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Chapter 1 Role of Cell Membrane-Vector Interactions in Successful Gene Delivery

Chapter will be submitted to Accounts of Chemical Research as a review

Introduction:

Gene therapy for the treatment of congenital disorders has been investigated with limited
success.’® Recent advances in genome editing such as the CRISPR/Cas system has resulted in a
renewed interest in gene therapy.® The clinical success of gene therapy depends on the successful
delivery of intact plasmid DNA (pDNA) to the nucleus of target cells.” Viral and non-viral
delivery agents (vectors) are used to protect DNA from nucleases present in blood and tissue and
also to promote cellular uptake.®® Glybera, a gene therapy approved in Europe for exceptionally
severe cases of lipoprotein lipase deficiency, uses a viral vector.'®* Although viral vectors
enable tissue specific delivery and induce higher levels of gene expression than non-viral
vectors, concerns have developed about adverse immune reactions.® Thus, strategies to improve
the efficacy of non-viral vectors remain important. Successful vectors must overcome several
hurdles including stability in blood, evading transport to liver and spleen due to capture by the
reticular endothelial system, cellular uptake, and navigation of the intracellular transport
mechanisms to reach the nucleus.®*? The challenges are substantially fewer when considering the
use of vectors for gene delivery to cells in culture for biotechnology applications with cellular
uptake, protection of intracellular nucleases, and intracellular transport to the nucleus remaining

as the major hurdles. This account focuses on the key steps common to the challenges for both



gene therapy and biotechnology applications of a particular class of non-viral vector —

polycationic polymers.

Polycationic polymers such as L-PEI, poly-I-lysine, and PAMAM dendrimers are able to bind
and compact negatively charged pDNA and have been described as artificial histones.** The
nanoscale polyplexes formed when mixing the two species are most commonly described by the
ratio of cationic (or potentially cationic) nitrogen moieties (N) and the number of anionic
phosphate groups (P) on the pDNA or oligonucleotide. Polyplexes formed with an N:P ratio >1
have a net positive charge that facilitates cellular uptake of the polyplexes through interactions
with the negatively charged cell membrane. The interaction with the cell membrane leads to
endocytosis of the polyplex and the initial placement of the polyplex into endosomes. Rate
limiting processes for successful gene expression after this point include: 1) endosomal
release,*** 2) transport to specific organelles, 3) pDNA survival in cytosol,'®" 4) entry of

pDNA into the nucleus'® %

and 5) release of pDNA from the vector for transcription into mRNA
(Figure 1.1).2 Among these factors, transport of the DNA across the endosomal and nuclear

membranes has been proposed to be the key roadblock to successful protein expression. ’

Endosomal release of polyplexes formed using cationic polymers is proposed to be mediated
by the proton sponge effect wherein buffering abilities of cationic vectors induces the swelling
and rupture of endosomes releasing the nucleotide cargo into the cytosol.****?*% However,
studies tracking the colocalization of vector and pDNA labeled with pH sensitive fluorophores in

26,27

single endosomes do not support this hypothesis. Moreover, Hennink et al. synthesized a

polymer with optimized buffering capacity and observed that the polymer did not exhibit good
transfection abilities.?® The second critical step of DNA transport into the nucleus has been

proposed to be dependent on cell division;*¥?*%%  however, multiple studies have now



demonstrated expression occurring without cell dvision.”***® Thus, the mechanisms of

endosomal release and nuclear transport of polyplexes remains an area of active research.

Since 2004, our group has investigated the interactions of polycationic polymer and/or
polyplexes with the cellular lipid membranes and how the interactions are related to successful
gene delivery. Our studies were initially prompted by the observation that polycationic polymers

%637 and that this was a

induced the formation of nanoscale holes in supported lipid bilayers
potential explanation of the observation that these materials induced porosity into cell*®**° and

internal organelle membranes.*

Interactions of cationic vector/polyplex with lipid bilayers in cells could affect subsequent gene
delivery either at the cell membrane level (H1-H3) or at the internal organelle membrane (H4)
level according to the following hypotheses. For each hypothesis, we have referenced our

studies testing this idea.

H1: Increased cell membrane permeability induced by polyplexes allows diffusion of
polyplexes across the cell membrane into the cytosol (avoiding the need for endosomal

release).'’*?

H2: Polyplex interaction with lipid rafts in the cell membrane enables endocytosis in

pathways resulting in increased transport of polyplexes to the nucleus.***

H3: Increased cell membrane permeability and/or increased internal organelle membrane
permeability activates cellular inflammatory mechanisms and/or cytosolic nucleases resulting

in DNA degradation in the cytosol. "%

H4: Increased failure of endosomal membrane integrity enables DNA to cross endosome and

nuclear membranes.*



In this account, we first describe our studies of the interaction of cationic polymers and model

supported lipid bilayers. We then discuss studies examining the stable intercalation of cationic

polymers into mammalian cell membranes and the quantitative measurement of partition

coefficients. We further connect these results to studies that investigated the subsequent release

of DNA from endosomes, the degradation of DNA in the cytosol, and nuclear transport that

results in gene expression. Our studies show that

1.

3.

Increased cell membrane permeability by polyplexes did not result in more cellular
uptake and did not necessarily lead to high gene expression. *"*** Hence, H1 was
inconsistent with our studies.

Polyplex transport to endoplasmic reticulum and Golgi apparatus by L-PEI and G5
PAMAM did not explain differences in gene expression, inconsistent with H2.**
Although cells exposed to polyplexes show increased inflammatory responses and slowed
cell division, the cells still showed high gene expression.* Thus, we ruled out H3.
Partitioning of free vectors (L-PEI, jetPElI > G5 PAMAM), but not polyplexes, into the
cell membrane predicted both endosomal release and successful gene expression. Our
studies also showed that polymers and polyplexes intercalate in the cell membrane for >
15 minutes. The addition of free L-PEI (an effective vector) to cells preloaded with G5
PAMAM polyplexes resulted in intact DNA release into the cytosol and a > 10-fold

increase in gene expression. **

Our results in the context of other studies support H4 that the intercalation of cationic polymers

promotes the failure of the endosomal membrane and enables the release of DNA cargo. Several

studies have observed that free cationic polymers are vital for successful gene delivery.



Moreover, Zuhorn et al have observed endosomal release that leaves behind intact vesicles.
Several other studies have showed that the toxicity of cationic polymers is due to internal
organelle permeability induced by these materials.”®  Although our experiments did not measure
partitioning of vectors into endosomal/internal organelle membranes directly, our results are
consistent with the hypothesis that both endosomal and internal organelle membrane failure is
due to the intercalation of cationic polymers. Further studies are necessary to understand the

mechanism of this membrane failure in greater detail.
Interaction of free cationic polymer and polyplexes with lipid bilayers

The interaction of cationic materials with the cell membrane has been proposed to be important
for understanding both the cytotoxicity of these materials as well as cellular uptake.*® Our group
was interested in directly observing these interactions in order to understand the mechanism of
defect formation and membrane intercalation. We considered several possibilities such as i) free
pores ii) polymer supported pores iii) a carpet of polymers on the bilayer and iv) polymers
intercalated into the membrane (Figure 1.2D). Multiple studies using AFM showed that several
cationic polymers (G5 PAMAM, G7 PAMAM, poly-L-lysine, DEAE-Dextran, PEI) and
inorganic nanoparticles (Au-NH; and SiO,-NH,) induce new defects or enlarged preexisting
defects in supported lipid bilayers made using DMPC.**33%47 | addition, the cationic materials
induced defects and removed lipid from liquid phase lipid bilayers to a much greater extent than
from gel phase bilayers.®”*® In contrast to cationic materials, neutral materials required orders of
magnitude greater concentrations to induce defects in supported lipid bilayers;***® however, for
neutral G5 PAMAM formed by acetylation of the terminal amines we observed ready
intercalation into the lipid bilayer.*®) In supported lipid bilayer studies, AFM evidence was

observed consistent with all three defect structures: free pore, polymer supported pores, and



carpeting or intercalating polymer. This was further supported by dynamic light scattering and
phosphorous NMR measurements suggested that defects were free pores which resulted from the
formation of dendrimer filled lipid vesicles.®*** The formation of lipid-cationic polymer
complexes was also further supported by molecular dynamics simulations.®®>2 Other
computational models have showed the feasibility of dendrimer insertion into the lipid bilayer.*®
Subsequent solid state NMR experiments also supported the intercalation of dendrimers within

lipid bilayers.>
Quantifying the interactions of free cationic polymer and polyplexes with cell membranes:

A major limitation of supported lipid bilayers is that they do not accurately represent cell
membrane properties such as the presence of multiple lipids, proteins, cholesterol, and sugar
groups. Several groups (including ours) have investigated changes in cell membrane
permeability induced by cationic materials in cells by measuring the leakage of proteins and
small molecule dyes.***° The results indicate that although several polymers induce increased
cell permeability to LDH and small molecule dyes as well as reduce cell viability, branched PEI
(bPEI) induced cell membrane permeability and cell death at lower concentrations than other
cationic polymers. This ability of bPEI to induce increased permeability and cytotoxicity was
attributed to its higher charge density.*® The AFM studies suggested the increased cell membrane
permeability and cytotoxicity could result from the formation of pores in lipid bilayers.*®
Although the dye leakage studies provided quantitative information regarding cell membrane
permeability, it was difficult to understand the impact of cell membrane permeability on gene

expression in a given cell. Therefore, we used flow cytometry to relate changes in cell membrane

permeability with activation of cytosolic nucleases as well as gene expression. Furthermore, we



used whole cell patch clamp experiments to quantify cell membrane permeability to ions on a

single cell level.

Manual patch clamp experiments exhibited increased currents across cell membrane as a
function of cationic polymer exposure. The magnitude of individual current events ranged from
0.2-2 nA consistent with free pore (i) or supported pore (ii) defects between 1-350 nm? in area.>®
The predicted size of current passing defects consisting of carpeted (iii) or intercalated (iv)
regions is less clear but presumably larger than the size predicted for pores. Unlike cells exposed
to cationic polymers, cells exposed to an antimicrobial peptide (AMO-3) exhibited discrete

currents events consistent with a pore of ~2 nm diameter as predicted by other studies.>”®

Manual patch clamp experiments were extremely sensitive in detecting cell membrane currents
of ~ 50 pA. However, the process was labor intensive, provided data from only a few cells, and
did not allow for precise control over compound concentrations. To address these limitations, we
used an automated microfluidic patch clamp system (the lonflux-16) that enabled us to measure
cell membrane conductivities of 20 cells simultaneously, precise control over polyplex/vector
exposure time (1 s) and concentrations.*”*>*° The lonFlux-16 also allowed us to assess the
intactness of the treated cells using fluorescence microscopy. We observed that both cationic
vectors and polyplexes increased membrane currents across cells to about 30-40 nA (Figure 1.3).
This was less than the open channel currents of 70-80 nA observed when cells are completely
dissolved by the detergent SDS.* Increasing the concentration of cationic vectors to 100-times
the concentrations used in polyplexes formulations still did not increase the membrane currents
above 40 nA. This indicated that the cationic polymers saturate the cell membrane at
concentrations used in polyplexes. Moreover, the increase in cell membrane conductivity

induced within 60 s was not reversible for over 15 minutes. Since free pores induced by



sonoporation repair in 5 s, the free pore model seen in supported lipid bilayers does not appear to
be the source of the current in cell membranes. Instead cationic polymers and polyplexes appear
to intercalate stably in the cell membrane and increase membrane permeability by either a
supported pore (ii), carpet (iii) or intercalation (iv) model.>* Finally, we further quantified the

amount of polymer/polyplex partitioned in the cell membrane at equilibrium.

In order to distinguish between the four hypotheses in the introduction (H1-H4), we then
compared the intercalation of different cationic polymers and polyplexes to gene expression. We
observed that polymers inducing high gene expression (jetPEI, L-PEI) in HEK293A cells had
higher partition constants in the cell membrane and induced cell membrane permeability at lower
concentrations than G5 PAMAM, which induced gene expression in few cells.*> Similarly, the
magnitude of cell membrane currents induced by the intercalation of free polymers (jetPEI ~
LPEI > BPEI~ G5 PAMAM), but not polyplexes, predicted the ability of polyplexes to induce
gene expression in HelLa cells (jetPEl ~ LPEI > BPEI~ G5 PAMAM).} Flow cytometry
experiments investigating the relationship between the polyplex-induced influx of propidium
iodide dye and gene expression also did not observe any correlation with gene experession.®
These results are also broadly consistent with other data in showing that polyplex induced cell

membrane permeability does not predict successful gene delivery. 7224261

In our experiments, increased cell membrane permeability by polymers did not result in
increased cellular uptake of polyplexes.!” These results are inconsistent with H1. The partitioning
of polymers into the cell membrane can explain inflammation and apoptosis associated with
these agents. For example, Mukherjee et al showed that apoptotic pathways could be triggered by

in Ca?* levels was caused by the influx of Ca?* from the extracellular fluid as well as release
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from endoplasmic reticulum.> Similarly, Reineke et al showed that colocalization of PEI with
the mitochondria and attributed the interaction of PEI with the mitochondria as a cause for
cytotoxicity.®* Since the lipid bilayers in a cell are cycled rapidly, polymer intercalation into the
cell membrane may explain apoptotic pathways triggered by cationic vector induced leakiness of
internal organelles. However, polymers that partition strongly into the cell membrane resulting
in higher membrane permeabilization also induce higher gene expression and induce more
inflammation. Thus, cellular defense mechanisms triggered by the process are not the limiting
factors in enabling successful gene expression (H3). This suggests that the intercalated polymer
influences subsequent gene expression either by mediating transport in specific pathways (H2) or
by mediating endosomal release (H4). We used fluorescence microscopy experiments to further

understand these processes.
Cellular Uptake and Intracellular Transport of Cationic Polymers and Polyplexes:

In studying polyplex transport, polymer transport has often been treated as control experiments.
Our membrane interaction studies suggest that polymer transport may in fact be as important as
polyplex transport. Polyplexes have been shown to be taken up by both clathrin and caveolin
mediated endocytosis as well as macropinocytosis. ®®* Multiple studies have observed that gene
expression was abolished if caveolin mediated pathways were inhibited. °>® Conese et al.
suggested that polyplexes escape endosomes more easily in caveolin mediated pathways.®* Our
group found that the internalization of G5 PAMAM dendrimers and polyplexes was not
GM1/caveolin pathway dependent in multiple cell lines.**®” Other studies have suggested that
the transport of polyplexes to the Golgi apparatus and ER by caveolin mediated pathways may

be involved in the subsequent transport of polyplexes to the nucleus.®® "



Although polyplexes have been observed in the ER and Golgi apparatus, it is unclear if these
polyplexes are responsible for subsequent gene expression. To address this question, we used a
small oligonucleotide molecular beacon (OMB) labeled with a FRET dye pair to distinguish
intact DNA responsible for therapeutic activity from degraded DNA. * The degradation of
pDNA by cytosolic nucleases has been proposed to be one of the factors limiting gene delivery
to the nucleus.** We observed that co-localization of intact DNA by jetPEl and G5 PAMAM
polyplexes in the Golgi apparatus and ER in HEK293A cells was identical and thus did not
explain the 100-fold difference in gene expression. However, the release of OMB into the
cytosol (jetPElI >> G5 PAMAM) quantitatively predicted the gene expression induced by
polyplexes (jetPEI >> G5 PAMAM) (Figure 4). Specifically, OMBs delivered using jetPEI were
released into the cytosol but the OMBs delivered using G5 PAMAM were confined to vesicles.
Moreover, the release of G5 PAMAM polyplexes from vesicles could be triggered by the co-
incubation, pre-incubation or post-incubation of L-PEI with cells treated using G5 PAMAM
polyplexes resulting in a >10-fold increase in GFP expression. Lipofectamine also achieved this
10-fold increase in gene expression, OMB release into the cytosol and transport to the nucleus
but only if it was added to cells at the same time as G5 PAMAM polyplexes suggesting that has
to be incorporated into the polyplexes. Previous studies by other groups have shown that the
addition of free L-PEI enhances gene expression although they did not provide a mechanism of
action.” " These results support H4 and indicate that free cationic polymer intercalated in
endosomal membranes induces failure of the endosomal membrane that enables successful gene

expression.

According to this new model, jetPEI/L-PEI is successful in mediating endosomal escape in a

larger fraction of cells because it can intercalate and disrupt endosomal membranes at much
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lower concentrations than G5 PAMAM. Apart from explaining the ability of L-PEI to release
polyplexes already trapped in endosomes, the model can also better explain the wide difference
in gene expression induced by L-PEI and G5 PAMAM despite their similar buffering abilities.
Moreover, the model is also consistent with a recent report by Zuhorn et al. that the release of
nucleotides from endosomes leaves behind intact endosomes as opposed to the ruptured
endosomes proposed by the proton sponge hypothesis.*® They observed that the release of cargo
from endosomes happened within a few seconds. This is more consistent with a new
intercalation event at the endosome level rather than prolonged leakiness starting from endosome
budding at the cell membrane. More studies will be necessary to understand the mechanism of

cationic polymer interactions with the endosomal bilayer.

The addition of L-PEI also resulted in OMB presence in the nucleus within 4 h. It was unclear if
the presence of L-PEI was necessary for the nuclear uptake of the OMB, although the quick
presence of OMB in the nucleus rules out cell division as an explanation for nuclear uptake.
Reineke et al have observed that although L-PEI and other polymers with high gene expression

induce nuclear membrane permeability, %%

pDNA transfer into the nucleus increased
dramatically in the presence of cytosolic extracts.?? Polyplexes microinjected into the cytosol
have been shown to induce higher gene expression than bare pDNA.* It is also unclear from our
data if the nuclear membrane was penetrated by intact polyplexes or freecationic polymer. Free
polymers have been shown to diffuse freely in the cytosol.”®”” Thus, it is possible that the

nuclear membrane could be made permeable by the free polymer and it easier for polyplexes to

penetrate the nucleus.

The interaction of cationic vectors and DNA in polyplexes is also interesting since DNA in

polyplexes is protected from nucleases but needs to be released inside the nucleus for
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transcription into mRNA. We have also probed the DNA-vector interactions in polyplexes using
NMR and fluorescence based techniques and observed that polyplexes are highly dynamic
systems in which free nucleotides and vectors exchange with polyplexes rapidly. "™ The OMB
experiments indicate that the DNA release from polymers and nuclease protection are not the

critical parameters that enable successful gene expression.
Conclusion:

Identifying the physicochemical properties of cationic polymers critical to optimize gene
expression would aid in the development of new vectors. The buffering ability of polymers has

been historically considered important for optimal endosomal release, *4*>242>34

although several
studies have disagreed with this hypothesis.?®*%" Moreover, the proton sponge model does not
explain the transport of polyplexes to the nucleus and the cytotoxicity induced by the cationic
vectors. Our experiments indicate that the intercalation of free polymers into the lipid

membranes promotes endosomal release, nuclear entry and gene expression in the following

steps and enable successful gene expression in the following steps (Figure 1.5): **

1. Polyplexes delivered to the cell release free vector, smaller polyplexes, and free DNA

either near the cell membrane or inside vesicles

2. Free cationic polymer released from polyplexes intercalates into the cell plasma

membrane and then circulates to endosomal membranes and disrupts them.

The effectiveness of PEI in permeabilizing membranes has been attributed to its higher

charge density %%

. It is unclear if the higher partition constant in the lipid membrane is also
related to this property.  Our model explains all the physiological effects of polyplexes

(endosomal, mitochondrial and nuclear permeabilization) using the same physicochemical
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property. Studies supporting our model mainly use two polymers L-PElI and G5 PAMAM.
Future studies using other cationic polymers and lipids with different transfection abilities and
physicochemical properties (hydrophobicities, charge density and vector architecture (branched
vs linear)) will be necessary to validate the proposed model. Although our model mainly
focused on understanding gene delivery, the same strategy may also be used to improve the

efficacy of other therapeutic systems in which endosomal release is a limiting factor.

