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Abstract

A major challenge for non-viral gene delivery is gaining a mechanistic understanding of the rate-
limiting steps. A critical barrier in polyplex-mediated gene delivery is the timely unpacking of
polyplexes within the target cell to liberate DNA for efficient gene transfer. In this study, the
component plasmid DNA and polymeric gene carrier were individually labeled with quantum dots
(QDs) and Cy5 dyes, respectively, as a donor and acceptor pair for fluorescence resonance energy
transfer (FRET). The high signal-to-noise ratio in QD-mediated FRET enabled sensitive detection
of discrete changes in polyplex stability. The intracellular uptake and dissociation of polyplexes
through QD-FRET was captured over time by confocal microscopy. From quantitative image—
based analysis, distributions of released plasmid within the endo/lysosomal, cytosolic, and nuclear
compartments formed the basis for constructing a three-compartment first-order kinetics model.
Polyplex unpacking kinetics for chitosan, polyethylenimine, and polyphosphoramidate were
compared and found to correlate well with transfection efficiencies. Thus, QD-FRET-enabled
detection of polyplex stability combined with image-based quantification is a valuable method for
studying mechanisms involved in polyplex unpacking and trafficking within live cells. We
anticipate that this method will also aid the design of more efficient gene carriers.

INTRODUCTION

A major challenge for non-viral gene delivery is gaining a mechanistic understanding of the
rate-limiting steps in the intracellular trafficking process in order to facilitate the rational
design of novel delivery systems that address them.1+2 Cationic polymers, which bind and
condense DNA to form polyplexes or nanocomplexes offer an attractive alternative and have
tremendous potential for optimization. One of the critical barriers in polyplex-mediated gene
delivery is the timely unpacking of polyplexes within the target cell to liberate the DNA for
efficient gene transfer.2 The binding stability between the polymer and DNA must be
optimized since either pre-mature dissociation or overly stable binding would be detrimental
to the overall transfection efficiency. Modifications that alter these electrostatic interactions
have been shown to affect transfection efficiencies for chitosan,*=’ polyethylenimine (PEI),
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8-10 and polyphosphoramidate (PPA).11:12 The methods used in these studies to characterize
polyplex stability are typically performed in fixed cells and non-physiological conditions.

Fluorescently labeled DNA and its polymer or lipid carrier have been used to determine
their intracellular stability and trafficking behavior.13-15 Colocalization of the fluorescent
markers may indicate that the plasmid (pDNA) and its carriers are associated, but such
detection methods do not provide sufficient sensitivity to detect the onset of dissociation, as
the components must diffuse far enough away. Fluorescence fluctuation spectroscopy
improved the sensitivity for detecting dissociation,6 but it relies on diffusion of complexes
through a stationary excitation volume within the cell after microinjection. Thus, this
approach is not amenable to monitoring the dynamic behavior of polyplexes as they are
trafficked through different cellular compartments.

The stability of lipoplexes and polyplexes have been studied with a pair of organic
fluorophores for fluorescence resonance energy transfer (FRET).2:17:18 However, these
labeling strategies require additional ratiometric analysis, and organic fluorophores are often
susceptible to photobleaching,1® hampering their use in time-lapse studies of intracellular
trafficking. Quantum dots (QDs) have emerged as more efficient FRET donors with
proximal organic acceptors.20:21 QDs are monodisperse semiconductor nanocrystals that
have unique photophysical properties such as broad absorption and narrow symmetric
emission spectra, which permit efficient energy transfer while significantly reducing direct
acceptor excitation or spectral cross-talk.22:23 Their high photo-stability further promotes the
application of QDs as biological probes and expands our capabilities in studying single
molecule and cell behavior over an extended period of time with minimal cytotoxicity.22—24

Previously, we developed a QD-FRET-based method to study the intracellular stability of
polyplexes.2> We demonstrated that QD-FRET provided a digital (on/off) indication of
polyplex stability. In this study, we apply QD-FRET to compare three model polymers
which are promising gene carriers: (i) chitosan, a biodegradable polysaccharide that is
modestly effective in vitro and in vivo,%26:27 (ii) PEI, a widely studied carrier that is
efficient but relatively cytotoxic,28:2% and (iii) PPA, a new carrier based on a polyphosphate
backbone that shows promising transfection efficiency but with a significantly different
chemical structure from chitosan and PEL.12 The QD-FRET detection of intracellular
dissociation formed the basis for quantitatively determining compartmental distributions of
released DNA and to construct a mathematical model of polyplex unpacking kinetics. By
correlating these kinetics to transfection efficiencies, the quantitative analysis herein
provides new insights into the contributing roles of polyplex stability and intracellular
trafficking during gene transfer.

