into the sample chamber using a 1 mL syringe, the chamber connected to a 405 nm laser
source was placed on the Nanosight microscope stage, and a 60 s movie containing the
Brownian motion tracking of the scattering centroids (particles) was recorded using the
NTA software (Version 2.0). The movie was processed using the manufacturer
recommended auto settings with manual adjustment of the gain, blur and brightness as
recommended. The particle solution was diluted in DI water to adjust the sample
concentration to 107–109 particles per mL. For TEM studies, nanoparticles were formed by
complexing with EGFP-DNA as described earlier and 10 μL of these particles was placed
on a formvar/carbon coated copper grid (FCF400-Cu, Electron Microscopy Sciences). The
nanoparticles were dried for 2 hours and then imaged in a Philips/FEI BioTwin CM120
Transmission Electron Microscope at the JHU-SOM Microscope Facility. The images were
processed using ImageJ software.

Plasmid per particle distribution calculations
The known total plasmid concentration was multiplied by the volume fraction of each 1 nm-
spaced particle-size class to get the number of plasmids in each 1 nm-spaced particle-size
class. This plasmid number was divided by the number of particles in that particle-size class
to get the number of plasmids per particle for each particle-size class. The particle per
plasmid distribution was determined for all replicates, the replicates were averaged and the
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average was rounded off to the nearest whole number to plot a graph of number of plasmids
per particle (at each 1-nm spaced particle class) against the concentration of particles that
contain that given number of plasmids. Both the mode and mean of the distribution were
calculated, where the peak of the distribution represents the mode plasmid per particle
number for each formulation. The mean of 1 nm distribution matched the mean obtained
from overall average calculations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The chemical structures of the PBAEs and PEI used in this study.
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Figure 2.
Size distribution and plasmid per particle distribution data of PBAE (B4S4E7 and B5S3E7,
both 60wt/wt) based nanoparticles. (a) particle size from nanoparticle tracking analysis (b)
particle size from transmission electron microscopy (c) plasmid per particle distribution
from nanoparticle tracking analysis.
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Figure 3.
Co-transfection data in IMR90 human fibroblasts. B4S4E7 and B5S3E7-based nanoparticles
were used to deliver EGFP and DsRed plasmids within the same particles on the same day
as well as a) within separate particles on separate days and b) within separate particles on
the same day. Lipofectamine 2000 was used as a positive control.
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