Figure 1.1. Polyplex transport in cells. A. Polyplexes are internalized into endosomes. B.
Endosomal release has been suggested to be a critical step in enabling subsequent transport of
DNA to the nucleus. C-D. Polyplexes have also been observed in internal organelles such as the
Endoplasmic reticulum and Golgi apparatus, even though it is unclear if the polyplexes in these
organelles are active in enabling gene expression.
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Figure 1.2: Cationic Polymers form defects in lipid bilayers and cell membranes. PEI enhanced
the size of existing defects in supported lipid bilayers. B. Although many cationic polymers
induced LDH release from KB cells, PEI induced significantly more LDH release at much lower
concentrations. C. PEI also induced the most LDH release in Rat2 cells. D. Cationic materials
could form three types of defects in lipid bilayers (i) free pores (ii) polymer supported pores (iii)
a carpet of polymers or (iv) polymer intercalated bilayer.
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Figure 1.3: Free vector intercalation predicts gene expression. A. PEI induced increased cell
membrane currents of HEK 293A cells starting at 2.2 ug/mL. The overall level of current never
increased beyond -50 nA even at a concentration of 113 ug/mL indicating that cells were still
intact. Dissolution of cells with agents such as SDS resulted in currents > -70 nA. B. L-PEI
induced increased membrane currents at much lower concentrations than G5 PAMAM. C. Free
L-PEI had a higher partition constant into HEK293A cell membranes than free G5 PAMAM.
Partition constants of polyplexes were not different within error. D. Free cationic vectors also
induced increased membrane currents in HelLa cells with L-PEI and jetPEI showing the greatest
increase and showing the greatest gene expression. Currents induced by polyplexes could not

predict gene expression.
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Figure 1.4: Free vector induced endosomal release predicts gene expression. A. OMB
employed for FRET studies. B. OMB delivered using jetPEI polyplexes (N:P 10:1) exhibits
diffuse distribution at 4h. C. OMB delivered using G5 PAMAM polyplexes (N:P 10:1) were
confined to vesicles with few cells showing diffuse OMB distribution. D. Treatment of cells with
L-PEI for 1 h following 3 h G5 PAMAM polyplex incubation results in diffuse, cytosolic OMB
distribution. E. The fraction of cells (n = total number of cells counted from 10 images each
obtained from 3 biological replicates) showing diffuse OMB distribution in the cytosol (jetPEI =
88 £ 5 %, G5 PAMAM =9 £ 2 %) corresponds to the fraction of cells expressing GFP (jetPEIl =
80 £ 5 %, G5 PAMAM 4 + 1 %). F. Pre-incubation, co-incubation and post-incubation of L-PEI
with G5 PAMAM polyplexes increases both fraction of cells displaying diffuse OMB and
fraction of cells expressing GFP by >10-fold.
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Figure 1.5: Membrane intercalation model of endosmal release. A. Free cationic polymer
intercalates into the plasma membrane and/or is released from associated polyplexes. B. Cationic
polymer is dispersed into internal cellular membranes via lipid recycling pathways. Polyplexes
are endocytosed. C. Cationic polymer intercalated into endosomal membranes induces
membrane permeability and facilitates release of genetic material into the cytosol. D. We
hypothesize that cationic polymer associated with the nuclear membrane via lipid recycling
and/or cytosolic pathways induces permeabilization and facilitates transport into the nucleus.
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Chapter 2 : Detergent Induction of HEK 293A Cell Membrane Permeability Measured
Under Quiescent and Superfusion Conditions using Whole Cell Patch Clamp

Published as: Detergent Induction of HEK 293A Cell Membrane Permeability Measured under
Quiescent and Superfusion Conditions Using Whole Cell Patch Clamp. J. Phys. Chem. B 2014,
118,2112-2123.

INTRODUCTION

Detergents are employed for a wide variety applications in biology including dissolving cell
membranes,»23# jsolating membrane components such as proteins,® transport of agents such as
drug and genes into the cell,® adjuvants in vaccination,” and providing aqueous solubility to
hydrophobic and/or nanoscale materials.® In part, this wide variety of roles stems from the ability
to vary both the head group size and charge of a detergent, as well as the length and shape of the
hydrocarbon tail. However, a common detergent such as sodium dodecyl sulfate (SDS) is able to
play many of the roles described above by varying concentration. This great variety of
applications indicates the detergent/membrane interaction is multifaceted and has substantial
continued promise for biological manipulation. In order to fulfill this promise, increased
understanding of the balance between the roles in enhanced transport, membrane permeability,

and overall dissolution of the cell membrane must be understood.

The theory of detergent interaction with cell plasma membranes has been developed using
homogeneous phospholipid bilayer models. The interaction is generally proposed to go through
a three-stage equilibrium model (see supplementary material, Figure A.1) as the detergent/lipid

(D/L) ratio increases: 1
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I) intercalation of non-micellar detergent into the bilayer

I1) equilibrium coexistence of phospholipid-saturated D/L micelles with detergent-saturated
phospholipid bilayer

[11) dissolution of detergent-saturated phospholipid bilayer into D/L micelles.

These three stages, although a simplification when considering detergent interaction with a cell
plasma membrane containing numerous other components including proteins and cholesterol,>°
nevertheless provides a starting point for considering the detergent/plasma membrane interaction
and the experiments used to probe the biophysical outcomes. There are also three steps

considered as important for the kinetics of the detergent/lipid bilayer interaction*
)} insertion into the outer leaflet of the bilayer, ranging from milliseconds to seconds
i) equilibration between the outer and inner leaflets, ranging from milliseconds to days

iii) equilibration between the inner leaflet and the inner aqueous compartment occurring over

minutes to days

When considering the interaction of detergents with most cell types, both the thermodynamic and
Kinetic aspects described above fail to take account of active processes, particularly lipid cycling
between the outer cell plasma membrane and the inner cellular membranes, which can serve to
replenish lipid and other components, as well as transport detergent to the cell interior. For most
eukaryotic cell types, the plasma membrane represents less than 5% of the cells total membrane
composition.’® In this regard, the structure and dynamics of most eukaryotic cell plasma
membranes differs substantially from that of lipid bilayer vesicle models or that of red blood
cells (erythrocytes), in which the plasma membrane is the only membrane present. Another

significant difference between physiological exposure of cells to detergent as compared to both
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model bilayer systems and most in vitro cell models is the choice of quiescent versus flowing
systems. Most cell-based experiments to date have been performed as quiescent experiments
using erythrocytes,!*** although HelLa'® and B16° cells have also been employed. The
erythrocyte studies generally use hemolysis as a primary assay for membrane permeability,
although the ability of this assay to effectively test Stage | intercalation events has been
questioned.!® Studies testing whether detergent-induced transbilayer lipid motion (flip-flop) was
an early Stage | event that could be directed related to cell membrane leakage determined that

flip-flop and permeability were independent events.

In studies with a variety of positively charged nanomaterials including synthetic mimics of
antimicrobial peptides, antimicrobial peptides, proteins, polymers, and particles on eukaryotic
cells such as KB, Rat2, HeLa, and HEK293A, we and others noted that cell plasma membranes
showed evidence of membrane leakage (lactate dehydrogenase (LDH), propidium iodide (PI),
and fluorescein assays; increased membrane current) caused by disruption of the membrane
and/or membrane pore formation far below concentrations that induced lysis.t’?2 In model
membrane systems, we and others have noted that the direct introduction of nanoscale holes or
pores, membrane thinning and membrane intercalation.t”18:23-30 Increased membrane current was
ascribed to structural membrane disruption or pore formation because the current induction was
not cation specific and lacked rectification, as would be observed for ion-channel based changes
in current.® With these findings in hand, and considering the extensive studies discussed above
using detergents that also have a rich nanoscale structure, we were interested exploring the Stage
| to 1l interactions of detergent with eukaryotic cell membranes. In particularly, we wanted to
take advantage of the sensitivity of electrical measurements using whole cell patch clamp as a

complementary approach to the hemolysis studies most common in the literature.
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In this paper, we examine the interaction of SDS, CTAB, and ORB with HEK 293A cells
using automated planar patch clamp (lonflux 16™). The following major conclusions were
reached: 1) detergent partitions from solution to cell plasma membrane much faster (seconds)
than detergent exchanges between the plasma membrane and internal cell membranes (minutes)
2) detergent-induced cell membrane permeability does not decrease after removal of detergent
from the external solution over time period of > 15 minutes, even with active equilibration with
internal membranes 3) XTT assays indicated ranges of detergent-induced cell plasma membrane
permeability that were not acutely toxic 4) the relative activity of SDS, CTAB, and ORB for the
induction of membrane permeability HEK 293A cells was quantified for both superfusion and
quiescent conditions 5) whole cell patch clamp measurement of current induction was employed

to obtain partition coefficients for SDS, CTAB, and ORB with the HEK 293A cells.

The lonflux 16 uses the whole cell patch clamp configuration to measure the changes in
membrane conductance for 16 groups of twenty cells in 8 independent patterns (320 patched
cells per experimental run) (Figure 2.1). This instrument has a number of advantages/differences
as compared to traditional whole cell patch clamp®® using a single cell/electrode combination
including: 1) simultaneous ability to run multiple repeats and/or multiple exposure
concentrations 2) sub-second ability to change concentration 3) continuous superfusion
environment 4) ready post-hoc analysis following electrical characterization of all 320 cells
using fluorescence microscopy.  Electrical characterization of cell plasma membrane
permeability was obtained for all three detergents under dynamic exposure most closely related
to thermodynamic Stages I-11 and kinetic Stages i-iii. For SDS exposure, progression to Stage 111
occurred as concentration increased as evidence by the observation of open channel currents.

For both CTAB and ORB, intercalation did not result in progression to Stage Il (membrane
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dissolution), consistent with the elegant physical chemical studies of Seelig et al. 3 and Xia and
Onyuksel®? on lipid bilayer models that the head group dramatically effects tendency towards
micellization. Consistent with their results, we observe SDS inducing micellization and
complete dissolution of the cells for a 2 mM exposure whereas the cell plasma membranes
remain intact up to 10 and 1.4 mM for CTAB and ORB, respectively. Considering the ability of
each detergent to induce membrane permeability prior to micellization occurring, we find that
the relatively activity as a function of concentration under flow conditions is 1: 20: 14 for SDS,

CTAB, and ORB, respectively.

In order to understand the nature of detergent induced membrane permeability further, we also
subjected cells to detergent exposure for 10 s — 300 s and monitored if the membrane currents
returned to baseline levels. For SDS (at sub-solubilizing concentrations), CTAB and ORB, we
observed that the increase in membrane permeability caused within 10 s of detergent exposure
was not reversible for over 15 minutes. Further work is necessary to determine if this increased
membrane permeability can be chronic and its long term impact on cellular function in vitro and
in vivo.

In order to understand the impact of changes in lipid concentration on the detergent induced membrane
permeability, we also performed experiments under quiescent, equilibrium conditions by mixing
detergent with varying numbers of cells followed by patching the cells and measuring the resulting

membrane currents. Partitioning assays have been widely used in literature to measure the lipid bilayer

composition and partition constant of detergents in the bilayer.111-13.33-37

The concentration of detergent required to induce a given magnitude of membrane

permeability is linearly related to the lipid concentration. At a fixed membrane perturbation
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level, the amount of total detergent in the system is constant as presented in equation 1 where Dy
denotes detergent in bilayer and Dy, the detergent in water. 1
Dtotar = Dy + Dy 1)
Ry is the ratio of detergent to lipid (L) in the bilayer for a given level of membrane disruption

as given in equation 2. 1 Substituting equation (2) in (1) results in equation 3.
Ry, =— 2)

Drotar = Rp * L + Dy, (3)
The partitioning of detergent into the lipid membrane can be described by a model (equation
4) where the mole fraction of detergent in the bilayer (Xp) is related to the detergent in water

(Dw) through a partition constant (K).1*

X, = 22 =KxD, (4)

Dp+L

The substitution of equations 2, 4 in equation 3 results in equation 5 . 1

Rp

DT = Rb * [, + (Rb+1)*K (5)

This experiment thus allows us to readily compare our patch clamp derived data with extensive
literature in the field. We have determined the partition constants of SDS, CTAB and ORB in
the membrane to be 23000 M, 55000 M, and 39000 M, respectively. Fluorescence
experiments for ORB indicated that detergent intercalated into the outer leaflet was internalized
into the inner cellular membranes over the approximately 20 minute time period of these
experiments. The combination of the whole cell patch clamp data and XTT viability data
suggest there is a range, < 0.2 mM for SDS and < 1 mM for CTAB and ORB, where detergent

exposure can cause long-term plasma membrane permeability without causing acute toxicity.
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The results from our experiments indicate that additional work is needed to understand the role

of low doses of these classes of materials on inducing inflammatory responses.

EXPERIMENTAL METHODS
SDS and CTAB were obtained from Sigma-Aldrich (Sigma-Aldrich; St. Louis, MO). ORB was
obtained from Life technologies (Carlsbad, CA). Other reagents were obtained from Fisher

Scientific unless mentioned otherwise.
Ensemble Whole-Cell Patch Clamp Using lonFlux 16 ™:

Solutions: Extracellular solution (ECS) consisted of 138 mM NaCl, 4 mM KCI, 1.8 mM
CaClz, 1 mM MgClz, 10 mM HEPES and 5.6 mM glucose adjusted to pH 7.45 using NaOH.
Intracellular solution (ICS) consisted of 100 mM potassium aspartate, 30 mM KCI, 5 mM
MgClz, 5 mM EGTA, 4mM Tris ATP, and 10 mM HEPES adjusted to pH 7.2 using KOH. SDS
and CTAB stock solutions were made by dissolving the detergents in ECS to obtain a final
concentration of 10 mM. Other concentrations were obtained by serial dilution of the stock
solution in ECS. 10 mg of Octadecyl rhodamine B (ORB) was dissolved in 0.5 mL DMSO (final
stock concentration 27.4 mM). 100uL of stock was added to 1.9 mL of ECS to obtain 1.37 mM
ORB in ECS+5% DMSO. Lower concentrations of ORB were obtained by performing serial
dilutions in ECS.

Determining Critical Micelle Concentrations of Detergents in ECS: The fluorimetric method
described by Chattopadhyay and London was used to determine the CMC of SDS and CTAB in
the ECS.*® Briefly, 10uL of 1 mM of Diphenyl-(1,6)-Hexatriene (DPH) dissolved in
tetrahydrofuran was added to detergents dissolved in ECS. The fluorescence of these samples

was measured using FluoroMax-2 (Horiba Instruments Inc.). The excitation wavelength was
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358nm. Emission was measured from 400 nm - 500 nm. Above the CMC, when detergents are
present as micelles, DPH is incorporated into the micelles and there is a sharp increase in
fluorescence.

Cell Culture Materials: DMEM High Glucose with Sodium Pyruvate and Glutamine
(Thermo scientific) was the base media (DMEM). Complete media was made by adding 50 mL
of Fetal Bovine Serum, 5 mL of Non-essential Amino Acids (Thermo Scientific) and 5mL of
Penicillin-Streotomycin to 500 mL DMEM. Serum Free Media (SFMII) for suspension culture
of HEK 293A cells was purchased from Invitrogen. Detachin was purchased from Gelantis Inc.
PBS (1X) without Ca?* and Mg?" was obtained from Thermo Scientific.

Cell Preparation for Whole Cell Patch Clamp: HEK 293A cells (Cat. No. CRL-1573;
ATCC; passages 12-17) were cultured in 175 cm? flasks in complete media at 37C and 5% COs..
The cells were cultured to ~90% confluency (~20-25 million cells). The cells were suspended by
first washing with 10 mL of PBS and suspended by treatment with 5 mL Detachin at 37 °C for 5
minutes. 5 mL of compete media was added and the cells were triturated. The suspension was
centrifuged at 1000 rpm for 2 minutes (220 x g) and the supernatant was discarded. The cells
were suspended in SFM Il supplemented with 25 mM HEPES and Pen-Strep, placed in a 25 cm?
suspension flask and shaken at 75 rpm for 5 minutes. Employing SFMII as opposed to the
regular serum free DMEM resulted in a roughly three-fold increase in cell count and was critical
for achieving improved seal resistance in each trapping zone. The cells were triturated and
counted using a cytometer at this stage. The suspension was centrifuged at 1000 rpm for 2
minutes. The cells were suspended in (ECS). The cells were centrifuged, re-suspended in ECS to
a concentration of 8 to 12 million cells/mL and loaded in the lonFlux-16™ 96 well microfluidic

plate.
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Staining with PKH26: In order to determine if cells were present and intact at the patch clamp
sites after experimental treatments including exposure to ECS, SDS and CTAB, we stained cells
with membrane dye PKH26 according to the instructions from Sigma-Aldrich. Briefly, ~20
million cells were suspended in serum free media using Detachin as described above. The cells
were centrifuged at 1400 rpm (431 x g) for 1 minute. The supernatant was discarded and the cells
were suspended in serum free DMEM. The cells were once again centrifuged at 1400 rpm and
suspended in 1 mL Diluent C. 4 puL of PKH26 (1mM in ethanol) was dissolved in 1 mL of
Diluent C. The cell suspension was mixed with the PKH26 solution and incubated for 5 minutes
with periodic mixing every 5 minutes. 10 mL of complete media was added to stop the staining
process. The cells were washed with complete media 3 times and suspended in SFM II. The cells

were then counted and suspended in ECS for use in the whole cell patch clamp experiments.

Whole Cell Patch Clamp using lonflux 16™

The lonFlux 16™ consists of a 96 well microwell plate etched with microfluidic channels at
the plate bottom as previously described by lonescu-Zanetti et al. (Figure 2.1).% Solutions flow
over patched cells giving a superfusion environment for detergent exposure. Each plate is
divided into 8 patterns containing two zones that trap 20 cells each. The current trace obtained by
each electrode is the combined current from 20 cells. Each pattern has eight wells for compound
addition that are independently controlled pneumatically. Each pattern has an IN well which was
loaded with cells suspended in ECS. Before the experiment, the plate was “preprimed” for two
minutes. During the preprime step, the IN well was filled with ECS. The trap wells were filled
with ICS and the compound wells had compound solutions. After the preprime step, the IN well

was filled with cells suspended in ECS. The experiment consisted of four phases: Prime, Trap,
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Break and Data Acquisition. The timeline and pressure settings for the four phases are provided
in supplementary material (Figure A.2). In the trap phase, the fluid in the main channel flowed in
pulses (no flow for 4.2 s, followed by fluid flowing for 0.8 s), which allowed cells to be trapped.
The trapped cells were perforated using a rectangular pressure pulse of amplitude 4 psi for 10 s
during the break phase. During the data acquisition phase, the main channel and the trap
pressures were constant at 0.16 psi and 6 mm Hg respectively. The voltage for data acquisition
was set at -70 mV and the sampling rate was 500 Hz. The data was collected in frames that lasted

30 s followed by a 0.3 s period when no data was collected.

Detergent exposure after patching:

Once the cells were trapped, they were exposed to ECS for 120 s, following which they are
exposed to detergents at different concentrations. Cells were exposed to SDS and CTAB for 900
s and exposed again to ECS for 120 s. Cells were treated with ORB for 600 s and treated with
ECS again for 120 s. A schematic of the experimental protocol is provided in supplementary

material (Figure S2).