Physical characterization of QD-FRET polyplexes

Component pDNA and polymers were individually labeled with QD605 and Cy5,
respectively, as a donor and acceptor pair for FRET.21 Nanocomplexes were subsequently
formed by vigorously mixing these labeled components (Figure 1a). Amine to phosphate
charge ratios (N/P ratios) previously shown to exhibit high transfection efficiencies for
chitosan,?” PEI,28 and PPA12 were used to formulate nanocomplexes. The size and zeta
potential of QD-FRET polyplexes (Figure 1b) were found to be comparable to reported
values for unlabeled polyplexes!2:27:30 and confirmed by transmission electron microscopy
(Figure 1c), indicating that labeling did not significantly affect their physical properties. The
transmission electron microscopy images also showed that multiple QD-labeled pDNA,
appearing as dark elliptically shaped objects due to the electron-dense QDs, were
encapsulated within a single nanocomplex. By gel electrophoresis, similar DNA retention
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characteristics of unlabeled and QD-FRET polyplexes verified that DNA condensation or
unpacking was not significantly affected (Supplementary Figure S1). Having conserved the
physical and DNA retention properties after labeling, these QD-FRET polyplexes are
expected to have similar cellular trafficking and unpacking behavior as unlabeled
polyplexes.

Intracellular trafficking and unpacking

QD-FRET polyplexes were transfected into HEK293 cells and imaged by confocal
microscopy to evaluate their intracellular distribution at time points between 1 and 48 hours.
With a calculated Forster distance of 6.9 nm,19:21 the QD605 and Cy5 pair is ideally suited
to probe the initial onset of polyplex dissociation which can include swelling or loosening of
the carriers and subsequent unpacking (Supplementary Figure S2). At 4 hours post-
transfection, intact polyplexes (indicated by FRET-mediated Cy5 emission) and free QD-
labeled pDNA (QD emission only) were observed in the cytoplasm and in the perinuclear
space (Figure 2c—k). Most of the polyplexes were not colocalized within acidic vesicles,
suggesting that these polyplexes have escaped from endo/lysosomes. This behavior has been
previously reported!3:14 and confirmed that their trafficking behavior was not affected by
labeling. The photostability of QDs allowed extended intracellular and intranuclear tracking
of the free pDNA up to 72 hours.24:25:31 |nterestingly, polyplexes were observed to be
associated with the nuclear membrane and within the nucleus (Figure 2d), providing
evidence that intact polyplexes may cross the nuclear membrane.

Quantitative analysis of overall plasmid release

From confocal image stacks at each time point, the distributions of intact and unpacked
polyplexes in the cytosol, endo/lysosomes, and nucleus were quantified with a particle-
specific voxel-based method adapted from a previous report using a pixel-based algorithm.32
Using this image-based method to quantify free QD-labeled pDNA and QD-FRET
polyplexes mounted onto coverslips showed that volume (in voxels) and DNA concentration
were strongly correlated (R? = 0.90, data not shown), and that these volumetric results may
be used as an alternative metric of DNA content. Images from transfection experiments with
QD-FRET chitosan, PEI, and PPA polyplexes were similarly analyzed to generate an overall
(i.e., sum of all compartments) quantitative distribution of intracellular dissociation over
time. In Figure 3, histograms were generated to compare the fractions of cohorts of cells
having specific volume fractions of free pDNA (Fp) at 2 and 4 hours post-transfection with
polyplexes of each polymer. Each cohort consisted of at least 30 randomly selected cells per
time point. There is a striking difference in the overall unpacking or free pDNA levels
between PEI and chitosan polyplexes from 2 to 4 hours. At 2 hours, the majority of cells
transfected with chitosan had a Fp < 0.6, or in other words, <60% of the internalized
polyplexes had unpacked and released pDNA (Figure 3a). A shift in the histogram toward
higher Fp values (Fp > 0.8) at 4 hours clearly indicated the continuing dissociation of
chitosan polyplexes (Figure 3a). Having quantitatively analyzed >30 cells, the representative
unpacking behavior for chitosan polyplexes is likely to be observed here than what was
previously reported.2> In contrast, more than half of the cells transfected with PEI
polyplexes already had a Fp > 0.8 at 2 hours (Figure 3b), which suggests that PEI
dissociated more readily relative to chitosan and PPA. Among the polymers tested, PPA
formed the most stable complexes since only moderate Fp values were observed and there
was only a modest shift in the histogram to higher Fp values from 2 to 4 hours (Figure 3c).
Previous studies reported that most PEI polyplexes remained stable up to 4 hours in a
qualitative manner by colocalizationl# or by conventional FRET where photobleaching was
cited to affect their analysis.® In this study, the potential effects of fluorophore
photobleaching over time were found to be minimal since the photostabilities of QDs and
Cy5 dyes in cells were confirmed by observation of QDs and by inspection of Cy5 under
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direct excitation up to 72 hours (Supplementary Figure S3). This difference underscores the
benefit of quantitative analysis and the higher sensitivity and photostability of QD-FRET to
detect dissociation over time.