Data Analysis: The current vs time trace files were exported and processed using Microsoft
Excel and MATLAB. The change in membrane current upon exposure to the detergents for
different lengths of time was calculated. The time averages of current from 7.2s -11.2 s after
exposure (72.6 to 76.6s) and from 931 to 935 s after exposure (991.6 to 995.6 s) were subtracted
with time average of current just before detergent exposure (60.6 — 64.6 s). For cells exposed to
ORB the time average current 10 minutes after exposure (666.6 to 670.6 s) was subtracted from

the time average current immediately before exposure (60.6-64.6 s). One way analysis of
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variance (ANOVA) followed by Tukey’s multicomparison test was performed to determine the

statistical significance of the difference in current changes across different treatments.

Quiescent experiments using cells pre-treated with detergent:

Partitioning assay have been widely used to measure the lipid bilayer composition and
partition constant of detergents in the bilayer.1 11133337 |n this experiment, different numbers of
HEK 293A cells were pre-treated with detergent followed by whole cell patch clamp
measurements to evaluate the detergent partitioning into the membrane as a function of lipid
concentration.

A fixed number of cells (e.g 5 million cells) were suspended in ECS and incubated with
various concentrations of detergents for 15 minutes. The suspension was then centrifuged at
1000 rpm. The cells were resuspended in ECS and patched using the IF-16. The current vs time
trace files were exported and the time averaged current from the first four minutes was used as a
measure of membrane permeability. This process was repeated for four different cell counts (1.5
million, 5 million, 10 million and 15 million cells).

For CTAB alone, the partitioning behavior was also probed using a trypan blue assay. Trypan
blue is a dye that is excluded from cells when the cell membrane is not compromised. In this
experiment, cells were pretreated with CTAB as described above but trypan blue assay was used
as a membrane permeability marker instead of whole cell patch clamp.

Experimental Design and Data Analysis: In order to compare membrane perturbation induced
by SDS, CTAB, and ORB at thermodynamic Stage | and determine partition coefficients, the
change in membrane behavior is generally measured at the onset of perturbation.'>*®  This

approach is also taken because the plateau reached upon after substantial exposure can be the
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result differing physical states including complete cell solubilization (SDS) or saturation of the
cell plasma membrane with detergent (CTAB, ORB). Figure A.4 provides an example of this
behavior and method of calculation for the trypan blue assay for CTAB.

For the whole cell patch clamp study, it was difficult to identify the point of onset of increase
in current due to the variability in the patch quality of cells. Hence, we used the following three
step method to estimate the detergent concentrations required for the onset of increased
permeability (Figure A.5) and calculate partition constants.

1. The rate of increase in current from control levels till a current level of ~ 50 nA was
measured (Figure A.5). The inverse of this slope provides us a measure of the amount of
detergent necessary to increase the current by 1 nA.

2. Upon examination of multiple data sets, current changes of ~ 15 nA were determined to
represent a reliable magnitude of change to indicate an detergent-induced current increase.
The detergent necessary to increase the current by 1 nA was multiplied by 15 to obtain an
estimate for detergent necessary to induce membrane currents of 15 nA.

3. The detergent concentrations at the onset of increased membrane permeability were then
plotted with respect to the lipid concentration and fit with a linear model. The lipid
concentration in cells was estimated from literature to be 10° lipid molecules per cell
membrane.'? The slope and intercept of this line were Ry, and Dw respectively. The partition

constant K was calculated using equation 6.

_ Rp
o (Rp+1)*Intercept

(6)
In step 1, a current level of 50 nA was used to calculate the slope because the cells treated

using SDS, CTAB and ORB, are in a comparable physical state corresponding to thermodynamic

Stage I-11 of the partition model. Higher current levels represent the current after cells have been
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solubilized by SDS. At a current level of 50 nA, the cells were not solubilized when visualized

using PKH26 and ORB and gave a cell count that did not differ from the control.

XTT assay: XTT Kkits from Sigma-Aldrich were used for this experiment. HEK293A cells
were plated in a 96 well tissue culture plate at a density of 100,000 cells per well and incubated
overnight at 37°C and 5% CO.. Cells were incubated with SDS, CTAB, ORB or ECS for 20
minutes. The supernatant was then removed and 50 puL of PBS was added to each well. 50 parts
of solution A was mixed with 1 part of solution B to prepare the XTT reagent. 30 pL of this
reagent were added to each well and incubated at 37° C and 5% CO2 for 2 hours. The absorbance
of the well was then measured at 490 nm and 690 nm and the difference in absorbance between
the two wavelengths was calculated. A large difference would indicate more viable cells. The

percent viability was then calculated with respect to cells treated with ECS.

RESULTS

The critical micelle concentrations (CMCs) of SDS and CTAB in ECS were determined to be
0.8-1 mM and 0.03-0.06 mM, respectively. The CMC values in water were also obtained giving
values of 6-8 mM and 1-2 mM, respectively, consistent with the published data in the literature.
Line drawings of the detergent structures are provided in Figure A.3.

The change in current as a function of time measured for patched cells exposed to 0.004 to 2
mM SDS is presented in Figure 2.2. Each trace is the total current measured across 20 cells.
Cells exposed to 0.2 mM SDS (number of traces, n=11) and 2 mM SDS (n=8) exhibited an initial
sharp increase in current when compared to the ECS controls. On average, the current increase

started between 2 to 3 s and 1 s, respectively, for cells treated with 0.2 mM and 2 mM SDS. For
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cells treated with 0.2 mM SDS, the initial change in current lasted 3 to 4 s. The current then
increased slowly for the next 67 + 25 s. This was followed by a faster increase in current which
reached ~50 nA at the end of 15 minutes. The currents for cells exposed to 2 mM SDS
eventually reached open channel current levels. Except for one trace that took 871s after
exposure to reach open channel current level, other traces reached open channel current in 120 +
61 s.

The difference between the pre-exposure current and the currents at 7.2-11.2 s and 931 — 935
s after exposure are presented in Figure 2.2B. One-way analysis of variance indicated the change
in current in the first 7.2-11.2 s after compound release was significantly different between the
treatments (p < 0.001). Tukey’s multiple comparisons analysis indicated that the current
increases caused by 0.2 mM and 2 mM SDS were significantly different from the control and
from each other (o = 0.05). Similarly, the mean change in current 931 to 935s after exposure to
detergents was significantly different for the different treatments (p < 0.001).

The change in current as function of time measured for patched cells exposed to 0.001 to 10
mM CTAB is presented in Figure 2.3. The introduction of CTAB at 0.0001 mM (n = 4) and
0.001 mM (n = 4) did not cause a change in conductance as compared to the controls. The
introduction of CTAB at 0.01 mM (n = 8), which is still below CMC, caused a slow increase in
current that eventually reached ~1/3 of the open channel current. The exposure of cells to CTAB
at 0.1 mM (n=10), 1 mM (n = 12) and 10 mM (n = 4) caused a rapid increase in membrane
current that reached a steady state between -40 to -70 nA. The times of onset for the change in
current after compound release were 2 to 3 s for 0.1 mM CTAB and 1s for both 1 mM and 10

mM CTAB..
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ANOVA indicated that the mean current increases at 7.2 to 11.2 s and 931-935 s after detergent
exposure between all the treatments were significantly different (p < 10°). At the 7.2 to 11.2s
time point, Tukey’s multiple comparison test indicates that the current changes produced by 0.1
mM, 1 mM and 10 mM CTAB were significantly different from the ECS controls, 0.0001 mM
and 0.001 mM CTAB (a = 0.05). At the 931 to 935 s time point, the current increases produced
by 0.01 mM, 0.1 mM, 1 mM and 10 mM CTAB were significantly different from the ECS
controls, 0.0001 mM and 0.001 mM CTAB (a = 0.05). Unlike SDS, a CTAB concentration as
much as 200 times higher than the CMC did not result in open channel current levels.

The exposure of cells to detergents caused significant changes in the membrane currents
observed by whole cell patch clamp. The currents in some traps treated with 2 mM SDS reached
open channel levels; however, currents in traps treated with 0.2 mM SDS, 0.1 mM, 1 mM and 10
mM CTAB remained steady at approximately half the open channel levels.

These steady state current levels could be either due to 20 intact, but leaky cells, or a mixture
of intact cells and dissolved cells leading to open channels in some fraction of the 20 trapping
sites per zone. Fluorescence microscopy was employed to distinguish between these two
possibilities. In order to determine if cells were intact after treatment with the various
concentrations of SDS and CTAB in the microfluidic plates, we stained cells with PKH26.
PKH26 is a dye that localizes to the cell membrane. The cells were then patched and treated
with detergents, as described in the previous section. Figures 2.2 C-F and 2.3 C-H show the
fluorescent images of cells stained with PKH26 after treatment with detergents for 15 minutes.
Cells treated with ECS, 0.04 mM SDS and 0.001 mM CTAB were intact as indicated by their
fluorescent perimeter. This is consistent with the observation that cells do not display an increase

in permeability when treated with detergents at these concentrations. Cells treated with 0.2 mM
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SDS and 0.1 mM to 10 mM CTAB were also intact even though they display substantially
increased membrane currents. The patterns treated with 2 mM SDS do not show any intact cells,
consistent with the measured open channel current levels.

As an alternative approach to employing PKH26, we also employed Octadecyl Rhodamine B
(ORB), a positively charged amphiphilic, fluorescent detergent. This approach provided the
opportunity to explore the relationship between intercalation and current increase at the lowest
concentration exposures. The change in current as function of time measured for patched cells
exposed to 0.035 to 1.4 mM ORB is presented in Figure 2.4. ORB at 0.035 mM, 0.14 mM and
1.4 mM increased membrane current significantly when compared with the controls. Current
induced by 0.014 mM ORB is significantly different from ECS control but not 0.007 mM ORB.
Fluorescence microscopy images (Figure 2.4 C-F) reveal that the cells are fluorescent and intact
after exposure to ORB at all three concentrations for 10 minutes.

Figure 2.5 presents the current induced after cells are exposed to SDS, CTAB and ORB for
900 s. SDS and ORB induce increased membrane permeability at 0.2 and 0.14 mM respectively,
while CTAB induces membrane permeability at 0.01 mM. CTAB induces permeability at
concentrations 20 times less than SDS and 14 times less than ORB. The relative activity of SDS:
CTAB: ORB is thus 1: 20: 14 as measured by this method.

The metabolic activity of cells exposed to SDS, CTAB and ORB as measured by the XTT
assay is presented in Figure 2.6. Cells exposed 0.004 to 0.2 mM SDS, 0.001 — 0.1 mM CTAB
and 0.0137-0.137 mM ORB do not show a loss in metabolic activity. Cells exposed to 2 mM

SDS, 1 mM and 10 mM CTAB and 1.37 mM ORB show reduced metabolic activity.
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Detergents can increase membrane permeability either by removing lipids from the membrane
or by forming stable pores in the membrane. In order to further probe the reversibility of the
current induction in the plasma membrane, we exposed cells to detergents at sub-solubilization
concentrations for 10 s, 30 s or 300s followed by ECS for 900 s (Figure 2.7) . Cells were
exposed to 0.2 mM SDS, 0.1 mM CTAB and 0.137 mM ORB. The exposure of cells to SDS,
CTAB and ORB for 10 s is sufficient to cause increased membrane permeability. The increased
permeability induced within 10 s is not reversible, even fifteen minutes after exposure for all
three materials. This result is once again consistent with the hypothesis that the increased
permeability is caused by the intercalation of detergents in the cell membrane.

The experiments discussed so far have all been for detergent exposure under superfusion
conditions. The vast majority of experiments in the literature have examined detergent exposure
under quiescent conditions.!133337 In order to compare our superfusion-based data to quiescent
data we treated cell with varying amounts of detergent and then patched the cells to make the
current measurements (Figure 2.8 A-C). The amount of detergent necessary to induce membrane
conductivity increased with the cell number. Cells treated with the highest concentrations of SDS
reached the open channel current plateau of the lonflux-16 instrument since the cells were fully
solubilized. Cells exposed to CTAB and ORB remained intact even at the highest concentrations

and their current plateaus arise from detergent saturation of plasma membrane.

The detergent concentrations at the onset of increased membrane permeability were calculated,
plotted with respect to the lipid concentration, and fit using a linear model (Figure 2.9). The
values of Ry and K were calculated as in equation 5 (Table 2.1). The ratio of detergent to lipid in
the bilayer at the onset of increased permeability was 2.0 for SDS, 0.3 for CTAB and 0.4 for

ORB. The partition constants (K) for SDS, CTAB and ORB are 23000 M, 55000 M and
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39000 M2, respectively. The partition constant of CTAB measured using the trypan blue assay is

48000 M

There is an error associated with estimates of Ry and the intercept obtained using a linear
regression of the data in Figure 2.9 that can be employed to estimate the error in K (full details
provided in supplementary information). Employing the error in Ry and the intercept, a range of
values for the partition constant (K) for SDS [16300 - 39200], CTAB [29000 - 476000], and
ORB [24000 - 99000] were obtained. The partition constant of CTAB measured using the trypan
blue assay ranged from 37000 to 67000 M. Ranges are provided rather than the standard
deviation because K is not a linear function of R and the the mean estimate of K calculated from
R and Dy is not the midpoint of the distribution of K. Literature values for K for liposomes and

erythrocytes reported to date gave no error term.12 33

Table 2.1. Rb and K values for SDS, CTAB and ORB

Material Line R? Rb + Dw + K (Average)
Equation Etandard Standard [Lower bound, Upper Bound]
rror Error
SDS 2 X+287 0.96 2+04 29+ 10 23000, [16300, 39200]
CTAB 03X+42 0.79 03+01 42+28 55000, [29000, 476000]
ORB 04 X+73 0.87 04+01 73+31 39000, [24000, 99000]

DISCUSSION

The changes in transmembrane currents observed in cells treated with different concentrations
of SDS can be categorized into three groups (numbered 1-3 in Figure 2.2A): 1) Traces that show

no change in membrane conductivity compared to controls 2) Traces that show a rapid change in
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conductivity within 2 s of exposure to detergents and then reach a steady state current that is less
than the open channel current and 3) traces that show a rapid increase in current that reaches
open channel levels over a few minutes. Traces from cells exposed to 2 mM SDS are in group 3.
Visualization of these patch sites for PKH 26 stained cells indicates complete solubilization of
cells (Figure 2.2 E). By way of contrast, CTAB did not solubilize cells even at 200 times the
CMC. Current traces of cells exposed to 0.2 mM SDS and 0.1-10 mM CTAB fall into group 2
and PKH26 stained cells are readily visible in the patch sites (Figure 2.3). Current traces from
cells exposed to ECS, 0.004 to 0.04 mM SDS and 0.0001-0.001 mM CTAB belong to group 1
and also exhibit readily visualized PKH26 stained cells. Cells treated with 0.01 mM CTAB
exhibited behavior midway between groups | and Il with both a slower rate of current increase
and final current values that did not reach the saturated limited.

In group 2, all twenty PKH26 stained cells in a trap were intact after exposure to detergents for
ten minutes. Thus, the steady state current is not caused by the incomplete solubilization of cells
causing some fraction of the trapping sites to exhibit open channel current values. This
observation is consistent with the hypothesis that the increased membrane permeability is caused
by detergent intercalation in the membrane. This hypothesis is further supported by the fact that
ORB, which is known to localize in the membrane, also induces increased membrane
permeability (Figure 2.4).

It has been suggested that detergent micelles are required for the solubilization of lipid
membranes,® or that solubilization occurs near CMC.>® Evidence has also been presented that
micelles are not necessary for solubilization.®? In our experiments, SDS solubilized cells above
CMC. By way of contrast, CTAB does not solubilize cells even at concentrations 200 times

above CMC. Thus, the presence of detergent micelles alone is not a sufficient criterion for the
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complete solubilization of cell membranes. Moreover, the effect of 0.2 mM SDS (below CMC)
on membrane current and cell viability is similar to the effect of 0.1 mM CTAB (above CMC) in
spite of the different aggregation states. This suggests that the aggregation state of free detergent
in solution does not influence membrane solubilization. Rather, our cell-level studies agree with
the physical chemical studies of Seelig et al. 3! and Xia and Onyuksel®*? on lipid bilayer models
that it is the degree of incorporation into the membrane, head group shape and charge of the
detergent that determine the efficiency of cell membrane solubilization by detergents. This
process may also be affected by the cycling of lipid from the membrane within the cell. From our
study, it is seen that the detergent partitioning occurs in the scale of a few seconds as compared
to the several minutes needed for lipid recycling.

Several models have been proposed for the perturbation of lipid membranes by detergents.
Detergents can increase conductivity by intercalating in the membrane and disrupting normal
lipid packing, forming stable detergent lined pores, or forming lipid-lined pores due to the
formation of mixed micelles. In our whole cell patch clamp experiments under superfusion
conditions, the increased membrane conductivity induced by these detergents is not reversible.
The fact that the pores induced by SDS, CTAB and ORB are not reversible over 15 minutes
indicates the detergent is intercalated in the membrane and/or stabilizing any pores formed. The
detergent could be intercalated in the membrane and cause membrane bending or thinning, as in
a carpet model,*® or it could form stable detergent-lined pores as has been reported for barrel-
stave **2and toroidal pore models.**** The data reported here cannot distinguish between these
two possibilities, in part because the amplifier response is averaged over 20 patched cells. This
prevents clear resolution of single pore formation and the type of comparison we could make

with X-ray structural data when performing single cell patch clamp studies.!®* By way of
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comparison, apparently unstabilized and detergent-free, pores formed by sonoporation are
reversible over 5-20 s* and unstabilized pores in giant unilamellar vesicles close in about 100
ms.*” One possible factor that could confound the lonFlux-16 reversibility experiment is the
adsorption of detergent in the walls of the microfluidic channel during the 10-300 s exposure and
subsequent release when cells are exposed to ECS alone (Figure 2.7D). To address this concern,
we modeled the exponential release of detergent from a monolayer adsorbed in the channel wall
between the compound release site and trap site where cells are located. Results presented in
Figure A.6 show that the cells are exposed to concentrations much lower than the concentrations
necessary to induce membrane permeability.

The results in Table 2.1 show that the ratio of detergent to lipid in the bilayer at the onset
of increased membrane permeability is 7 and 5 times greater for SDS when compared to CTAB
and ORB, respectively.  The partition constant for SDS in POPC and POPC/POPG vesicles has
been determined by Beck, Seelig et al. to be 33,000 and 37,000 M* respectively.3! Another study
by Tan, Seelig et al. reported the partition constant of SDS in POPC and POPC/POPG small and
large unilamellar vesicles to range from 12,500 M to 70,000 M? depending on the size and
composition of the vesicles as well as the temperature.3” Our observation of 23000 M is thus
within the range predicted from studies of vesicle models. Beck, Seelig et al. also report a K of
350,000 M for CTAB in POPC vesicles. Our partition constants of 55000 M (patch clamp)
and 48000 M (trypan blue) measured for HEK 293A cells are substantially smaller and differ

substantially from the value determined using a vesicle model.

During the estimation of partition constants for charged detergents into well-defined lipid

systems such as liposome, the electrostatic interaction of the detergent with the membrane is also
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taken into account. This is because the concentration of a charged detergent near the surface of
the charged cell membrane need not be equal to the bulk detergent concentration in the aqueous
phase.**%" The local concentration of the SDS, CTAB and ORB near the membrane surface is
affected by the membrane surface charge density, buffer composition etc.*33" Thus, K is a
function of Ry, Dw and the surface potential (yo) as described by equation 3. The overall partition
constant K is related to the partition constant that accounts for electrostatic interactions as
described by equation 3.431%7 In equation 7, z is the charge of the detergent head group, Fo is
Faraday’s constant, R is the gas constant, T is the temperature and o is the membrane surface
potential.

_ Koverall
Kelectrostatic —  _zFoYg (7)

(e RT )

In our experiment, the membrane surface potential of cells was not readily available since it
could be affected by a number of biological factors such as the presence of additional proteins,
sugar moieties on the surface, physiological state of the cell etc. In addition, the lipid membrane
is cycled through the cell and it is unclear how the surface potential would be affected by that
process. Hence, the binding constants calculated in this work are overall binding constants that
do not take into account electrostatic interactions.

Based on the XTT assay, the detergent treated cells in group 2 can be further differentiated as
cells with increased membrane currents that do not exhibit reduced metabolic activity (2a) and
cells with increased membrane current that show decreased metabolic activity (2b). Group 2a is
represented by cells exposed to 0.2 mM SDS and 0.1 mM CTAB, while 2b consists of cells
exposed to 1 mM and 10 mM CTAB. Thus, at least at certain concentrations, detergents increase
membrane permeability to ion flow without reducing metabolic activity and without damaging,

to the limit of our optical resolution, the structure of the cell. Moreover, the cells treated with
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0.137 mM ORB are fluorescent, show increased membrane currents and are metabolically active.
This shows that an amphiphilic molecule with a charged head group can intercalate in cell
membranes, cause increased membrane conductivity, but not reduce the metabolic activity of the

cells.

CONCLUSION
Detergents increased the transmembrane conductivity of cells very rapidly, on the order

of a few seconds. SDS and CTAB increased membrane conductivity of cells even when their
bulk concentration was below CMC. The experiments support previous conclusions that
detergent head group charge and shape affects cell membrane solubilization. Fluorescence
microscopy images indicated that cells with increased conductivity were intact. Patch clamp
experiments combined with microscopy also showed that ORB both intercalates in the
membrane and increases membrane conductivity significantly. The increased membrane
conductivity induced by detergents at sub-solubilizing concentrations does not decrease once
compound exposure is stopped. These results suggest intercalated detergent remains in the
plasma membrane for at least 15 minutes. Moreover, our studies provide partition constants for

SDS, CTAB and ORB in non-erythrocytic mammalian cell membranes.
SUPPORTING INFORMATION

Schematic of detergent — cell membrane interaction (A.S1); Description of lonFlux 16 ™; Line
diagrams of detergents used in study (A.S3); Membrane partitioning of CTAB using trypan blue
assay (A.S4); Estimation of detergent concentration at the onset of membrane permeability
(A.S5); Amount of detergent released from microfluidic channel wall (A.S6); Estimation of error

in partition constant estimate.
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Figure 2.1. Ionflux 16™ Description. (A) lonflux 16™ consists of a 96 well plate with 8
patterns (colored in grey and black and numbered in orange circles). (B) Each pattern has two
trap wells (Trap 1, Trap 2) that are filled with ICS. Cells are loaded in the “INLET” wells and
waste is collected in the “OUTLET” well. Compounds are loaded in wells C1 to C8. (C) A
zoomed in view of the trap zones. The cells suspended in ECS flow in the “Main Channel”
which flows past the trap zones. When a compound is released, the laminar flow ensures that the
compound and ECS streams do not mix. (D) shows cells trapped in a trap zone. (Figures 2.1A-
2.1C were developed by Fluxion Biosciences).
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Figure 2.2. Membrane Permeability Induced by SDS. (A) The exposure of HEK293A cells to
0.004 mM and 0.04 mM SDS does not result in an increase in conductivity when compared to
the ECS controls. Exposure to 0.2 mM and 2 mM SDS caused a large and sudden increase in
conductivity within 1-3 s. The CMC of SDS is ~0.8 mM. Thus, SDS causes increased cell
permeability even below CMC. (B) The difference between current before exposure to
detergents, 7-11 s after detergent release and 931-935 s after detergent release were calculated.
One way ANOVA combined with Tukey test indicates that the current changes caused by 0.2
mM and 2 mM SDS are significantly different from the current changes caused by ECS, 0.04
mM SDS and 0.004 mM SDS. (C) Fluorescent image of HEK293A cell exposed to 0.04 mM
SDS shows intact cells. This is consistent with the absence of an increase in current. (D) Cells
treated with 0.2 mM SDS are still intact after exposure for 10 minutes. This implies that the
observed increase in current is due to the increased permeability of the membrane. (E) Cells
treated with 2 mM SDS are not present in the trap region. This is consistent with current levels
similar to open channel current levels. (F) Cells treated with just the ECS are intact after 10
minutes.
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Figure 2.3. Membrane Permeability Induced by CTAB. (A)The exposure of HEK293A cells
to ECS, 0.0001 mM, and 0.001 mM CTAB did not result in an increase in conductivity.
Exposure to 0.01 mM CTAB caused a delayed increase in conductivity. The exposure of cells to
0.1 mM CTAB causes a large and sudden increase in conductivity within 1-3 s after exposure.
The CMC of CTAB is ~0.06 mM. Thus, CTAB caused increased cell permeability even below
CMC. (B) The difference between current before exposure to detergents, 7-11 s after detergent
release and 931-935 s after detergent release were calculated. One-way ANOVA combined with
Tukey test indicates that the current changes caused by 0.01-10 mM CTAB are significantly
different from the current changes caused by ECS, 0.0001 mM CTAB and 0.001 mM CTAB.
(C,D) Fluorescent images of HEK293A cells treated with 0.001 mM and 0.01 mM CTAB show
that the cells are intact. This is consistent with the absence of an increase in current. (E-G) Cells
treated with 0.1 mM, 1 mM and 10 mM CTAB are still intact after exposure for 10 minutes. This
implies that the observed increase in current is due to the increased permeability of the
membrane. (H) Cells treated with just ECS are intact after 10 minutes.
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Figure 2.4. Membrane Permeability Induced by ORB. (A) The exposure of HEK293A to
0.035 - 1.4 mM ORSB results in an increase in conductivity within 2-50 s that is not seen in the
5% DMSO and ECS controls. (B) The difference between current before exposure to detergents
and 931-935 s after detergent release were calculated. One way ANOVA combined with Tukey
test indicates that the current changes caused by 0.035 mM, 0.14 mM and 1.4 mM ORB are
significantly different from the current changes caused by ECS, 0.007 mM and 0.014 mM.
Current induced by 0.014 mM ORB is significantly different from ECS control but not 0.007
mM ORB (C) Fluorescent image of HEK293A cells treated with 1.37 mM ORB indicates that
cells are intact after 10 minute exposure even though they exhibit a change in conductivity. (D)
Cells treated with 0.137 mM ORB are still intact after exposure for 10 minutes. This implies that
the observed increase in current for the 0.137 mM ORB is due to the increased permeability of
the membrane. (E) Cells treated with 0.0137 mM ORB are fluorescent but do not exhibit a
change in membrane conductivity (F) Bright field image of cells treated with just 5% DMSO in
ECS are intact after 10 minutes.
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Figure 2.5. Change in Membrane Currents Induced by Detergents. Figure shows the change
in current 900 s after exposure to SDS, CTAB and ORB dissolved in ECS. SDS and ORB induce
increased membrane permeability at 0.2 mM respectively, while CTAB and ORB induce
membrane permeability at 0.01 mM and 0.014 mM respectively. CTAB induces permeability at
concentrations 20 times less than SDS and 14 times less than ORB. The relative activity of
SDS:CTAB:ORB is thus 1:20:14 as measured by this method.
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Figure 2.6. Mitochondrial Toxicity Induced by Detergents. Figure shows the percent of
metabolically active cells after exposure to SDS, CTAB and ORB dissolved in ECS compared to
cells exposed to ECS alone. All three compounds cause reduced cell viability at concentrations

greater than 1 mM.
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Figure 2.7. Increased Membrane Permeability by Detergents not Reversible. (A) The
increased conductivity induced in HEK293 A by 0.2 mM SDS after 30 s of exposure is not

reversed at the end of the experiment (600s). (B) The increased

conductivity induced in HEK293

A by 0.1 mM CTAB after 10 s of exposure is not reversed at the end of the experiment (600s).

(C) The increased conductivity induced in HEK293 A by 0.137

mM ORB after 10 s of exposure

is not reversed at the end of the experiment (600s). (D) Exemplar figure showing current traces
of cells exposed to ORB for 10 s in comparison to control current traces from cells exposed to
only ECS or ECS+ 5% DMSO. The dotted lines marked with the double arrow indicated the time

when cells were exposed to ORB.
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Figure 2.8. Increased Membrane Conductivity in Cells Pre-treated with Detergents.
Increasing numbers of HEK 293 A cells require increasing concentrations of (A) SDS, (B)
CTAB, (C) ORB to induce the same amount of conductivity.
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Figure 2.9. Detergent Concentration to Induce Cell Membrane Permeability Dependent on
Cell number. Detergent concentrations at the onset of increased permeability in current
increases with increasing cell count and then further fit with a line.
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Chapter 3 Quantitative Measurement of Cationic Polymer Vector and Polymer/pDNA
Polyplex Intercalation into the Cell Plasma Membrane

Published as: Quantitative Measurement of Cationic Polymer Vector and Polymer—pDNA
Polyplex Intercalation into the Cell Plasma Membrane. ACS Nano 2015, 9, 6097-61009.

INTRODUCTION

Nanoscale polymer/oligonucleotide complexes have been employed for the delivery of plasmid
DNA (pDNA\) into cells in order to alter protein expression.’ Cytotoxicity caused by cationic
surface charge is a major concern regarding these polymer delivery vectors.*~" In particular, the
cationic nanomaterials interact with the cell membranes and nuclear membranes changing the
membrane porosity and membrane potential, increasing intracellular calcium concentrations, and
inducing inflammatory responses.®®1? These toxicity mechanisms present a challenge in gene
delivery since the positive charge of gene delivery vectors is necessary to complex DNA
effectively and thus protect against degradation by cellular enzymes. Moreover, the cationic
charge of DNA-vector complexes (polyplexes) has been proposed to facilitate adsorptive
endocytosis. Thus, understanding the mechanism of interaction of cationic vectors and nanoscale
polyplexes with the cell membrane, and the influence of this interaction on gene expression, can
enable the design of vectors that are both less cytotoxic and more effective gene delivery agents.

Several previous studies have characterized the nature of defects formed by the cationic

nanomaterials in both model systems and in living cell membranes. 433317 Computational
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methods have proposed several models for cationic polymer-induced cell membrane
permeability, including the formation of free pores, polymer supported pores, and a carpet
mechanism for cationic polymer induced cell membrane permeability (Figure 3.1).>1824
Atomic force microscopy (AFM) experiments on supported lipid bilayers have provided
evidence for both free and polymer-supported pores formed by cationic nanoparticles.*81314.16.17
Although these studies provide a framework for understanding the cell membrane-cationic
polymer interactions, the supported lipid bilayers have a much simpler lipid composition than
living cell membranes. They are devoid of membrane proteins, cholesterol, and glycolipids.
Building on these previous studies, manual whole cell patch clamp experiments in HEK 293A
cells have shown that cationic polymers induce transient increases in current (0.1 to 10 sec)
along with an overall increase in membrane conductivity that is consistent with 1-21 nm
diameter pores or even larger carpeted regions.'® Recently, Heja et al. examined neurons present
in brain slices and observed that the membrane permeability induced by generation five
poly(amidoamine) (G5 PAMAM) dendrimers is not reversible over a time period of several
minutes.? This observation is consistent with either a supported pore or a carpet model for the
cationic polymer-cell membrane interactions, but it is not consistent with an unsupported pore
model since these are known to close on the order of 5 seconds.?®  Although significant progress
has been made in understanding the characteristics of the supported pores, it is unclear if the
mechanism of pore formation changes based on nanoparticle concentration. In addition, most
studies to date have used cationic polymer vectors and not the cation polymer/oligonucleotide
vectors that are used in gene delivery applications. In a previous paper, we demonstrated that
~50-200 nm polyplexes consisting of both cationic vector and oligonucleotide induced changes

in cell membrane conductivity.?” However, the polyplex-cell membrane interaction has not been
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studied in detail (e.g. concentration dependence, partition constant etc). Both the shielding of
charges by DNA in the polyplex and the relative dynamics of the cationic species and pDNA?
likely change as function of polycation vector structure. The impacts of concentration and
complexation with nucleotides on membrane uptake and disruption are unknown. Moreover,
despite the importance of the initial interaction with the cell membrane, quantitative studies to
measure the uptake of cationic vectors and polyplexes into the cell membrane have not been
performed and the equilibrium partition constants have not been obtained. Partition constants
have been of great value for developing quantitative models of cell-detergent interactions and
will aid in the development of quantitative models of other nanomaterial-cell membrane
interactions.?%44

We previously used the lonflux-16 (IF-16), an automated whole cell patch clamp instrument,
and a trypan blue assay to characterize the partitioning of detergents in the cell membrane of
HEK 293A cells*? and to measure increased membrane conductivity induced by polyplexes in
HelLa cells.?” To investigate the mechanism of interaction of polymers and polyplexes with the
cell membrane and to understand the role of these membrane interactions in gene transfection,
we used the IF-16 and trypan blue assays to test hypotheses 1 and 2 generated from our previous
work, 31 as well as new hypothesis (3) regarding the relationship of vector charge density to
partition constant.

H1: the magnitude of membrane current induced by cationic vectors increases with solution
charge concentration

H2: the increased membrane current induced by the cationic vectors is reversible, thus

supporting a free pore mechanism
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H3: the partition constant is linearly related to the charge density of the vectors and
polyplexes.

Our experiments show that:

1. Contrary to H1, after a threshold concentration is reached, cationic polymers and polyplexes
induce a saturated level of cell membrane conductivity over a wide concentration range. The
magnitude of membrane conductivity changes and the time scales of polyplex interactions are
similar to the conductivity changes induced by free polymers. This similarity suggests that the
observed plasma membrane activity is based on the intercalation of the cationic vector alone.
The combination of the polyplex and cationic polymer data indicates that in both cases, after an
external threshold concentration is reached, the amount of cationic vector partitioned into the cell
plasma membrane remains constant over the range of therapeutically relevant concentrations.

2. The vector-cell membrane interaction is stable for at least 15 minutes, which is consistent
with two models: a carpet mechanism or the formation of polymer-supported pores (H2).

3. Extension of the trypan blue assay to the cationic vectors alone yielded quantitative partition
constants for the vectors that increase as a function of charge density. Polyplexes made from the
cationic vectors did not follow this trend (H3). In particular, polyplexes made using linear
poly(ethyleneimine) (L-PEI), which had the highest charge density, showed a decrease in the
membrane partition constant as compared to the free polymer.

The induction of long lasting membrane porosity provides a mechanism for the toxicity and
may also be partially responsible for the inflammatory response previously reported after cells

were exposed to cationic polymer vectors and polyplexes.®1213
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RESULTS AND DISCUSSION

Particle Size and Zeta Potential: Table 3.1 shows the measured zeta potentials of the free
vectors (G5 PAMAM, L-PEI, jetPEl, and N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-
trimethylammonium methyl-sulfate (DOTAP)) and of the N:P 10:1 polyplexes, as well as the Z-
averaged diameters of the polyplexes as measured by dynamic light scattering (DLS).
Polyplexes made using L-PEI and jetPEI showed a decrease in zeta potential as compared to the
free polymer whereas G5 PAMAM and DOTAP polyplexes had zeta potentials similar to that of
free vectors. The polymer vectors gave polyplexes with diameters of 200-300 nm and the lipid

DOTAP gave polyplexes with a diameter of 500-600 nm.

Table 3.1. Z-averaged diameters of polyplexes (N:P=10) measured using dynamic light
scattering; zeta-potentials of free vectors and polyplexes

Material Diameter (nm) Zeta Potential (mV)
jetPEI - 40+6
jetPEI Polyplex 212 £ 41* 26 + 3
L-PEI - 39+3
L-PEI Polyplex 210 + 19* 24+ 1
G5 PAMAM# 6.2 + 0.2 32+7
G5 PAMAM Polyplex 280 + 42* 36+1
DOTAP - 56 + 2
DOTAP Polyplex 564 + 54* 53+1

* = Z-average from light scattering
# = hydrodynamic diameter from diffusion NMR measurements
Concentration dependence of cell plasma membrane currents induced by free vectors
and polyplexes: Currents induced by free polymers and N:P 10:1 polyplexes at a variety of
concentrations are presented in Figures 3.2-3.7 and summarized in Table 3.2. Representative
traces of induced currents for the vectors G5 PAMAM, L-PEI, and DOTAP are presented in

Figure 3.2. The commercial transfection agent jetPEI can only be analyzed in terms of molar
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amine concentration since molar mass is not provided by the vendor, so this data is plotted
separately in Figure 3.3. All three cationic polymers initiated changes in plasma membrane
conductivity. As the concentration of cationic polymer to which the cells were exposed
increased, an increase in membrane current was observed, which plateaued at ~ 30 — 40 nA.
This plateau was independent of the cationic vector employed and was the maximum current
observed over a wide range of concentrations. Exposure of the cells to two orders of magnitude
greater concentrations of polymer did not induce a further increase in current. However, the time
required to induce membrane currents did decrease as the concentration of polymer was
increased. The 30 — 40 nA magnitude of the current plateau was significantly less than the open
channel currents of 60-70 nA observed for the microfluidic device when cells were not present at
the patch site.

By way of contrast to the cationic polymers, only ~50% of traces from cells exposed to the
cationic lipid DOTAP resulted in an increase in membrane current. The current change in the
sub-group with increased current was 10 £ 3 nA and had a rate of change of 0.016 + 0.004
nA/ms. The magnitude of change in current is 1/3-1/2 of the current change induced by cationic
polymers. The remaining traces, which showed an increase in current, had a current change of 1
+ 1 nA and exhibited an average rate of change of 0.004 + 0.003 nA/ms, similar to that of the
controls. A similar bifurcation of results was obtained when cells were exposed to a range of
39.2 pg/mL to 196 pg/mL DOTAP (corresponding to N:P=10:1 to N:P = 50:1) (Figure 3.2C).
By comparing multiple experiments across multiple plates, we are able to rule out possible plate-
based effects such as a systematic difference as a result of pattern location. Possible biological
origins, such as capturing different representative populations of cells, also seems unlikely based
on modeling of likely changes in current based on random trapping of different cell phenotypes
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(full details in supplementary materials). Therefore, the origin of this reproducible bifurcation in
behavior remains unknown. The general conclusion can still be drawn, however, that the smaller
increase in current for DOTAP as compared to the polymer vectors is consistent with the lipid
structure, which has two fatty acid chains capable of stably integrating into the cell membrane
and laterally diffusing instead of remaining localized to stabilize a membrane pore.

Representative traces of membrane currents of cells exposed to cationic gene delivery agents
G5 PAMAM, L-PEI, jetPEIl, and DOTAP at the total polymer concentrations used in for
transfection'1>2" are presented in Figure 3.4. The membrane current traces correspond to the
polymer concentrations present when 0.8 pg of DNA in 500 pL of media is used to make
polyplexes with N:P=10:1. Figure 3.5 illustrates traces of membrane currents of cells exposed to
polyplexes with concentrations of polymers identical to those used in transfection studies and in
Figure 3.4. G5 PAMAM polyplexes and jetPEI polyplexes induced an increase in current at N:P
= 10:1 while L-PEI polyplexes required an N:P > 10:1 to induce an increase in current. The rate
of current change seen in cells exposed to L-PEI polyplexes of N:P = 10 (0.02 nA/ms) was
higher than the cell-only controls (0.004 + 0.003 nA/ms). DOTAP polyplexes did not induce an
increase in membrane current. The rate of current change after exposure to DOTAP was also not
different from cell-only controls.