Quantitative analysis of compartmental plasmid release

The intracellular compartment where polyplexes dissociate also impacts gene transfer. To
evaluate the compartmental dissociation of polyplexes, the overall free pDNA distribution
was parsed into three subcellular compartments: endo/lysosomes, cytosol, and nucleus. In
Figure 4, histograms showed the fractions of cohorts of cells having a particular binned
volume fraction of free pDNA in each compartment (k) normalized to the total free pDNA in
the cell [Fp(k)] and in Figure 5, to the total free and complexed pDNA within the
compartment [F'p(k)]. The low volume fraction of free pDNA in endo/lysosomes
represented by Fp(endo/lyso) for all the polymers showed that free pDNA were generally
not localized in this compartment (Figure 4a,d,g). For chitosan, a shift toward higher
Fp(endo/lyso) values at 4 hours suggested that these polyplexes began to unpack within
acidic vesicles (Figures 4a and 5a). Endosomal escape with PEI polyplexes, likely due to the
proton sponge effect,33:34 was shown by the shift in the histogram from high to low
Fp(endo/lyso) values, meaning less free pDNA was localized within the endo/lysosomes
(Figure 4d). As a side effect of this buffering capacity, the accumulation of endo/lysosomal
dyes within PEI-containing vesicles may lessen and lead to a slight overestimation of the
DNA content in the cytosolic compartment.

The majority of free pPDNA for all the polymers was localized in the cytosolic compartment
as most cells have generally high Fp(cyto) values (Figure 4b,e,h). Chitosan polyplexes
continued to release DNA which generally remained in the cytosol since the histogram
shifted to higher F'p(cyto) and Fp(cyto) values (Figures 5b and 4b, respectively). By
contrast, the histograms for PEI and PPA showed a shift to lower Fp(cyto) values (Figure 4e
and h), which was accompanied by an opposite shift to higher Fp(nuc) values (Figure 4f and
i). Taken together, these results suggested that PEI- and PPA-mediated transfection allowed
for more efficient transport toward the nucleus.1 More importantly, high F'p(nuc) values for
PEI after 2 hours resulted from rapid release and high levels of pDNA in the nucleus (Figure
5f). Although these factors may have contributed to the higher transfection efficiency for
PEI as determined by luciferase activity (Figure 6b), transfection by PPA was limited by its
high stability in the nucleus as indicated by its lower F'p(nuc) values (Figure 5i).

Model of intracellular unpacking kinetics

The unpacking process of polyplexes within cells was modeled as a first-order reaction. The
kinetic parameters, steady-state volume fraction of free pPDNA (Fp ) and the unpacking
time constant (z), were determined by fitting the analytical solution (Eq. 7) to the average
overall or compartmental volume fractions, which were determined from a cohort of at least
30 randomly selected cells per time point ranging from 1 to 48 hours (Table 1, RFigure 6a).
The goodness-of-fit (2) for the overall unpacking kinetics ranged from 0.50 to 0.96. Both
chitosan and PEI polyplexes had similar steady-state stabilities or Fp g, indicating that
although most have unpacked, some intact polyplexes may persist for =24 hours, but more
importantly, PEI dissociated faster than chitosan as indicated by its shorter unpacking time
constant. With the lowest Fp s value, PPA released the least amount of pDNA overall and in
the nucleus among the polymers tested. The high stability of PPA and slow unpacking rate
of chitosan appeared to adversely affect their transfection efficiencies. By contrast, PEI
exhibited rapid dissociation kinetics and delivered more free pDNA to the nucleus, resulting
in the highest transgene expression. Comparing the overall unpacking time constants to the
compartmental time constants and free pDNA distributions revealed a compartmental
dependence of unpacking. PEI polyplexes exhibited similar time constants and release
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distributions for endo/lysosomes and the cytosol (Figure 5d and e), suggesting a similar
stability in both compartments perhaps due to the high buffering capacity of PEI which
facilitates endosomal escape.34 PPA polyplexes were highly stable in endo/lysosomes
(Figure 5g), and they predominantly dissociated in the cytosol (Figure 5h) where the
unpacking time constant was nearly identical to the overall time constant. Having buffering
capacity or maintaining stability within endo/lysosomes, PEI and PPA may provide more
protection from DNA degradation than chitosan, which begins to slowly dissociate within
this compartment (Table 1, Figure 5a).

DISCUSSION

We have developed a new method that combines the advantages of sensitive detection of
polyplex stability by QD-FRET and image-based quantitative analysis of the intracellular
distribution of polyplexes or released pDNA to gain a better mechanistic understanding of
the unpacking process during polyplex-mediated gene transfer. Previously, image-based data
have been used to compare the intracellular distributions of pDNA delivered by liposomes,
polypeptide vectors,32 and adenoviruses.3® As these studies were focused on compartmental
distributions, no models to determine transport kinetics were presented. Previous
compartmental models have been used to simulate transport of DNA based on biological
half-lives38 or to quantitatively assess rate constants for cellular uptake and nuclear
translocation of lipoplex-mediated transfection,3 although pDNA release kinetics was not
included in the latter model. A more complex first-order mass action model that included
vector unpacking as a kinetic parameter was developed.38 Based on data for polylysine
taken from the literature, this model predicted an unpacking rate constant threshold of 1073
minutes~2, above which gene expression would be significantly increased.38

In this study, the unpacking process was modeled as a reversible first-order reaction.
Dissociation, which is proportionate to the unpacking rate constant (k;), is assumed to be the
dominant reaction. Recondensation after unpacking is very slow and unlikely in the
intracellular milieu where an excess of competing polyanions and anionic proteins can
shield the dissociated cationic gene carrier, reducing the probability of efficiently rebinding
to pDNA. A recent report revealed that 20 of the 28 proteins bound to PEI polyplexes were
negatively charged at cytosolic pH,39 including actin and tubulin whose concentrations are
typically in the micromolar range.*0 Thus, we consider k; to be much larger than ky, and as a
result, the unpacking time constant and unpacking rate constant are inversely related: z ~ 1/
k1. The overall kq determined by the model for chitosan, PEI, and PPA range from 0.012 to
0.027 minutes™® (Table 1), and all exceed the reported 1073 minutes™ threshold, verifying
the use of these polymers as effective gene carriers. In a recent study, the k; for PEI was
determined to be 0.05 minutes™? by fitting a mathematical model to intracellular pDNA
copy numbers.#! This rate constant is comparable to the kq value of 0.027 minutes™? for the
same PEI polymer, as determined by fitting our first-order model to the volumetric
distributions of free pDNA. This again serves as corroboration that image-based volumetric
quantification may be an alternative metric for mass detection of DNA and that labeling did
not significantly affect unpacking rates. The lower unpacking rate derived from our model
may be attributed to the differences in polyplex formulation (N/P ratio of 10 in this study
versus 20), size (118 versus 217 nm), and cell line (HEK293 versus C3A hepatoblastoma).4!
To our knowledge, the results presented here are the first to report on the modeling of
intracellular unpacking kinetics for chitosan and PPA polyplexes. Thus, the implications
based on PEI are that intracellular unpacking kinetics, being dependent on polyplex
formulation and cell line differences, must be considered when selecting the appropriate
gene carrier.
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Correlating unpacking kinetics and transfection efficiencies for the different gene carriers
can give further insights into the mechanisms of rate-limiting steps involved in polyplex-
mediated gene delivery. At steady state, chitosan and PEI have similar stabilities since they
have the same steady-state volume fraction of free pDNA (Fp ss) (Table 1), but the
transfection efficiency of PEI is much greater (Figure 6b). This difference can be attributed
to the uptake of DNA which is 98 + 1% of the initial dose for PEI compared to 68 + 16% for
chitosan due to the smaller size and high amine content of PEI polyplexes* and the higher
unpacking levels within the nucleus. Another significant factor is the onset of DNA
degradation within endo/lysosomes where chitosan begins to dissociate. When intact,
chitosan polyplexes have been shown previously to protect DNA from degradation after
exposure to nucleases.2’ The endosomal buffering and escape properties of PEI allow
complexed pDNA to avoid degradation. Although the high stability of PPA polyplexes
offers more protection, it also limits efficient DNA release, especially in the nucleus where
it can critically affect downstream expression levels. Consequently, the transfection
efficiency for PPA is less than PEI and only slightly higher than chitosan, despite having 92
+ 1% uptake of the initial DNA dose. From this comparison, an efficient gene carrier must
be designed to either escape from or be stable within endo/lysosomes to avoid DNA
degradation, while at the same time, facilitate the rapid release of DNA after reaching the
nucleus. In terms of gene carrier design, factors such as molecular weight, charge density,
biodegradability, and buffering capacity influence unpacking rates within different
compartments, which then affect expression.