The statistical significance of the changes in membrane conductivity was determined using
one-way ANOVA followed by Tukey’s multi-comparison test. The ANOVA indicated that the
mean change in current was not equal between all the groups. Tukey’s multi-comparison test
indicated that the currents induced by jetPEl, jetPEI polyplexes, G5 PAMAM, G5 PAMAM
polyplexes, and L-PEI were significantly different from the mean current change seen in the

controls. Current changes induced by DOTAP polyplexes and L-PEI polyplexes were not
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Table 3.2: Changes in membrane currents induced by polymers and polyplexes.

Material A Current Time for Current
(nA) £ St.Dev  Increase (s)

ECS (Control) 16+2 NA
Polymers
G5 PAMAM (~ 2.2 pug/mL.) 5+3 N/A
G5 PAMAM (~ 12 pg/mL)* 337 65 £ 60
G5 PAMAM (~ 24 pg/mL) 257 20+ 11
G5 PAMAM (~ 48 pg/mL) 1817 14 +2
L-PEI (2.2 pg/mL)* 31+5 178 + 50
L-PEI (4.4 pg/mL) 31+2 40 + 20
L-PEI (50 pg/mL) 22+6 712
L-PEI (113 pg/mL) 17+£5 6+3
jetPEI (65 pM)* 32+4 120 + 56
jetPEI (130 pM) 27+8 11+3
DOTAP (36.4 pg/mL )* 6+4 N/A
DOTAP (73 pg/mL) 516 N/A
DOTAP (196 pg/mL) 4+3 N/A
Polyplexes
G5 PAMAM (N:P = 10) 34+ 14 245 + 85
G5 PAMAM (N:P = 20) 38+2 25+18
L-PEI Polyplexes (N:P = 10) 9+4 452 + 89
L-PEI Polyplexes (N:P = 18) 38 5 82 + 40
L-PEI Polyplexes (N:P = 20) 307 205
jetPEI polyplexes(N:P = 5) 5+3 N/A
JetPEI polyplexes(N:P = 10) 36+6 93 +55
jetPEI polyplexes(N:P = 20) 31+ 4 10+2
DOTAP Polyplexes (N:P = 10) 4+5 N/A

* |Indicates that the cationic vector concentration is same as total cationic vector concentration
present for N:P = 10 polyplexes with 0.8 ug DNA per well

significantly different from the controls. Approximately 50% of traces from cells treated using
DOTAP showed an increase in membrane current (10 + 3 nA), but this increase was much
smaller than the increase in current observed from cells treated using the other cationic polymers.
Although all cationic polymers induced increased membrane conductivity, they did so at
different absolute concentrations. However, based upon the estimated charge concentrations for

each polymer, the magnitude of current induced by the polymers was related to the total charge
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concentration in solution (Figure 3.6). In order to further confirm that if the increased
conductivity induced by cationic polymers was dependent on charge, cells were treated with G5
PAMAM with different numbers of surface amine groups neutralized by acetylation (26%-80%).
Changes in the membrane conductivity of cells were measured using the IF-16. Cells treated by
G5 PAMAM with 80% acetylation showed a significantly smaller increase in membrane
conductivity. Amine-terminated G5 PAMAM dendrimers acetylated to 26%, 40%, and 80%
induced an increase in membrane currents of 29 + 10, 30 £ 3 and 7 £ 5 nA, respectively (Figure
3.7). Thus, increasing levels of acetylation on G5 PAMAM reduced the membrane current
induced by G5 PAMAM. Our observations indicate that the increase in porosity in the cell
plasma membrane is related to the total cationic charge concentration, as previously reported.*©8
However, our measurements also demonstrate that membrane permeability approaches a plateau
as concentration increases.

The ability of the different vectors to induce the expression of green fluorescent protein (GFP)
in HEK 293A cells was also assessed. G5 PAMAM, jetPEI, L-PEI, and DOTAP induced GFP
expression in <1%, 80%, 80%, and 21% of the cells, respectively (Figure 3.8). Figure B.1
presents the membrane currents induced by the jetPEI, L-PEI, and G5 PAMAM polyplexes at
N:P ratios other than 10:1. The jetPEI polyplexes with N:P ranging from 5:1 to 20:1 and L-PEI
polyplexes with N:P ranging from 10-20:1 all induce GFP expression in greater than 80% of
cells. However, increased currents are only induced by some polyplex formulations. For
example, jetPEI polyplexes induce gene expression at N:P = 5:1, 10:1, and 20:1, but increased
currents are observed only for N:P = 10:1 and 20:1. Similarly, G5 PAMAM polyplexes induce
increased membrane currents but induce transfection in only ~ 1 % of cells. These results suggest

that differences in transfection efficiency as a function of cationic vector are due to differences
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in transport subsequent to adsorptive endocytosis. We previously reached a similar conclusion in
a study examining transfection efficiency and membrane conductivity in HeLa cells. The uptake
of propidium iodide was measured after exposure of cells to polymer for 3 hours and whole cell
patch clamp was employed to measure membrane permeability.?” With regard to these lonflux™
patch-clamp studies, it should be noted that the cells in the patch clamp experiment were exposed
to gene delivery agents and polyplexes/lipoplexes for only 15 minutes. For transfections, cells
were exposed to polyplexes for 3 hours.

Overall, the cationic polymers and their polyplexes induced increased membrane conductivity
in HEK 293A cells. This is broadly consistent with the results of previous studies using manual
patch clamp and fluorescence techniques, which indicated that cationic polymers and
nanoparticles (metal and silica) induce increased membrane permeability to dyes, proteins and
ions.#6-81315 Qur experiments further show that beyond a threshold concentration, the exposure
of cells to increasing concentrations of jetPEI, L-PEI, and G5 PAMAM results in a saturated
membrane current of 30-50 nA over a broad concentration range. Thus, these results provide an
important new perspective to the relationship between membrane conductivity and vector and/or
polyplex charge concentration (H1). Specifically, the materials exhibit a saturation threshold
over a broad concentration range prior to reaching concentrations capable of lysing the cell.

We have previously shown that the exposure of HEK 293A cells to the cationic detergents
cetyl trimethylammonium bromide (CTAB) and octadecyl rhodamine B (ORB) result in a similar
saturating current level.*? The microfluidic patch-clamp technique is capable of detecting
solubilization of cells, such as by the anionic detergent sodium dodecyl sulfate (SDS). By way of

contrast to the saturating currents, solubilization of cells by SDS resulted in open channel
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currents > 70 nA.*2 Thus, the results indicate that the gene delivery polymers saturate the cell
membrane over a broad concentration range but do not cause cell lysis.

Intactness of Cells Treated using Polymers and Vectors: Two experiments were employed
to determine if the increase in membrane currents is caused by the dissolution of patched cells. In
one experiment, patched cells treated with cationic vectors and polyplexes were exposed to a
fluorescent detergent, ORB, for 10 s. As indicated in fluorescence micrographs of the patching
regions (Figure 3.4 (C-G) and Figure 3.5 (C-G)), cells remained on all patching sites after 15
minutes of exposure independent of treatment condition. As an alternate approach, cells were
treated using fluorescently labeled G5 PAMAM. Experiments using amine-terminated G5
PAMAM labeled with TAMRA dye resulted in increased current and showed that the cells were
labeled by material after 10 minutes of exposure (Figure B.2A). By way of contrast, TAMRA
dye-labeled acetylated G5 PAMAM did not increase membrane currents and also did not stain
cells (Figure B.2B). These results are consistent with the smaller increase in currents observed in
cells treated with partially acetylated G5 PAMAM dendrimers. ~ The concentrations of cationic
polymers contained in polyplexes with N:P = 10:1 and 20:1 have been optimized for transfection
via LDH, XTT assays and do not induce cell lysis.® Higher concentrations of cationic polymers
show reduced cell viability when measured using LDH and XTT assays.

Currents Induced by Vectors are Not Reversible for Over 15 minutes: The experiments
described so far, have shown that polymers and polyplexes saturate the cell membrane and
induce an increase in membrane conductivity. Understanding if the interaction is reversible can
enable us to understand if the intercalation results in transient pores or more stable structures
such as a supported pore or carpet. Cells were exposed to free G5 PAMAM and L-PEI for short

periods (10-600 s) and then allowed to recover in the presence of ECS alone. Unlike traditional
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patch-clamp methods where a substantial time-lag exists in changing solution concentration®® the
microfluidic lonflux™ flow system allows rapid exchange of solution with full exchange in <1 s.
Exposure of cells to 20 pg/mL G5 PAMAM for 60 seconds increased membrane current by ~30
nA at the end of the experiment (600 seconds later) (Figure 3.9). Exposure of cells to L-PEI (2.2
pg/mL) required 300 seconds to induce membrane permeability. However, the permeability
induced after 300 seconds is not reversible for up to 1100 seconds (Figure 3.10).

The increased membrane conductivities induced by both G5 PAMAM and L-PEI are not
reversible for over 15 minutes. These results suggest that H2 is incorrect at least for G5
PAMAM and L-PEI in HEK 293A cells. A possible alternate explanation for the increased
conductivity would be the lysing of a few of the 20 cells present at a given patch site. Such
lysing would also result in an increased current that is not reversible. The increased membrane
currents could be caused by either the lysing of a small fraction of the cells present in a trapping
zone or by an increase in membrane conductivity of intact cells present in the trap zone.

Figure 3.4C-G and Figure 3.5C-G show cells stained with a fluorescent detergent ORB for 10 s
at the end of experiments where cells had been exposed to polymers for 900 seconds. It is seen
that the cells are intact in all of these cases. Thus, increase membrane current is due to the
increased membrane conductivity induced by polymers and not due to the lysing of a subset of
the 20 trapped cells.

Heja et al. showed that the membrane conductivity of neurons in brain slices of rats increased
irreversibly after exposure to G5 PAMAM, consistent with supported pore or carpet models.?®
By way of contrast, increases in membrane currents caused by unsupported pores induced by

sonoporation have been shown to be reversible on the timescale of only 5 seconds.?®
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Our experiments extend their results to other polymers and also cultured mammalian cells. Our
results reported here are also consistent with the formation of supported pores or a carpet
mechanism, as opposed to an unsupported pore. One factor that could possibly confound the
lonFlux-16 reversibility experiment is the adsorption of polymers in the walls of the microfluidic
channel during the 10-300 second exposure and subsequent release when cells are exposed to
ECS alone (Figure 3.9 and Figure 3.10). To address this concern, we modeled the exponential
release of polymer from a monolayer adsorbed on the channel wall between the compound
release site and the trap site where cells are located. Results presented in Figure B.3 show that
the cells are exposed to G5 PAMAM and L-PEI at concentrations that are 50 and 12 times lower,
respectively, than the concentrations necessary to induce membrane permeability.

Several studies have shown that calcium ions, dyes such as propidium iodide and large
proteins such as LDH leak from cells in the presence of cationic vectors.®#134748 The prolonged
presence of cationic polymers on the cell membrane may explain the influx of such molecules,
dyes and proteins. Cationic polymers and nanoparticles have been shown to induce changes in
the mitochondrial outer membrane potential and induce the release of mitochondrial proteins
such as cytochrome c.® In the case of linear and branched PEI, it has been suggested that the
mitochondrial membrane damage is due to the formation of channels in the mitochondria.® The
transfer by lipid cycling of stable pores from the plasma membrane may provide a mechanism
for the mitochondrial membrane damage induced by these materials.

Measurement of Partition Constants for G5 PAMAM, L-PEIl, DOTAP and their
Polyplexes: The experiments using IF-16 showed that cationic polymers and polyplexes saturate
the cell plasma membrane and remain in the membrane for greater than 15 minutes. However,
they did not provide any information on the relative amounts of the polymers and polyplexes
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partitioned in the membrane. To probe this question we employed a trypan blue assay and
previously reported partition models to quantify the partition constants of the cationic material
(free L-PEI, G5 PAMAM, DOTAP and their respective polyplexes) bound to the cell
membrane.2®-3242 Briefly, the total polymer concentration (Pr) at a given level of cell membrane
perturbation is linearly related to the total lipid concentration (L) as described in equation 1. In
equation 1, Ry is the ratio of polymer to lipid in the cell membrane and Pw is the polymer
partitioned into the water phase. The partition constant K can be calculated using equation 2. The
detailed mathematical model®®3? describing equations 1 and 2 is provided in the supplementary

material.

Table 3.3 presents the partition constants and related parameters for the L-PEI, G5 PAMAM,
DOTAP and their polyplexes.

Pr =Ry, *xL+P, (1)

_ Rp
(Rb+1)*Pw

(2) Figure 3.11 shows the linear models used to
calculate the partition constants for the polymers and polyplexes. The percentages of cells that
were trypan blue positive when treated with varying concentrations of cationic vectors and
polyplexes are shown in Figures S4-S6. The vector/polyplex concentration necessary to induce
trypan blue permeability increases as the cell count increases in all cases as shown in Figure
3.11. Figure B.4 also shows the L-PEI concentration necessary to induce trypan blue
permeability is greater for polyplexes than for free polymer. The lower partition constant for

polyplexes as compared to the free polymer indicates that polyplexes do not intercalate into the

membrane to the same degree as free polymer at the same polymer concentration. The partition
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constants of G5 PAMAM polyplexes and DOTAP polyplexes were not significantly different

from the partition constant of the free G5 PAMAM and free DOTAP respectively.

The calculated partition constant for L-PEI is higher than the partition constant for G5 PAMAM,
which is in turn higher than the partition constant of DOTAP. This observation is consistent with
the higher charge density on L-PEI as compared to G5 PAMAM and DOTAP. Thus, the results
are consistent with H3 for free cationic polymers. The partition constants of polyplexes do not
exhibit this trend. The partition constant for L-PEI polyplexes is lower than the partition
constants of free L-PEI. However, the partition constants for DOTAP polyplexes and G5
PAMAM polyplexes were similar to the partition constant for their respective free polymers.
Interestingly, the observation that L-PEI polymer and polyplexes behave differently than
DOTAP and G5 PAMAM is also consistent with the observations from the patch clamp

experiments.

L-PEI polyplexes did not induce current at N:P=10:1 but an equivalent concentration of free L-
PEI induced increased current. In contrast, G5 PAMAM polyplexes at N:P=10:1 and an
equivalent concentration of free G5 PAMAM both induced increased currents. This means the L-
PEI polyplexes at N:P=10:1 had a lower surface charge than G5 PAMAM polyplexes at
N:P=10:1 even though the bulk positive to negative charge ratios were the same. Both the trypan
blue assay and the lonFlux experiments suggest that charge shielding by DNA was stronger for

L-PEI polyplexes than G5 PAMAM polyplexes.
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Table 3.3: Estimates for Ry and K for L-PEI, L-PEI Polyplexes, G5 PAMAM, and G5 PAMAM

Polyplexes
Material Line eqgn. R? Ro Pw K (M1)
LPEI y =0.057x +0.077 0.99 0.057 £0.002 0.077 £0.011 600,000
[510000,720000]
LPEI PPX y=0.052x +0.16  0.92 0.052+0.001 0.16+0.01 330,000
[310000 , 360000 ]
G5 y=0.080x +0.22 0.97 0.080 £ 0.008 0.22 +0.04 370,000
[290000 , 510000]
G5 PPX y=0.072x+0.16  0.96 0.072+0.009 0.16 = 0.06 410,000
[270000 , 810000]
DOTAP y=14x+4.6 0.85 14+0.2 4622 140,000
[86000,310000]
DOTAP PPX y=14x+51 0.85 14+£0.2 51%£22 120,000
[78000,230000]

Indeed, jetPEI polyplexes and L-PEI polyplexes both exhibited a decrease of about 15 mV in

zeta potential compared to the free polymers, but the G5 PAMAM polyplexes and DOTAP

polyplexes did not show such a decrease (Table 3.1). Therefore, the observed differences in

partition constants between polyplexes made using L-PEI and G5 PAMAM are consistent with

the zeta potentials. Our group previously investigated the G5 PAMAM-DNA interaction using

NMR and showed it to be highly dynamic, consisting of rigid DNA and mobile dendrimer.?®

This may be the reason why the G5 PAMAM polyplexes have a similar zeta potential as the free

G5 PAMAM. Similar NMR studies using L-PEI polyplexes may help determine if the DNA-

polymer interactions are different in those polyplexes. Further biological studies are necessary to

determine if the differences in DNA-polymer interactions seen in L-PEI and jetPEI induce better
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gene expression as a result of protecting DNA from degradation, by aiding its transport to the

nucleus through some other mechanism, or perhaps combination of both mechanisms.

The results of this study are most directly relevant to cell transfections carried out in serum-free
media. These conditions are typically employed because they optimize pDNA transfection and
protein expression when employing polycationic vectors. Additional studies are needed to better
understand the polyplex/membrane interactions under in vivo conditions such as the vitreous

humor of the eye and intramuscular and subcutaneous tissue.

CONCLUSIONS

We studied the mechanism of interaction of cationic vectors and polyplexes with the cell
membrane with the aim of developing less toxic and more effective gene delivery agents. We
determined that cationic polymers and polyplexes exhibit a threshold behavior with respect to
both uptake into the cell plasma membrane and induction of cell membrane conductivity over a
wide concentration range (H1). Moreover, the persistence of the induced membrane current upon
the removal of the cationic vectors and polyplexes indicates that the cell is unable to clear the
polymer from the plasma membrane.  These observations suggest that the polymers and
polyplexes intercalate into the membrane and form a stabilized pore or carpet structure (H2). To
quantify the amount of material bound to cells, we extended the methods used to quantify
membrane partitioning of detergents to cationic polymers and polyplexes. Our results showed
that free cationic vectors with a relatively higher charge density also exhibit a larger partition
constant (H3), but this trend was not observed in the case of polyplexes. The induction of long

lasting cell membrane porosity characterized in this paper provides a mechanism for the toxicity
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and the induction of inflammatory pathways observed in cells upon exposure to cationic gene

delivery vectors.5912

EXPERIMENTAL METHODS

Materials: G5 PAMAM dendrimers were obtained from Dendritech, Inc. jetPEIl and L-PEI
were obtained from Polysciences, Inc. DMEM High Glucose with Sodium Pyruvate and
Glutamine (Life technologies) was the base media. Complete media was made by adding 50 mL
of fetal bovine serum, 5 mL of Non-essential Amino Acids (Thermo Scientific) and 5 mL of
penicillin-streptomycin to 500 mL DMEM. Serum Free Media (SFM-II) for suspension culture
of HEK 293A cells, PBS (1X) without Ca?* and Mg?*, and Octadecyl Rhodamine B (ORB) were
purchased from (Life technologies). Detachin was purchased from Genlantis, Inc. Other
reagents were obtained from Fisher Scientific unless otherwise specified. Amine-terminated and
acetylated G5 PAMAM dendrimer containing one TAMRA dye per dendrimer (G5-NH>-
TAMRA: and G5-Ac-TAMRA:) were prepared according to literature methods.*%>°

Solutions: Extracellular solution (ECS) consisted of 138 mM NaCl, 4 mM KCI, 1.8 mM
CaClz, 1 mM MgClz, 10 mM HEPES and 5.6 mM glucose adjusted to pH 7.45 using NaOH.
Intracellular solution (ICS) consisted of 100 mM potassium aspartate, 30 mM KCI, 5 mM
MgClz, 5 mM EGTA, 4mM Tris ATP, and 10 mM HEPES adjusted to pH 7.2 using KOH.
Estimation of charge concentrations: The charge concentrations for G5 PAMAM were
obtained using potentiometric titration with NaOH as described by Mullen et al.*® We assumed a
concentration of 7.5 mM charged amines for jetPEI as instructed by the manufacturer. For L-
PEI, we used the average number of amines in a 25 kDa polymer to estimate the charge

concentration. We assumed that all of the DOTAP tertiary amine groups were charged.
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Polyplexes for Gene Expression Study and Patch Clamp: Polyplexes containing 0.8 pg
DNA with N:P ratio of 10 were made by adding equal volumes of polymer to DNA in water.
Here, N and P represent the cationic amine groups in the vector and the anionic phosphate
groups in the DNA, respectively. At N:P = 10:1, polyplexes are positively charged. The mixture
of polymer and DNA was allowed to incubate for 20 minutes. For studying GFP expression, 50
ML of polyplex solution was added to 80,000 cells plated in 450 pL of serum free DMEM. For
patch clamp experiments, 50 pL of polyplex solution was added to 450 pL of ECS.