To better reflect the experimental data obtained by QD-FRET detection of dissociation, the
kinetic parameters determined by the model in this study combined multiple biological
processes into a single mechanistic step.3” Specifically, enzymatic degradation of the
polymer and/or competitive binding with cytosolic proteins are potential mechanisms of
dissociation.*3 Despite this lumped-parameter approach, a comparison of the overall and
compartmental distributions of free pPDNA and unpacking rate constants provides valuable
insights into the intracellular mechanisms that induce pDNA release from polyplexes.
Unpacking for chitosan slowly begins in endo/lysosomes and continues in the cytosol,
whereas PPA dissociates mainly in the cytosol, given the similar cytosolic and overall kq
values and the very low k4 for endo/lysosomes (Table 1). By contrast, PEI has a high
buffering capacity and it dissociated at about the same rate in both endo/lysosomes and the
cytosol. A recent report showed the release of DNA from PEI polyplexes when mixed with
cytosolic fractions, albeit at a much slower rate.3® This discrepancy in DNA release rate
underscores the importance of studying intracellular dissociation within the native
microenvironments of live cells. With this model, the lumped-parameter approach may
better describe dissociation by a single mechanism such as competitive binding which is
expected to be the primary mode for PEI and PPA. It appears to be less apt in describing the
potentially combined enzymatic and competitive binding mechanisms of dissociation. For
example, the onset of dissociation for chitosan polyplexes was detected within endo/
lysosomes, where lysozymes may initiate the degradation of chitosan,** and then followed
by displacement of DNA by competing polyanions in the cytosol. Consequently, the average
R2 value for chitosan was 0.37 compared to PEI and PPA, which were 0.61 and 0.76,
respectively. In general, the modest R2 values may be attributed to the intrinsic
heterogeneities of the primary data, which consist of individual cells and polyplexes. In
addition to differences in cell cycle and metabolism, there are heterogeneities in polyplex
size and composition. Characterizing the variations in polyplex stability will be useful for
understanding the effect of such heterogeneity on intracellular trafficking and transfection
efficiency.

In summary, we have shown that QD-FRET-enabled detection of polyplex stability
combined with image-based volumetric quantification is a useful method to study polyplex
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unpacking and trafficking within live cells. This quantification forms the basis for
constructing a first-order model, from which unpacking kinetics can be determined and
compared for three current gene carriers. This study contributes to the very limited data for
polyplex unpacking kinetics in the current literature. Additional work is necessary to
incorporate parameters in the model that will reflect potential enzymatic degradative
pathways leading to polyplex dissociation and DNA degradation. We anticipate that this
methodology will facilitate the development of more efficient gene carriers in the future and
advance our understanding of the intracellular mechanisms involved in polyplex dissociation
and trafficking.

MATERIALS AND METHODS

Labeling of plasmid and polymeric gene carriers

Plasmid DNA (pEGFP-C1, 4.9 kilobase, Clontech, Mountain View, CA) was labeled with
streptavidin-functionalized QD605 (Qdot 605 ITK; Invitrogen, Carlsbad, CA) via a biotin—
streptavidin linkage as described previously.2> Briefly, pDNA were biotinylated using
polyethylene oxide-psoralen-biotin (Pierce, Rockford, IL) and exposure to UV light (320-
500 nm) for 30 minutes or by covalent modification with guanine-specific biotin labels as
described by the manufacturer (Mirus Bio, Madison, WI) but scaled to have ~1-2 biotin
labels per pDNA. Biotinylated DNA was purified from unreacted biotin cross-bridges by
ethanol or isopropanol precipitation and centrifugation following standard protocols.#> The
molar ratio of pDNA to QD was kept in excess to ensure complete conjugation of QDs to
pDNA. The number of QDs labeled onto each pDNA is estimated to be ~1-3.2°

The primary amines of the cationic polymeric gene carriers were labeled with N-hydroxy-
succinimide—functionalized Cy5 (Amersham Biosciences, Piscataway, NJ) through
carbodiimide chemistry. A solution of Cy5 dye was gradually added to aqueous solutions of
chitosan (390 kd, 83.5% deacetylated; VVanson, Redmond, WA), PEI (25 kd, branched;
Sigma Aldrich, St. Louis, MO), or PPA (PPA-DPA, 40 kd, synthesized as described in ref.
12y and stirred continuously for at least 12 hours. For chitosan, the reaction mixture was
maintained at pH ~6.5 to keep chitosan soluble. To facilitate complete conjugation of Cy5
dye, the molar ratio of Cy5 to free amines was kept at 1:200. Any remaining free dye was
removed by dialysis to obtain only Cy5-labeled polymer. The level of Cy5 labeling on the
polymer was determined by comparing fluorescence intensities of labeled polymer to a
standard curve of Cy5 dye, resulting in ~2—6 Cy5 dyes per chitosan molecule,2> ~2 dyes per
PEI molecule, and ~4 dyes per PPA molecule.

Synthesis and physical characterization of QD-FRET polyplexes

Nanocomplexes were prepared from chitosan as described previously.2%:27 Briefly, Cy5-
chitosan (pH 5.5-5.7; 0.1% in 25 mmol/l acetic acid solution) and QD-labeled pDNA in 50
mmol/l of sodium sulfate solution were both heated to 55 °C separately. Equal volumes of
both solutions were quickly mixed under high vortexing. Chitosan nanocomplexes were
formed at an N/P ratio (primary amine to phosphate ratio) of 4:1 (refs. 26:27). The synthesis
of nanocomplexes formed with PEI?® or PPAL are described elsewhere. Briefly, pDNA was
added to 5% glucose solutions of PEI or aqueous solution of PPA. Complexes were formed
by adding equal volumes of polymer solution to the DNA solution and then vigorously
mixing by pipetting or brief vortexing. The N/P ratios used for PEI and PPA nanocomplexes
were 10:1 and 16:1, respectively. All polyplexes were then used without further purification.

Polyplex size and zeta potential were measured by dynamic light scattering (Zetasizer 3000,
Malvern Instruments, Southborough, MA). Size measurements were performed at 25 °C at
90° scattering angle in automatic mode, and zeta potential measurements were performed
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using the aqueous flow cell in the automatic mode at 25 °C. The ultrastructure of polyplexes
was examined by transmission electron microscopy (Philips EM 420 TEM; Philips Electron
Optics, Eindhoven, The Netherlands).

Transfection and imaging of live cells

HEK293 cells (American Type Culture Collection, Manassas, VA) were seeded (1 x 10°
cells/well) and grown on chambered coverglasses (4-well Labtek I1; Nalge Nunc, Rochester,
NY) in complete media (minimal essential medium supplemented with 10% fetal bovine
serum, 2 mmol/l L-glutamine, 50 U/ml penicillin, and 50 U/ml streptomycin; Gibco
Invitrogen, Carlsbad, CA). Duplicate wells of 60-70% confluent cells were transfected with
QD-FRET polyplexes containing 0.5 ug DNA in 0.5 ml of reduced-serum media (Opti-
MEM; Gibco Invitrogen, Carlsbad, CA) for 1-4 hours at 37 °C. At specific time points after
transfection (1-48 hours), the transfection media was replaced and live cells were imaged
with a confocal microscope (LSM 510 Meta; Carl Zeiss, Thornwood, NY) equipped with a
x63 objective (numerical aperture 1.40) and heated stage. Immediately prior to imaging,
cells were stained with nuclear dye (Hoechst 33342, Molecular Probes, Carlsbad, CA) and a
dye specific for acidic vesicles (LysoTracker Green DND-26; Molecular Probes, Carlsbad,
CA). Imaging was performed in the multi-track mode using 405-nm excitation for Hoechst
(emission bandpass 420-480 nm) and 488-nm excitation for LysoTracker (bandpass 505—
530 nm), QD605 (Meta 593-615 nm), and Cy5 (Meta 636—754 nm). The main dichroic was
HauptFarbTeiler 405/488/543 and the secondary dichroic was Neben Farb Teiler 545. For
all cells, image stacks were composed of at least 20 z-sections, which was optimal for
image-based analysis.32 Methods to measure transfection efficiencies and cellular uptake are
described in Supplementary Materials and Methods.