Whole-Cell Patch Clamp using lonFlux 16: The lonFlux 16 (IF-16) patch clamp instrument
is capable of simultaneously trapping 20 cells in 16 trapping zones.>! Electrical properties of
each group of 20 cells are measured with dedicated amplifiers. The ensemble of cells is located
in eight independently controllable microfluidic environments. Thus, the cells in two different
trapping zones experience the same microfluidic environment. This allowed for simultaneous
measurement of the changes in cell membrane conductivity in response to interactions with
different polymer and polyplex materials.

The methods for the whole cell patch operation and cell preparation have been previously
described in detail.?° Briefly, HEK 293A cells were cultured in 175 cm? flasks in complete
medium at 37 °C and 5% CO.. Cells were cultured to ~95% confluency (~20-25 million cells).
The cells were suspended by treatment with 5 mL of Detachin at 37 °C for 5 minutes, after
which 5 mL of complete media was added. The cell suspension was centrifuged for 2 minutes at
1,000 rpm and resuspended in 9.6 mL SFM-11 and 0.4 mL 1 M HEPES for suspension culture.
The suspension was placed in a 25 cm? suspension flask and shaken at 75 rpm at 35 °C for 5
minutes. In the meantime, cells were counted with a cytometer. The cell suspension from the

flask was centrifuged once again at 1,000 rpm for 2 minutes, resuspended in ECS to a
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concentration of 8-12 million cells/mL, and thoroughly triturated. The cells were loaded into the
IF-16 96-well microfluidic plate at 250 pL per well.

The current vs. time trace files were exported and processed using Microsoft Excel and
MATLAB. Initial current magnitudes less than -15 nA indicated a sufficient quality of patching
for each ensemble of cells. Traces with starting currents above -15 nA were not included in the
analysis. The time averaged current from 4 seconds preceding the exposure of the cells to
polymer/polyplex (60-64 seconds from the start of the experiment) were compared with the time
averaged current following exposure of the cells to polymer/polyplex at 965-969 seconds from
start. One-way analysis of variance (ANOVA) coupled with Tukey’s multi-comparison tests
were performed to evaluate the statistical significance of the difference in the current changes
across different the different compounds. Current time traces were also evaluated by measuring
their rate of current change. The i/t traces were fit using a linear model in MATLAB, and the
slope magnitude was employed to determine if the traces differed significantly.

Polyplexes for Partition Assay: Polyplexes were generated in ECS by adding polymer to
plasmid DNA at N:P=10. The polymer concentration in the polyplex solution that was added to
the cells was intentionally varied, but N:P was always maintained at 10. The polyplexes were
allowed to incubate for 20 minutes prior to being added to the cells.

Trypan Blue Partition Constant Assay:3%343542 A fixed number of cells (e.g. 1 million cells)
was suspended in ECS and incubated for 30 minutes with a range of concentrations of
polymers/polyplexes. The solutions of cells and polymer/polyplexes were mixed every 10
minutes. The suspensions were then centrifuged at 1,000 rpm, and the cells were resuspended in
ECS. Finally, the cells were treated with trypan blue, and the number of trypan blue positive

cells was counted using a hemocytometer. This process was completed for four different cell
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counts (100,000, 500,000, 1 million, and 3 million cells). The polymer concentrations at the
onset of trypan blue uptake above baseline were then plotted with respect to the lipid
concentration and the results fit with a linear model. The lipid concentration in cells was
estimated from literature to be 10° lipid molecules per cell membrane.> The slope and intercept
of this line were Rpand Py respectively (equationl). K was then estimated using Equation 2. The
mathematical model describing the relationship between Ry, Pw and K is described in
supplementary material. The error associated with estimates of R, and Pw obtained using the
linear regression can be employed to estimate the error in K (full details provided in
supplementary information).

GFP Expression in HEK 293A Cells: HEK 293A cells were plated in 12 well polystyrene
plates at 80,000 cells/well in 1 mL of complete DMEM and allowed to grow overnight.
Polyplexes containing endotoxin free plasmid encoding GFP were made at N:P=10:1. Before
transfection, cells were placed in 450 pL of serum free DMEM and 50 pL of polyplex solution
containing 0.8 pg of GFP plasmid were added to the cells. After 3 hours, the media was aspirated
and replaced with 1 mL of complete DMEM. GFP expression in cells was measured using flow
cytometry 24 hours after the polyplexes were added to cells.

Flow Cytometry: Complete media was aspirated and the cells were washed three times with 1
mL of Ca?*- and Mg?*-free PBS. The cells were suspended with 200 pL of trypsin and incubated
at 37°C for 2 minutes. The trypsinization process was stopped by adding 1 mL of cold PBS with
Ca?" and Mg?*. The cell suspension was centrifuged and the cells resuspended in 400 pL of Ca®*-
and Mg?*-free PBS. Flow cytometry was performed using an Accuri C6 flow cytometer. The
cells were excited by a 488 nm laser, and the fluorescence emission was measured at 525 + 25

nm. A total of 10,000 events were counted for each sample.
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Size and Zeta Potential Measurements: The polyplexes of N:P=10:1 were prepared as
described above, but suspended in 450 uL of water instead of ECS. A Malvern Zetasizer Nano
ZS (Worchestershire, U.K) instrument with a 4 mW He-Ne laser operating at 633 nm with a
173° scattering angle was used to measure particle size by dynamic light scattering. The
refractive index used for the measurements was 1.59. Data from five measurements each
consisting of 5 repeats was used to calculate the hydrodynamic diameter. Zetapotentials were
measured using the same instrument. About 600 pL of polyplex solutions were loaded into

DTS1060 cells, which were then placed in the instrument.

n Lipid O Polymer

Figure 3.1: Models of Polymer Induced Cell Membrane Defects. Polymer intercalation can
produce increased permeability by (i) the formation of a carpet mechanism where the polymer is
intercalated randomly across the lipid membrane or (ii) through the formation of polymer
supported pores or (iii) through the formation of free pores.
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Figure 3.2: Increased Membrane Conductivity Induced by Free L-PEI, G5 PAMAM and
DOTAP. Membrane currents of cells exposed to G5-PAMAM (A), L-PEI (B) and DOTAP (C).
As the concentration of cationic polymers increased the current induced did not change. Some
cells exposed to DOTAP showed a small increase in current. Average increase in current induced
by the different vectors are shown in D. In figures A-C, the first dotted line at 65 s indicates the
release of the free cationic vectors resulting in exposure of these compounds to the cells. The
second dotted line denotes the end of compound exposure.
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Figure 3.3: Increased Membrane Conductivity Induced by jetPEI. As the concentration of
JetPEI dendrimers is increased the current induced does not change. A) Representative traces for
cells treated with jetPEI. The first dotted line at 65 s indicates the release of the free jetPEI
resulting in exposure of cells to jetPEl. The second dotted line denotes the end of jetPEl
exposure. B) Average increase in current induced by the jetPEI at different concentrations.
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Figure 3.4: Membrane Conductivity Changes Induced by Free Vectors at Gene Delivery
Concentrations. Gene delivery agents G5 PAMAM, jetPEl , L-PEI, and DOTAP induce
increased membrane currents. A) Representative traces for cells treated with the three polymers.
Increased membrane current induced by G5 PAMAM (red) plateaus between 600 s — 740 s.
Currents induced by jetPEI and L-PEI plateau at ~ 40 — 50 nA at higher concentrations. The first
dotted line at 65 s indicates the release of the free cationic vectors resulting in exposure of these
compounds to the cells. The second dotted line denotes the end of compound exposure. B)
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Figure 3.5: Membrane Conductivity Changes Induced by Polyplexes. Polyplexes made using
G5 PAMAM and jetPEl (N:P = 10) in ECS induce increased membrane currents. A)
Representative traces for cells treated with the polyplexes. The first dotted line at 65 s indicates
the release of the polyplexes resulting in exposure of cells to polyplexes. The second dotted line
denotes the end of polyplex exposure. B) Average increase in current induced by the polyplexes.
C-E) Fluorescence images illustrating that cells exposed to polyplexes made using the different
gene delivery agents are intact after 900 seconds of exposure. Average increase in current
induced by the polymers. Cationic polymers jetPEI, LPEI and G5 PAMAM increase membrane
permeability greater than DOTAP. C-E) Fluorescence images illustrating that cells exposed to
the different gene delivery agents are intact after 900 s of exposure.
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Figure 3.6: Membrane Current Changes as a Function of Charge Concentration. Current
induced by polymer at different charge concentrations is similar for the three cationic polymers.
DOTAP induces much less current compared to the polymers.
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Figure 3.7: Membrane Permeability Induced by Acetylated G5 PAMAM. Cells exposed to
G5 PAMAM acetylated to different levels. G5 PAMAM with 80% of the primary amines
acetylated did not induce membrane permeability. A) The first dotted line at 65 s indicates the
release of the G5 PAMAM resulting in exposure of cells to G5 PAMAM. The second dotted line
denotes the end of G5 PAMAM exposure.
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Figure 3.8: GFP Expression by Polyplexes. Expression of GFP in HEK 293 A cells
transfected using G5 PAMAM, jetPEI, L-PEI and DOTAP 24 h after transfection
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Figure 3.9: Reversibility of Membrane currents Induced by G5 PAMAM. Exposure of HEK
293 A cells to G5 PAMAM for 60 seconds induced increased membrane permeability that is not
reversible for over 900 seconds. A) Representative current traces. The first dotted line indicates
the release of G5 PAMAM at 65 s. Subsequent dotted lines indicate 10 s, 60 s and 600s from
release of G5 PAMAM respectively when G5 PAMAM exposure was stopped and cells were
exposed to ECS alone. B) The difference between currents at 65 s and subsequent time points.
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Figure 3.10: Reversibility of Membrane currents Induced by L-PEI. Exposure of HEK 293
A cells to L-PEI for 300 s causes increased membrane permeability that is then not reversible for
over 900 s. A) Representative current traces. The first dotted line at 65 s indicates the release of
L-PEI at 65 s. Subsequent dotted lines indicate 60 s, 120 s and 300s from release of L-PEI
respectively when L-PEI exposure was stopped and cells were exposed to ECS alone. B) The
difference between currents at 65 s and at different time points.
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Figure 3.11: Increased Membrane Permeability Induced by Free Vectors and Polyplexes
Dependent on Cell Number. Onset of increased trypan blue permeability induced by L-PEI ,
G5 PAMAM, and DOTAP and their polyplexes as a function of lipid concentrations. It is seen

87



that L-PEI polyplexes induce increased permeability at higher concentrations than the free
polymer. Such an observation was true for G5 PAMAM polyplexes only in some trials.
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Chapter 4 Fluorophore:Dendrimer Ratio Impacts Cellular Uptake and Intracellular
Fluorescence Lifetime

Published as: Fluorophore:Dendrimer Ratio Impacts Cellular Uptake and Intracellular
Fluorescence Lifetime. Bioconjugate Chem. 2015 26 (2), 304-315

INTRODUCTION

Cationic polymers are employed for a variety of biological applications involving transport of
the polymer into cells including transfection agents for oligonucleotides, antibacterial agents, and
drug delivery agents.’™ In order to probe the uptake and cellular localization properties, the
polymer is often modified with fluorescent dye.® In this case, it is important to understand how
the presence of dye modifies the behavior of the polymer. Such dye-modified polymers are also
of interest as models for the biodistribution behavior of the polymer when it is modified with
multiple hydrophobic moieties, such as targeting agents or drugs. Dye:polymer conjugates are
often complex mixtures. Dye conjugated to a large excess of reactive sites on the polymer will
result in a Poisson distribution of dye:polymer particle ratios that is superimposed on the
molecular weight (MW) distribution of the base polymer.” ® Materials containing a large degree
of dispersion in both MW and hydrophobicity per particle are expected to exhibit a range of
biological uptake and distribution behavior.*** An additional complication is the impact of dye
conjugation. Specifically the impact that the localization of multiple dyes on a given polymer

particle has on the photophysical properties of the dye. This high effective concentration of dye
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can result in substantial differences in both fluorescence intensity and lifetime per polymer

particle.® ** * Given the importance of dye-conjugates to probing the mechanisms of cationic

polymers as antibacterial agents and as vectors for gene and drug delivery, we have explored the
ways in which employing distributions of dye-conjugates impacts interpretations of cell uptake

and localization for polycationic polymers.

The generation of systematically varied dye:polymer ratios for a cationic polymer is a
challenging problem. Most commonly, a mean variation in dye:polymer ratio is achieved under
stochastic reaction conditions that generate a statistical distribution of ratios and a mixture of
hydrophobic and photophysical properties. The distribution of ratios is quite broad with
substantial overlap of materials for different means, making comparisons between different
conjugate averages difficult to interpret. Table 4.1 provides an illustrative example for the case
of stochastic conjugates containing an average of 1-4 dyes for generation 5 poly(amidoamine)
(G5 PAMAM) dendrimer. For these cases, the population of the mean percentage varies

between about 1/5" and 1/3™ of the total material.

Table 4.1. Statistical conjugation heterogeneity for a G5 PAMAM (G5-dye,) containing 93
arms and 1-4 conjugated dyes.

Percentage of each dye:dendrimer ratio
Avgn O 1 2 3 4 5 6 7 8 9 10
1 366 370 185 61 15 03 01 - - - -
2 132 271 274 182 90 35 11 03 01 - -
3 47 147 225 228 171 101 50 20 0.7 0.2 01
4 17 7.0 145 198 20.0 160 105 59 28 12 0.5

For each value of n, the percentage for the mean value is highlighted in bold.
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In order to prepare a set of cationic polymer samples containing a uniform dye:polymer ratio
across all particles in the sample, it is necessary to decouple the number of dyes per particle from
the particle MW. This is synthetically challenging since a large polymer particle will generally
have more functional attachment sites, and therefore have a statistically greater chance of
multiple dye conjugation. We achieved the decoupling of conjugation number from MW by
separating a stochastic mixture of TAMRA dye conjugates based on the differential
hydrophobicity imparted to each dendrimer particle by the presence of dye. In this study, we
report the semi-preparative reverse-phase high performance liquid chromatography (rp-HPLC)
fractionation of the stochastic mixture of dye:dendrimer ratios in G5-NH;-TAMRA 5(avg) into
samples containing a single dye:dendrimer ratio (n = 1-4) as well as a sample containing n >5:
G5-NH,-TAMRA, (n = 1 - 4, 5+). Characterization of the precise dye:dendrimer ratio fractions
was carried out by analytical reverse-phase ultrahigh performance liquid chromatography (rp-

UPLC), 'H NMR spectroscopy, and MALDI-TOF mass spectrometry.

With this new set of precise ratio dye conjugates available, we tested the following implicit and
explicit hypotheses that underlie previous literature studies employing mixtures containing

stochastic distributions of dye:polymer ratios:

H1) Uptake of cationic polymers can be quantified by measuring the change in mean

fluorescence of cells using flow cytometry.

H2) The components of a stochastic distribution of dye:polymer ratios have a similar collective
trend in terms of environmental lifetime response, so the mixture can be used to probe internal

cellular environments.
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H3) The changes in environment-based lifetime response are large as compared to difference in

lifetime response associated with differences in dye:polymer ratio.

The three hypotheses were tested by measuring the uptake, fluorescence emission, and
fluorescence lifetime of G5-NH,-TAMRA,, (n = 1 - 4, 5+, 1.55,) in HEK293A cells using flow
cytometry, fluorimetry, and fluorescence lifetime imaging microscopy (FLIM). In addition,
fluorescence emission and lifetime control experiments were performed in aqueous solutions
with controlled pH, ionic strength, and biomolecule concentration to test the impacts of these
conditions on the fluorescence properties. We show that contrary to the expectations of H1, mean
fluorescence is a poor measure for comparing the relative cellular uptake of differing
dye:polymer ratios. FLIM studies of the dye-conjugates taken up into the HEK293A cells
suggest the fluorescence lifetime response to the cellular environment is very sensitive to the
dye:polymer ratio, raising concerns about H2 and H3. These studies indicate caution should be
exercised when interpreting FLIM data for stochastic dye mixtures in biological systems. \
Biological systems have the capacity for fractionating a sample,”** > much like an HPLC
column, prior to the fluorescence measurement. For such a system, this study indicates that it is
critical to know the dye:polymer ratio dependent properties of the material being measured in
order to accurately compare fluorescence intensities or to make use of differences in

fluorescence lifetime.

RESULTS AND DISCUSSION

The importance of cationic polymers for biological applications has led to a number of recent
studies addressing the use of dye conjugates. Mier et al. studied the stochastic conjugation of

multiple dyes including fluorescein, rhodamine, coumarin, and dansyl to PAMAM dendrimers.*®
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With the exception of dansyl, they found that fluorescence intensity decreased as the mean
number of dyes per dendrimer increased. The intensity decrease was attributed to a combination
of a small Stokes shift leading to quenching and the high effective concentration that results from
multiple dyes conjugated to the same polymer core. By way of contrast, in dansyl-modified
PAMAM materials, fluorescence increased with increasing dye:dendrimer ratio, presumably due
to the large Stokes shift of 195 nm. Schroeder et al. examined Cy3 and Cy5 dye optical
properties conjugated to generation 5 (G5) PAMAM or G6 PAMAM dendrimer in order to
create a new set of materials for biological imaging with enhanced stability and increased
accuracy in single molecule imaging.'” Dendrimer mixtures with an average of 8 Cy5 dyes gave
slower photobleaching compared to free dye with a 6 to 10 fold increase in photobleaching
lifetime value for the G5 PAMAM conjugates. The dendrimer conjugates with an average of 14
Cy5 dyes on G6 PAMAM showed a ~17 fold increase in photobleaching lifetime value. The
mean conjugation numbers employed in this case generate mixtures with <0.5% of the material
having zero or one dye. This eliminates the most dramatic difference in effective local
concentration and the related variation in photophysical properties that occurs when the
dye:polymer ratio changes from 1 to 2. Wagner et al. employed stochastically prepared G3
PAMAM dendrimer conjugated to a mean of 1 Alexa Fluor 555 dye to quantify the rate constant
of dendrimer uptake in Caplan-1 cells.'® Interestingly, reverse-phase high performance liquid
chromatography (rp-HPLC) did not resolve different species as being present in this case,
although separation has been achieved for other dye ligands.** In this study, an effective mass
transfer coefficient was determined for the mixture of dye:dendrimer ratios present in the sample.
Many additional studies addressing the uptake of polycationic polymer-dye conjugates have been

discussed in a series of comprehensive reviews.® These studies are of broad interest because the
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level of hydrophobicity is known to alter a polymer’s ability to permeate cell membranes,™ as

20-24 26

well as impact transfection efficiency, biodistribution,™ and pharmokinetics.”>
Colocalization of polymer-fluorophore conjugates based on surface functionality’” %’ has also
been shown. In all cases, the presence of broad conjugation heterogeneity in the stochastic
mixtures of polymer-dye conjugates has prevented a detailed understanding of what fraction or

fractions of the conjugates are providing the desired biological activity.