Quantification of distributions of complexed or free plasmid

An image-based quantification method was adapted from a previous report using a pixel-
based algorithm.32 The approach used in this study takes full advantage of the 3D image
data stacks obtained by confocal microscopy from which particles are isolated as individual
3D objects. For each time point, at least 30 cells containing at least one particle were
randomly selected. This number of cells was determined to be statistically sufficient and
representative for image-based analysis.32 Each individual cell was outlined with a
corresponding phase image and the volumes of all internalized objects were determined in
voxels where v, the volume per ith particle, was summed over of N total particles to obtain
V, the total volume per cellular compartment (Eq. 1). The type of each object [t: complexed
(C) or free pDNA (P)] was identified digitally by QD-FRET,25 without needing to calculate
or normalize FRET efficiencies. Specifically, objects exhibiting FRET-mediated Cy5 signals
were considered as condensed pDNA within polyplexes, and objects exhibiting only QD
signals were considered as released or free pDNA. Threshold levels were based on
background intensities of the cell. The subcellular location [k: cytosol (cyto), endo/lysosome
(endo/lyso), or nucleus (huc)] of each object was determined by colocalization with nuclear
and endo/lysosomal-specific dyes and mass balance for the entire cell (Eg. 2). Image
processing and volume determinations were performed with a custom script using ImageJ
(v1.37; http://rsb.info.nih.gov/ij). Volume fractions (F;) of complexed or free pDNA for the
entire cell were calculated overall using Eg. 3, which was normalized to all internalized
particles. Volume fractions across or in specific compartments [F(k) or F'y(k)] were
calculated using Eqg. 4, which was normalized to all internalized particles of the same type in
the cell, or using Eq. 5, which was normalized to all particles in the same compartment,
respectively. At each time point, the fraction of cells within an analyzed cohort having a
particular binned volume fraction of free pPDNA (Fp) was calculated to generate histograms.
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First-order model of polyplex unpacking

A mathematical model was constructed based on the volumetric distributions resulting from
image-based quantification as an alternative measure of the amount of DNA. The
dissociation of polyplexes (C) to release free pDNA (P) was modeled as a first-order
reversible reaction3:

k;
CcCz2P
ky

Dissociation of polyplexes was described by the unpacking rate constant (k1) and assumed
to be the dominant reaction. After unpacking, an excess of competing polyanions or anionic
proteins can bind to the cationic gene carrier3® and shield it from efficiently rebinding to
pDNA. Thus, the recondensation rate is assumed to be much slower, and the probability of
recondensation occurring is much smaller in the intracellular milieu. With this model, the
release of free pDNA is described by the differential equation:

dFP—kF ko F
—R1L e T RO,

dr (6)

and the corresponding analytical solution:

Fy()=F,[1 - exp(-t/7)] @

The parameters of the model, steady-state volume fraction of free pDNA (Fp ¢5) and the
unpacking time constant (z), were determined by least-squares fitting of the average overall
or compartmental volume fractions for at least four time points selected based on prior

Mol Ther. Author manuscript; available in PMC 2011 January 4.
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knowledge of gene expression rates for each model polymer (Origin v6.0; OriginLab,
Northampton, MA). At least 30 randomly selected cells were analyzed to find the average
volume fraction at each time point. This number of cells was determined to be statistically
sufficient and representative for image-based analysis.3?
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Synthesis and physical characterization of quantum dot-fluorescence resonance energy
transfer (QD-FRET) polyplexes

(a) Schematic of polyplex synthesis by condensing QD-labeled anionic pDNA with Cy5-
conjugated cationic polymeric gene carriers. Excitation of the QD at 488 nm results in
energy transfer to nearby Cy5 dyes on the polymer, indicating an intact polyplex. (b) Sizes
(open bars, mean + SD) and zeta potentials (filled triangles, mean + SD) of QD-FRET
chitosan, polyethylenimine (PEI) and polyphosphoramidate (PPA) nanocomplexes were
determined by dynamic light scattering. (c) Representative transmission electron microscopy
(TEM) images of QD-FRET polyplexes show the encapsulation of multiple pDNA labeled
with electron-dense QDs within each polyplex. Sizes by TEM were consistent with the
hydrodynamic size measured in b. Bar = 100 nm.
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Figure 2. Live-cell imaging of quantum dot-fluorescence resonance energy transfer (QD-FRET)
polyplexes