In order to focus this study on the impact of dye conjugation heterogeneity, it was necessary to
employ a cationic polymer that contained a minimal MW distribution while remaining
convenient for generating a systematic change in the dye:polymer ratio. In addition, the polymer
MW must be large enough to accommodate a humber of dyes and still maintain good water
solubility for all dye:polymer ratios. We selected G5 PAMAM dendrimer as this material is
readily available commercially, has excellent water solubility, and has a sufficiently large MW
(theoretically 28,826 Da) to maintain solubility upon conjugation with multiple dyes. In
addition, we have developed rp-HPLC protocols that remove all of the trailing generations (G1-
G4; 1,430 to 14,215 Da MW) as well as the dimer, trimer, and tetramer oligomers (~50,000 to
120,000 Da range) typically present in G5 PAMAM dendrimer.?® The purified G5 PAMAM
material obtained from the rp-HPLC purification has an average of 93 primary amine terminal
arms per particle (as compared to the theoretical 128 arms), a M, of 25,130 Da, and a M,, of
27,140 Da (Mn/M,, = 1.08). The full mass range of the isolated monomer G5 PAMAM material

was 21,000 to 30,000 Da.

Isolation and Characterization of Dendrimer-TAMRA conjugates. Direct conjugation of
TAMRA to G5 PAMAM dendrimer results in a Poisson distribution of dye:dendrimer ratios

(Scheme 4.1a). The material was separated using semi-preparative rp-HPLC (Scheme 4.1b) into
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fractions containing precise dye:dendrimer ratios (n = 1-4) as well as a sample where n > 5. The
isolated fractions were reinjected into an analytical UPLC to determine purity (Scheme 4.1c) and
further characterized using *H NMR spectroscopy, emission and absorption measurements,

MALDI-TOF-MS, and fluorescence lifetime imaging microscopy (FLIM).

Analytical UPLC provides the most sensitive measure of the number of dyes present per
dendrimer particle.®* The shift resulting from the addition of each dye to the dendrimer scaffold
for the first two dyes is substantially larger than the breadth of the peak resulting from the MW
distribution of the G5 PAMAM dendrimer (Scheme 4.1c). As the number of dyes increases, the
incremental value of the hydrophobicity induced shift decreases. The UPLC method detects the
dye:dendrimer particle ratio induced shifts in the context of the full defect structure of the
polymer, which generates the observed peak width.** The number of dyes measured for each
fraction G5-NH,-TAMRA,, are n = 0.0, 1.0, 2.0, 3.0, 4.0, and an average of 6.8 dye:dendrimer
for the n > 5 fraction (Table C.1). The average number of TAMRA dyes per dendrimer was also
assessed using *H NMR spectroscopy by comparing the integration of the TAMRA protons to
the integration of the internal protons in the G5 PAMAM dendrimer (1,210 protons).” *° The
averages of n = 0.0, 0.9, 1.8, 3.3, 4.5, and 6.9 are in reasonable agreement with the UPLC data.
The NMR values are less reliable than the UPLC values because a) the isolated fraction does not
fully represent the material used to determine the internal proton count of 1,210, thus introducing
error into the comparison of the integrated ratios and b) we are determining the ratio by
comparing a small number of TAMRA protons to a large number of dendrimer protons.
MALDI-TOF-MS was also used to characterize each isolated fraction (Table C.1, Figure C.1).
A trend towards higher mass was observed as n increased from 1 to 4 as well as for 5+; however,

obtaining dye:dendrimer ratios from such data is inaccurate because we are sampling a different
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subfraction of the entire MW distribution for each G5-NH,-TAMRA,, (see the HPLC separation
in Scheme 4.1b). The impact of the differential subfractionation is highlighted by the 300 Da
decrease observed when comparing G5-NH,-TAMRA, to G5-NH,-TAMRA;. In our previous
work discussing the synthesis of related dye:dendrimer conjugates, we compared the relative
ability of UPLC, 'H NMR spectroscopy, and MALDI-TOF-MS data to assign dye:dendrimer

ratios in detail.*

The impact of the dye:dendrimer ratio on photophysical properties was assessed using a
combination of FLIM and absorption and emission spectroscopies (Figure 4.1). The absorption
and emission spectra were obtained for 0.1 mg/mL G5-NH,-TAMRA, solutions in water, which
corresponds to roughly 3-4 uM solutions. As expected for this concentration of dye, the
absorption spectrum for G5-NH,-TAMRA, exhibited a single maximum at 560 nm.** *
Although the total solution concentration for dye in G5-NH,-TAMRA; was still micromolar, the
absorption now showed the classic two peak pattern, at 525 and 560 nm, typically associated
with formation of TAMRA dimers in highly concentrated solutions.*® This pattern provided
additional evidence for the absence of n > 2 materials in the sample assigned as G5-NH;-
TAMRA:;. In addition, the relative intensity ratio of the 525 and 560 nm peaks indicated little if
any n = 1 material was present in the G5-NH,-TAMRA, sample. The two peaks remained
present, and the 525 nm peak grew in relative intensity as n increased. For all these samples, the
local concentration of dye, which is restricted on each dendrimer particle to a hydrodynamic
sphere of 3.1 nm radius,*! was on the order of 10 M. The impact of the dye:dendrimer ratio was
also observed in the fluorescence spectra taken in water. The most fluorescent material, as a

function of dendrimer concentration, is G5-NH,-TAMRA;. It had roughly twice the

fluorescence emission of G5-NH,-TAMRA,,, which had twice as much dye, and three times the
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fluorescence emission of G5-NH,-TAMRA,, which had four times as much dye. G5-NH,-
TAMRA; also had roughly twice the fluorescence emission of stochastically prepared G5-NH,-
TAMRA 5@vg), Which consisted of n =0, 1, 2, 3, 4,5 in percentages of 22, 34, 25, 13, 5, and 1%,

respectively. The impact of n is further demonstrated in the FLIM analysis.

The fluorescence lifetime for free TAMRA in water (0.2 pM) was measured to be 2.5 + 0.1 ns
and a similar lifetime value for G5-NH,-TAMRA; (0.2 uM) was obtained of 2.3 £ 0.2 ns. In all
cases, increased dye:dendrimer ratios resulted in a decreased lifetime value as compared to G5-
NH,-TAMRA;. The change was not linear, and G5-NH,-TAMRA; had a lower lifetime value
(1.5 + 0.1 ns) than the G5-NH,-TAMRA, (1.7 = 0.1 ns) (Figure 4.1). Additional unexpected
trends in lifetime values occurred when using the samples for cellular uptake and in biological
environment modeling studies (vida infra). Fluorescence lifetime values for all samples in water,
as well as for aqueous solutions with controlled ionic strength and biomolecule concentration,

are provided in Table C.2.

Cellular Uptake of Cationic Dendrimers: the impact of dye:dendrimer ratio.
Fluorophore:polymer ratio has been reported to influence biological behavior;?* 2 however, the
mechanism of these effects has been obscured by stochastic distributions of dye:dendrimer
ratios. In this study, we focus on the real and apparent impacts of dye:dendrimer ratio on cellular
uptake. As a model system, we employed mean fluorescence as measured by flow cytometry to
quantify uptake in HEK293A cells. Cells were exposed to 0.5 uM G5-NH,-TAMRA, (n=1-4,
5+, 1.54,) for 3 hours at 37 °C and mean fluorescence was determined by measurement of
10,000 cells (Figure 4.2). The raw mean fluorescence data exhibited the largest mean value for
G5-NH,-TAMRA; and the magnitude continued to decrease with increasing dye:dendrimer ratio;

however, our independent measures of the fluorescence intensity of the conjugates (Figure 4.1)
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indicated that an accurate assessment of dendrimer uptake required a correction for the relative

degree of fluorescence intensity for each conjugate.

In order to determine the correction factors, we measured the absorbance, emission, and
lifetime characteristics of 0.1 mg/mL (3.5 uM) G5-NH,-TAMRA, (n = 1, 2, 3, 4, 5+, 1.54)
solutions in a variety of aqueous solutions to model potential interactions from both salt and
biomolecules. The measurements were performed in aqueous solution (Figure 4.1), NaCl, PBS,
and undiluted fetal bovine serum (FBS). We also included controls containing bovine serum
albumin (BSA) and glucose in water (at concentrations present in our FBS control) to
independently evaluate the impact of these two components. Ficoll was used as a control for
biomolecule crowding effects.  The impact of interaction with negatively charged
macromolecules was modeled using 1:1 and 1:10 N:P ratios of both plasmid DNA (pDNA) and
antisense DNA (asDNA) (N is the number of dendrimer primary amines and P is the number of
DNA phosphates). Lastly, we employed HEK293A cell lysate at 100,000 cells per mL as a final,
comprehensive control solution (Figures S2 and S3). The cell lysate was prepared by
osmotically lysing cells followed by sonication. This lysate contains all of the cell lipids and
protein and is detergent free, and thus differs from conventional lysates. For all conditions
studied, G5-NH,-TAMRA; exhibited the most intense fluorescence emission. In order to
compare the emission intensities for the various conjugates under a given model condition, we
defined the brightest emission of G5-NH,-TAMRA; as 1 and determined the relative fraction of
emission for the remaining conjugates (Table 4.2). The overall trend was a decrease in emission
with increasing dye:dendrimer ratio. The overall magnitude of the non-quenched fluorescence
varied greatly with the addition of the second dye (G5-NH,-TAMRA;), ranging from 93% for

ficoll to 42% for PBS. When considering just the G5-NH,-TAMRA, (n = 1, 2, 3, 4)
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fluorescence, the change in intensity as a function of n was monotonic; however, when the more
complex n = 1.554 and n = 5+ samples were considered, multiple deviations in the monotonic
trend were associated with both samples. The origins of this complex fluorescence emission
behavior are not clear. The data show the difficulty in extrapolating behavior for such
heterogeneous mixtures of conjugated fluorophores. Fluorescence lifetime measurements for
G5-NH,-TAMRA; (2.3 £ 0.2 ns) and TAMRA (2.5 + 0.1 ns) in water were essentially identical,
and lifetimes decreased, as expected for the decrease in emission intensity, as a function of n.
Based on these studies, we employed the fluorescence correction factors determined from
aqueous solution, FBS solution (which also matched trends observed for the cell-based lifetime
studies, vida infra), and cell lysate in order to correct the mean fluorescence values obtained

from flow cytometry.

Table 4.2. Fluorescence emission intensity characterization summary for G5-NH,-TAMRA,
material.

Fluorescence Ratios for Control Solutions of 200 uM G5-NH-
TAMRA,
water PBS NaCl BSA ficoll pDNA FBS asDNA
G5-(TAMRA)15a4-NH, 054 053 0.7 0.69 0.93 059 054 0.77
G5-(TAMRA)o-NH; - - - - - - - -

G5-(TAMRA);:-NH, 1 1 1 1 1 1 1 1

G5-(TAMRA)2-NH; 053 042 045 083 0.93 0.81 0.72 0.77
G5-(TAMRA)3-NH, 043 024 027 057 0.59 0.44 0.43 0.47
G5-(TAMRA)4-NH; 034 017 017 042 0.33 0.25 0.29 0.44

G5-(TAMRA)s+-NH; 022 018 021 042 0.1 0.2 0.26 0.31

For each condition the intensity for G5-NH,-TAMRA is defined as 1 and the fractional intensity
observed for each n = 2, 3, 4, 5+ and 1.5, is indicated.

Application of the fluorescence emission correction factors (Table 4.2) to the mean fluorescence

data obtained from flow cytometry (Figure 4.2) resulted in the trends in mean fluorescence
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illustrated in Figure 4.3. For each correction factor, the data for G5-NH,-TAMRA; (G5-T;) was
normalized to the intensity observed for raw emission data. All three corrections trend in the
same direction and indicate that the uptake of the n > 2 conjugates is significantly
underestimated when only raw mean fluorescence data is considered. Indeed, the data indicate
that uptake does not decrease as a function of n as implied by comparison of the raw mean
fluorescence intensities. Rather, n > 2 conjugates give greater uptake than does the n = 1
conjugate. These data also suggest that studies with dye conjugates overestimate the uptake rates
of dye-free G5 PAMAM dendrimer into cells, although the rates may be a reasonable estimate
for dendrimer containing other moieties of similar hydrophobicity, such as drugs. Lastly, these
data indicate that the use of raw mean fluorescence data to quantify dye uptake in vivo using
stochastic dye:dendrimer, or more generally dye:polymer, conjugates can lead to errors of at

least a factor of 3-5 if the biological fractionation effects on the materials are unknown.

Application of Dendrimer-TAMRA Conjugates for Fluorescence Lifetime Imaging
Microscopy (FLIM). The G5-NH,-TAMRA, (n =1, 2, 3, 4, 5+, and 1.5,,4) conjugates varied
in terms of fluorescence intensity as a function of n (Figures 1-3). The variation of intensity with
n indicates that interpreting the uptake of materials into the cell using relative brightness in the
confocal fluorescence images will not give reliable results (Figure 4.4). In this case, HEK293A
cells were treated with 1 pM G5-NH,-TAMRA, (n = 1, 2, 3, 4, 5+, and 1.5,,4) conjugates for 3
hours. All treated cells exhibited a punctate distribution of fluorophore uptake (TAMRA =
green), which was in general agreement with the flow cytometry data (Figures 2 & 3). The
mixtures G5-NH,-TAMRAs: (Figure 4.4g9) and G5-NH>-TAMRA:s.g (Figure 4.4h) were

expected to contain fluorescent particles with intensity levels varying by up to a factor of 5.
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Therefore, even within a given cell or field of cells, relative intensity variation may not be

correlated with extent of uptake.

FLIM offers an alternative method of fluorescence image contrast that is generally insensitive
to intensity-based artifacts. In addition, the fluorescence lifetimes measured are sensitive to the
microenvironment including pH, ion concentration, and molecular association.** FLIM images
were obtained for the same locations as the confocal microscopy data presented in Figure 4.4.
The G5-NH,-TAMRA 544 treated sample (Figure 4.5h) gave an average lifetime of 0.7 £ 0.2 ns
which is significantly lower than the 1.9 + 0.1 ns obtained for aqueous solution. This value is
also substantially lower than observed for all other samples with the exception of G5-NH,-
TAMRA,. The G5-NH,-TAMRA, treated cells exhibited uniformly higher lifetimes of 1.8 £ 0.5
ns (Figure 4.5c), which itself was substantially lower than the 2.3 + 0.2 ns observed in aqueous
solution. Despite the fact that the G5-NH;-TAMRA:5.g Sample contained 34% G5-NH,-
TAMRA;, the 1.8 ns lifetimes associated with T, material did not appear in the cell images
(Figure 4.5h). The G5-NH,-TAMRA:. treated cells also exhibited amongst the highest lifetime
value with an average of 1.6 = 0.6 ns. Surprisingly, this value was greater than the average
values observed for G5-NH,-TAMRA, (n = 2, 3, 4), as well as for the G5-NH,-TAMRAG.
aqueous value of 1.2 + 0.1 ns. The images from Figure 4.5 are provided in large form in Figure
C.4. Images of individual cells measured using a 40x oil objective with an additional optical
zoom of 6.25x are provided in Figure C.5 and the graphical abstract to further illustrate the
various intracellular lifetimes observed with these materials. The lifetimes in the zoomed images
show a similar trend as the non-zoomed images. The zoomed-in images highlight the punctate
distribution of the G5-TAMRA within cells. Further experiments with markers for cellular

organelles are needed to determine if samples with different dye:dendrimer ratios are transported
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to different organelles. The observation that most of the samples exhibited dynamic quenching
in the cell, resulting from possible environmental differences such as pH, ionic strength, or
biomolecule interactions, was expected. It was surprising that the G5-NH>-TAMRA{ 54,4 treated
cells did not show the full range of lifetimes represented by the dye:dendrimer ratios present and
that the lifetime of G5-NH,-TAMRAs; increased in cells, indicating a reduction in dynamic

quenching.

In order to gain a greater understanding of how these changes in lifetime varied as a function of
n, a series of control experiments were carried out. Fluorescence lifetimes were measured for
solutions of G5-NH,-TAMRA,, (n =1, 2, 3, 4, 5+, and 1.5,) in cell lysate, 1X PBS, 137 mM
NaCl, 0.3 mM BSA, 7.0 mM glucose, 0.001 mM ficoll, and undiluted fetal bovine serum (FBS)
(Figure 4.6). Additional lifetime measurements were made for aqueous solutions using pH 3 and
5 buffers and for aggregates of G5-NH,-TAMRA, (n = 1, 2, 3, 4, 5+, and 1.5,,) generated by
mixing with anionic oligonucleotides (both plasmid and antisense DNA) (Figures S6 and S7).
The undiluted FBS was used to generate a high concentration of biomolecules comparable to that
found in the cellular environment. The concentrations of NaCl, BSA, and glucose were set to the
levels of the FBS control. Ficoll was set at 5 equiv per dendrimer. 1x PBS is a standard buffer
system with an overall salt concentration similar to blood and the same NaCl concentration as

the FBS.

The FBS control best matched the cell FLIM data as it gave both the increase in dynamic
quenching (lower lifetime) of the G5-NH,-TAMRA; material and the decrease in dynamic
quenching (higher lifetime) observed for G5-NH,-TAMRAs. (Figure 4.6). In order to
understand how the components of FBS might lead to these lifetime changes, solutions were

tested containing salt (PBS, NaCl) and biomolecule components (BSA, glucose) as well as a
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ficoll. The results point to a complex mixture of static and dynamic quenching mechanisms
present in the G5-NH,-TAMRA,, conjugates. For G5-NH,-TAMRA,, NaCl and PBS alone or
the presence of ficoll did not generate a significant change in fluorescence lifetime; however,
both BSA and glucose did cause a change. For G5-NH,-TAMRAs., NaCl, PBS, BSA, and ficoll
all caused a significant increase in fluorescence lifetime, although glucose did not. For both G5-
NH2-TAMRA, (n = 2, 3), little change in fluorescence lifetime was observed for any simple
controls, although cell lysate caused a significant increase in lifetime for n =3. For G5-NH-
TAMRA,, all conditions but FBS and cell lysate were observed to decrease lifetime. Since
fluorescence lifetime is also known to change for a fluorophore based on pH,* the conjugates
were also measured in pH =3, 5, and 7 aqueous buffers. Treatment of G5-NH,-TAMRA; with
pH 3 and 5 buffers caused no change in lifetime, whereas both buffers resulted in an increase in
lifetime for G5-NH,-TAMRAs. (Figure C.6, Table C.3). No clear lifetime trends were observed
for the impact of aggregate formation induced by plasmid and antisense DNA, although a
decrease in lifetime for G5-NH,-TAMRA; and an increase in lifetime for G5-NH,-TAMRAs.
were again observed (Figure C.7, Table C.3). These observations can be compared to the
measurements of TAMRA fluorescence lifetime of 2.28 £ 0.01 ns in buffer and 2.48 + 0.01 ns on

a DNA aptamer.*

The cell FLIM data can be rationalized in part based upon the control experiments. The most
surprising result, the increase of fluorescence lifetime for G5-NH,-TAMRAs. in HEK293A
cells, was reproduced under a variety of control conditions. This behavior may result from a
dye-dye static quenching interaction present in a fraction of the G5-NH,-TAMRAs. sample.
Upon addition of salt and biomolecules, the dye-dye interactions may be broken up leading to a

lifting of the static quenching and the observation of a new, longer lifetime value. In addition,
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the salt and biomolecule interaction with the dye may change the nature of the dynamic
quenching that leads to the 1.2 £ 0.1 ns lifetime in aqueous solution, which could also lead to an
increase in observed lifetime. This balancing of effects only appears operative for n > 5 dyes per

G5 PAMAM dendrimer.