(a) Fluorescent image of intact QD-FRET chitosan polyplexes mounted on a coverslip.
Upon excitation of the QDs, individual polyplexes exhibited energy transfer as indicated by
the colocalization (orange/yellow) of QD (red) and Cy5 (green) signals. (b) After complete
disruption by treating with heparin and chitosanase, energy transfer is abrogated and the QD
signal is recovered. Bar in aand b = 1 um. At 4 hours post-transfection with QD-FRET
polyplexes, (c—e) composite images from confocal imaging of live HEK293 cells, and the
corresponding gray scale images of the individual (f-h) QD and (i—-k) Cy5 channels are
shown separately. Immediately prior to imaging, cells were labeled with nuclear (blue) and
endo/lysosome specific dyes (green). Colocalization of QD and FRET-mediated Cy5 signals
are shown in yellow. (c,f,i) Chitosan polyplexes. Internalized stable chitosan polyplexes
(solid arrows) exhibited FRET as indicated by the corresponding signals in f QD and i Cy5
channels. Free QD-labeled pDNA (dashed arrows) were observed in the perinuclear space
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and exhibited only QD and no Cy5 emission. (d,g,j) Polyethylenimine (PEI) polyplexes.
Similarly, intact PEI polyplexes (solid arrow) and free pDNA (dashed arrow) were observed
in the cytosol. An intact polyplex was found in the nucleus (arrowhead), providing evidence
that polyplexes may cross the nuclear membrane. (e,h,k) Polyphosphoramidate (PPA)
polyplexes. Stable PPA polyplexes (solid arrows) remained in the cytosol while released
pDNA (dashed arrows) were closely associated with the nucleus. Bar for c—k = 10 um.
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Figure 3. Overall distribution of free plasmids
The overall (i.e., sum of all compartments) intracellular distributions of released pDNA from
(a) chitosan, (b) polyethylenimine (PEI), and (c) polyphosphoramidate (PPA) polyplexes at
2 hours (filled bar) and 4 hours (open bar) post-transfection. At each time point, histograms
show the fraction of an analyzed cohort of cells (30-34 cells) having a particular binned
volume fraction of free pDNA (Fp) which was determined by quantitative image-based

analysis and Eq. 3.
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Figure 4. Distribution of free plasmids across compartments
The distributions of released pDNA across compartments from (a—c) chitosan, (d-f)

Page 17

polyethylenimine (PEI), and (g—i) polyphosphoramidate (PPA) polyplexes at 2 hours (filled

bar) and 4 hours (open bar) post-transfection. At each time point, histograms show the
fraction of an analyzed cohort of cells (30-34 cells) having a particular binned volume

fraction of free pDNA [Fp(K)] in the a,d,g endo/lysosomal [Fp(endo/lyso)], b,e,h cytosolic
[Fp(cyto)], and c,f,i nuclear compartments [Fp(nuc)] as determined by quantitative image-

based analysis and normalized to the total free pDNA in the cell (Eq. 4).
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Figure 5. Distribution of free plasmids within compartments

The distributions of pDNA released within each compartment from (a—c) chitosan, (d—f)
polyethylenimine (PEI), and (g—i) polyphosphoramidate (PPA) polyplexes at 2 hours (filled
bar) and 4 hours (open bar) post-transfection. At each time point, histograms show the
fraction of an analyzed cohort of cells (30-34 cells) having a particular binned volume
fraction of free pDNA [F'p(k)] in the a,d,g endo/lysosomal [F'p(endo/lyso)], b,e,h cytosolic
[F'p(cyto)], and c,f,i nuclear compartments [F'p(nuc)] as determined by quantitative image-
based analysis and normalized to the total free and complexed pDNA within the
compartment (Eq. 5).
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Figure 6. Fitted model of overall unpacking kinetics and transfection efficiency

(a) The kinetics of unpacking based on the overall volume fractions of free pDNA (Fp).
Experimental data for chitosan (filled squares), polyethylenimine (PEI) (open diamonds),
and polyphosphoramidate (PPA) (filled triangles), and the corresponding fitted
mathematical model (Eq. 7) for chitosan (solid line), PEI (dash-dot line), and PPA (dashed
line) are plotted over the first 24 hours. Models were fitted to at least four time points (1-48
hours) selected based on gene expression rates for each polymer. (b) Transfection
efficiencies of chitosan, PEI, and PPA polyplexes containing luciferase-encoding pDNA in
HEK?293 cells. Luciferase activity was assayed 48 hours post-transfection and expressed as
relative light units (RLU) normalized to the total protein content (mean + SD, n > 3).
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