Many previous studies have demonstrated that the punctate G5 PAMAM dendrimer distribution
in cells arise from localization into endosomes and lysomes;*> however, the control data for pH
effects (Figure C.6) does not explain the decrease in lifetimes observed in the FLIM images
(Figures 4.5, C.S4). Based on our series of control experiments, it appears that changes in ionic
strength or interactions with other biomolecules present in the endosomes or lysomes are more
likely causes of the decreased fluorescence lifetimes for these dye:dendrimer conjugates in the

HEK?293A cells.

CONCLUSIONS

G5-NH,-TAMRA, (n=1-4, 5+, 1.5,,) samples have been synthesized and characterized by
UPLC, 'H NMR, and MALDI-TOF-MS. The absorbance, fluorescence emission, and
fluorescence lifetime properties have been measured in aqueous solution as well as in a variety
of biologically relevant control conditions. By preparing this set of dye:dendrimer conjugates
with well-defined dye:dendrimer ratios, we hope to elucidate the behaviors of the stochastic
mixtures of dye:dendrimer ratios typically employed to understand cationic polymer uptake and

localization.

During the course of this study we showed that dendrimer uptake varied as a function of n. In
addition, knowledge of how fluorescence intensity for G5-NH,-TAMRA,, varies as a function of

n is required for properly understanding the relative degree of uptake. These observations raise
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the greatest concerns for studies in which a stochastic mixture can be “separated” by the
interaction with the biological systems, ie exhibit a hydrophobic dependency on

biodistribution, 1% 2 2

and when biological tissues are evaluated for uptake by fluorescence
without knowledge of the fraction of the dye:polymer conjugate present. Thus, for materials
containing stochastic dye:polymer distributions, hypothesis (H1) that the uptake of cationic
polymer can be quantified by the change in mean fluorescence of cells should be used with

caution. For low Stokes shift dyes similar to TAMRA and fluorescein, H1 is not valid.

The FLIM studies of G5-NH,-TAMRA,, resulted in a surprising set of lifetime images. In
particular, the observation of both decreasing and increasing lifetimes for a given environmental
condition as a function of n was not expected. In addition, the magnitudes of changes seen as a
function of n for a given control environment was similar to the magnitude of change observed
for constant n as a function of changing the environment. This indicates the interpretations of
fluorescence lifetimes as resulting from changes in biological environment must be approached
with great caution for stochastic dye:polymer conjugates, particularly if biological fractionation
of the samples has taken place. In contrast to the initial hypothesis (H2), the components of a
stochastic distribution of dye:polymer ratios do not have a similar collective trend in terms of
environmental lifetime response. Furthermore, with respect to H3, variation in dye:polymer ratio
is found to have a similar magnitude of impact on fluorescence lifetime as changes in the

biological environment.

Upon testing the three hypotheses, it is clear that caution needs to be taken when using
dye:polymer mixtures to determine cellular uptake and fluorescence lifetime. One good solution
for achieving linear intensity profiles is the use of large Stokes shift dyes, as discussed by Mier et

al.'® The strategy of using a stochastic mixture that contains very little of zero dye and one dye
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on the polymer, as delineated by Schroeder et al., can also provide a solution.'” However, many
scientifically and technologically important dyes (i.e. TAMRA, fluorescein, AlexaFluors, etc.)
have small Stokes shifts, and dye substitution is not always a favorable option. Since

9-12, 15-17, 19-27

dye:polymer ratio impacts biodistribution and function, creation of a high mean

stochastic ratio is not a general solution to the problem. In these cases, either direct synthesis of

36-38

precise dye:polymer materials or physical separation to obtain precise dye:polymer ratios” ®

14.29 js needed for quantitative uptake or lifetime studies.

EXPERIMENTAL PROCEDURES

Chemicals and Methods. Biomedical grade G5 PAMAM dendrimer was purchased from
Dendritech Inc. and purified using rp-HPLC to give a molecular weight fraction free of trailing
generations (G1-G4) as well as G5 dimers and higher oligomers.? Trifluoroacetic acid, HPLC
grade water, GE PD-10 Sephadex columns, and HPLC grade acetonitrile were purchased from
Fisher-Scientific and used as received. 5-carboxy tetramethylrhodamine succinimydyl ester
(TAMRA) was purchased from Life Technologies. A 500 MHz Varian NMR instrument was
used for all 'H and °F NMR measurements. All MALDI-TOF MS measurements were
performed on a Bruker Ultraflex 111 with sinapinic acid matrix (Sigma Aldrich) and sodium
trifluoroacetate (Fischer Scientific) salt sample preparation. Serum-free DMEM (SFM) from life
technologies was employed for cell culture of HEK293A cells, which were obtained from
ATCC. Complete medium was made by adding 50 mL of fetal bovine serum (FBS) and 5 mL

100x% of penicillin—streptomycin to 500 mL of SFM.

Conjugation of TAMRA to G5 PAMAM Dendrimer. TAMRA (0.0121 g, 0.023 mmol, 4.5

equiv) was dissolved in dimethyl sulfoxide (3.0 mL) and added dropwise to a stirred solution of
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G5 PAMAM dendrimer (0.1390 g, 0.0050 mmol, 1.0 equiv) dissolved in water (30.0 mL). The
mixture was stirred at 20 °C overnight and purified using a GE PD-10 sephadex column. A pink
solid was obtained after removal of solvent (75% yield). The product was characterized using *H
NMR, UV-Vis absorption and fluorescence spectroscopy, analytical rp-UPLC, and MALDI-TOF

MS.

Isolation of Material Containing Precise TAMRA/Dendrimer Ratios. Semi-preparative rp-
HPLC isolation was carried out on a Waters Delta 600 HPLC. For analysis of the dendrimer and
conjugates, a C18 silica-based rp-HPLC column (250 x 21.20 mm, 10um particles) connected to
a C18 guard column (50 x 21.20 mm) was used. The mobile phase for elution of the conjugates
was a linear gradient beginning with 95:5 (v/v) water/acetonitrile and ending with 65:35 (v/v)
water/acetonitrile over 28 minutes at a flow rate of 12.00 mL/min. Trifluoroacetic acid (TFA) at
0.10 wt % concentration in both water and acetonitrile was used as a counter ion to make the
dendrimer surfaces hydrophobic. Elution traces of the dendrimer-ligand conjugate were obtained
at 210 nm. A concentration of 24 mg/mL per injection was used. 120 fractions of 6 seconds
duration were collected starting at 9 minutes and 30 seconds. Selection of fractions for
combination to yield the precise TAMRA:dendrimer ratios was based upon analysis of the
chromatogram in Origin-Pro. Each isolated combination of fractions was reinjected onto an

analytical UPLC to determine purity of the sample. *H NMR spectra are provided in Figure C.8.

Analytical reverse phase Ultra Performance Liquid Chromatography (rp-UPLC). Purity of
G5-NH,-TAMRA,, materials was assessed at 210 nm (dendrimer absorption wavelength) using a
Waters Acquity UPLC system controlled by Empower 2 software. A C18 silica-based column
(Phenomenex) was employed with a mobile phase linear gradient beginning with 95:5 (v/v)

water/acetonitrile and ending with 55:45 (v/v) water/acetonitrile over 17 minutes at a flow rate of
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3.0 mL/min. Trifluoroacetic acid (TFA) at 0.14 wt % concentration in water and acetonitrile was

used as a counter ion to make the dendrimer surfaces hydrophobic.

Absorption and Emission Measurements. Fluorescence (Fluoromax-4) and UV-Vis (Shimadzu
UV-1601) measurements were taken at a concentration of 0.1 mg/mL. For all measurements, the
concentration of the solutions were 0.1 mg/mL and within an error of £0.02. For the fluorescence
measurements an excitation of 530 nm and emission of 580 nm were used with a slit width of 2

nm.

MALDI-TOF-MS Measurements. Three solutions were prepared: 1) 10 mg/mL dendrimer in
water 2) 20 mg/mL sinapinic acid in 1:1 (v/v) acetonitrile: water and 3) 20 mg/mL sodium
trifluoroacetate in water. These were then combined in a ratio of 10:2:1 of matrix:dendrimer:salt
solution. The plate was spotted with 1 pL volumes of solution and allowed to dry. At least 100

scans were averaged per measurement and a smoothing factor of 12 channels was employed.

Cell Culture Materials. DMEM high glucose with sodium pyruvate and glutamine (Life
Technologies Inc) was the base media. Complete media was made by adding 50 mL of FBS, 5
mL of Non-essential Amino Acids (Thermo Scientific) and 5 mL of penicillin-streptomycin to
500 mL DMEM. PBS (1X) without Ca®* and Mg®* was obtained from Life Technologies. Cells
were maintained at 37 °C with 5% CO; in a humidified atmosphere and subcultured by

trypsinization (Life Technologies).

Measurement of G5-NH,-TAMRA,, Binding and Uptake in HEK293A cells using Flow
Cytometry. HEK 293 A cells were seeded in 12 well plates (Fisher Scientific, 3.8 cm?) at a

density of 150,000 cells per well in 1 mL of complete DMEM and incubated overnight at 37 °C
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with 5% CO,. The complete media was removed prior to incubation with G5-NH,-TAMRA..
The cells were then rinsed with 1 mL of PBS, followed by addition of 0.8 mL of SFM. The cells
were incubated for three hours at 37 °C with 0.5 uM G5-NH,-TAMRA, (n = 0-4, 5+, 1.55)
(~5.0 pL volume of 2 mg/mL solution added to each well). Each treatment was run in triplicate,
and 4 independent biological repeats were performed. After incubation with G5-NH,-TAMRA,
material, the HEK293A cells were rinsed with PBS and harvested for flow cytometry by
trypsinization. Trypsinization was performed by incubation with 200 pL of trypsin for 2 minutes
at 37 °C. After 2 minutes, 0.8 mL cold PBS was added to each well to inhibit the trypsin, and the
suspensions were then centrifuged for 5 minutes at 2000 rpm. Cell pellets were resuspended in
400 uL of PBS. Cell fluorescence was measured using a BD C6 Accuri flow cytometer by
collecting 10,000 events per sample. The cells were excited using a 488 nm laser and emission at
the 585 + 20 nm region was measured. Differences were determined according to a post hoc
Games-Howell test using predictive analytics SPSS software. This statistical test was chosen
because it does not assume equal variance, which we deemed most relevant for comparing

multiple biological replicates of HEK 293A cells (* used in figures indicates a p value < 0.05).

Cell Preparation for Confocal and Fluorescence Lifetime Microscopy. HEK 293 A cells
were seeded in 2 well confocal chambers (Nunc Labtek 11, 4 cm?) at a density of 50,000 cells
per well in 1.5 mL of complete DMEM and incubated overnight at 37 °C with 5% CO,. The
complete media was removed prior to incubation with G5-NH,-TAMRA,,. The cells were then
rinsed with 1 mL of PBS, followed by addition of 0.5 mL serum free DMEM. Cells were
incubated with 1 uM G5 TAMRA in serum free DMEM for 3 hours. The cells were then rinsed

with PBS three times and fixed using 2% paraformaldehyde. The fixed cells were rinsed 3 times
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with PBS, two drops of prolong gold solution containing DAPI was added, and a 1.5 thickness

coverslip was placed on each sample.

Confocal Fluorescence Microscopy. Confocal microscopy was performed using Leica SP5
inverted confocal microscope using a 40x oil immersion objective. The section thickness was set
at 1 um. The excitation wavelength used was 555 nm, and the emission from 585 nm to 700 nm

was measured.

Time Domain Fluorescence Lifetime Imaging Microscopy (FLIM) of G5-NH,-TAMRA,, in
HEK 293A Cells using a Multi Photon Laser. Lifetime imaging for HEK293A cells was
performed using a LEICA inverted SP5 confocal microscope in the multiphoton mode. The
source was a Mai-Tai laser with a 20 MHz frequency. The excitation wavelength was 850 nm
with 2.2 W power. A PMT detector and TCSPC counter were used to measure lifetime. Images
shown were taken at approximately mid-cell height by first taking an image in the x-z plane and
using the DAPI signal to estimate cell heights (about 8 um for the HEK293A cells). The z
position was then set to this value, and the x-y plane images shown in Figure 4.5 were obtained.
Taking images too near the confocal chamber or coverslip surface induced low lifetime artifacts.
Measurements were taken until a maximum of 1000 photons were measured for each pixel. The
lifetime histograms and exponential fitting were performed using Symphotime software
(Picoquant Inc). The FLIM images of cells presented here show the average lifetime per pixel
calculated using the FastFLIM algorithm in Symphotime. For solution lifetimes, single
exponential lifetimes were used. It has been reported that the lifetime of TAMRA changes with
temperature.® In our experiments, the MP laser could heat samples and change lifetimes. To test
for this, the lifetimes for free TAMRA and G5-NH,-TAMRA;were measured using two

sequential four minute scans (the average time to image a field of cells) to test if heating during
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image acquisition was affecting measured lifetime values. For free TAMRA, the sequentially
measured lifetime values were 2.37 and 2.36 ns. For G5-NH,-TAMRA, , the values were 2.46
and 2.40 ns. These results indicate that change in lifetime due to temperature is not a cause for

concern in our study.

Fluorescence Lifetime Imaging Microscopy (FLIM) Measurement of G5-NH,-TAMRA,
lifetime using Single Photon Laser Excitation. Lifetime imaging in solution was performed
using an Olympus 1X-81 time resolved confocal microscope using avalanche photodiodes. The
source was a SC-400-6-PP supercontinuum laser with 20 MHz frequency. The excitation
wavelength was 530 nm with 6.0 W power. An APD detector and TCSPC counter were used to
measure lifetime. The lifetime histograms and exponential fitting were performed using ALBA
software. Single exponential fitting was performed to obtain solution lifetimes. The mean
fluorescence intensity and fluorescence lifetime of each sample was measured. One-way
ANOVA followed by Games-Howell post hoc analysis was performed to test if the means were

significantly different.

Solution Conditions to Measure Control Fluorescence Lifetimes FLIM. Control
measurements in water, 1X PBS, undiluted FBS (Thermo Fisher Scientific), NaCl (137mM),
BSA (23 mg/mL), glucose (1.25 mg/mL), and ficoll (60 mg/mL) were performed using 200 uM
G5-NH,-TAMRA,. Polyplex solutions were mixed at an N:P of 10:1 and 1:1 at a concentration

of 500 nM G5-NH,-TAMRA, based on published protocols.*

Preparation of Cell Lysate. HEK 293A cell lysate was prepared by washing a confluent plate of
cells with 1X PBS. The cells were then treated with 2 mL trypsin for 2 min at 37° C. The

trypsinization was stopped by adding 8 mL of complete DMEM. The cells were triturated and
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counted using a hemocytometer. The cells were centrifuged at 1400 g for 2 min and the
supernatant was removed. The cells were then suspended in DI water such that there were 5
million cells per mL and sonicated in a bath sonicator for 15 min. The absence of intact cells was
checked using a light microscope. For use in experiments, the lysate was diluted to 100,000
cells/mL. This protocol was used rather than typical cell lysate protocols in order to avoid
detergents, which interfere with fluorescence lifetime solution measurements, and to include all

cell lipid.
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Scheme 4.1 Synthesis, isolation, and characterization of G5-NH,-TAMRA, samples. a)
Stochastic conjugation of TAMRA to G5 PAMAM dendrimer b) Isolation of G5-NH,-TAMRA,
employing semi-preparative rp-HPLC c) Reinjection of combined fractions on analytical rp-
UPLC to determine purity. n = 1.5,,4 (black), O (red), 1 (orange), 2 (yellow), 3 (green), 4 (blue),
and 5+ (purple).
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Figure 4.1. Photophysical properties of G5-NH,-TAMRA, in aqueous solution. a)
Fluorescence lifetime values, b) absorption spectra, and ¢) emission spectra of 0.1 mg/mL G5-
NH-TAMRA, (n =0, 1, 2, 3, 4, 5+, 1.55,) In aqueous solution. A significant decrease in
lifetime value (denoted by *) was observed for samples with n > 1 as compared to free TAMRA
dye (pink) and G5-NH,-TAMRA;. The absorption increases while the emission decreases with
increasing n. See Table C.4 for p values.
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Figure 4.2. Cellular Uptake of G5-NH,-TAMRA,, in HEK293A cells. Flow cytometry of one
repeat for the G5-NH,-TAMRA, (n =0, 1, 2, 3, 4, 5+, 1.55,) samples showing cell count versus
fluorescence intensity.
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Figure 4.3. Cellular uptake of G5-NH,-TAMRA, corrected for fluorescence differences.
Uptake and binding of G5-NH,-TAMRA, as measured by flow cytometry after 3 hours of
incubation with HEK293A cells. The bar graphs illustrate the uptake trend as measured by raw
mean fluorescence data and the trends after correction using relative fluorescence emission in
aqueous solution, FBS solution, and cell lysate. All correction factors are summarized in Table
4.2 from the data shown in Figures 1c, S2, and S3). Significance for differences in G5-NH-
TAMRA, fluorescence intensity (denoted by *) as compared to G5-NH, ~-TAMRA intensity
was assessed using a Games-Howell analysis (see Table C.4 for p values).
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Figure 4.4. Confocal Microscopy Images of HEK293A cells incubated with G5-NH,-
TAMRA,. Confocal Microscopy Images of HEK293A cells incubated for three hours with a)
PBS only b) G5-NH; ¢) G5-NH,-TAMRA; d) G5-NH,-TAMRA; €) G5-NH,-TAMRA; f) G5-
NH2-TAMRA:; g) G5-NH,-TAMRAs: h) G5-NH-TAMRA15.4. TAMRA fluorescence is
shown in green. The fluorescence deriving from DAPA-stained cell nuclei is shown in blue.
Images were obtained with a 40x oil immersion objective. The same set of image locations is
presented in Figure 4.5 using FLIM. Scale bar is 100 um.
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Figure 4.5. FLIM images of HEK293A cells incubated with G5-NH,-TAMRA,,. FLIM
images of HEK293A cells incubated for three hours with a) PBS only b) G5-NH; ¢) G5-NH,-
TAMRA; d) G5-NH,-TAMRA; e) G5-NH,-TAMRA; f) G5-NH,-TAMRA,; g) G5-NH»-
TAMRAs, h) G5-NH>-TAMRA;5.4. j) Color code for FLIM images. k) Histograms of
fluorescence lifetimes for FLIM images. Images were obtained with a 40x oil immersion
objective.  The same set of image locations is presented in Figure 4.4 using confocal
fluorescence microscopy.
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Figure 4.6. Fluorescence lifetime measurements of G5-NH,-TAMRA,, in aqueous solution
under various conditions. Cy3 and TAMRA dyes in water were used as calibration standards.
See Table C.2 for summary of numerical values.
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Chapter 5 Cationic Vector Intercalation into the Lipid Membrane Enables Intact Polyplex
DNA Escape from Endosomes for Gene Delivery

Submitted to the journal Molecular Pharmaceutics for publication

INTRODUCTION

Non-viral vectors have been extensively investigated for the delivery of plasmid DNA (pDNA)
for gene therapy and biopharmaceutical manufacturing with limited successes.'® Despite years
of research, there is no consensus on cellular pathways and the physicochemical properties of
vectors that enable successful transport of plasmid DNA (pDNA) to the nucleus, as is necessary
for protein expression. Proposed factors critical for nuclear transport of pDNA include 1)
endosomal release>*>"° 2) protection from nucleases!®!! 3) release of pDNA from vector® 4)
transport to specific internal organelles'>* 5) cell division and/or interaction with other nuclear

pore or cytosolic components, 519

Cationic polymer-pDNA complexes (polyplexes) enter  cells by adsorption-mediated
endocytosis and accumulate in endosomes.?>2®* Endosomal release of pDNA followed by entry
into the nucleus has been widely held to be critical for successful gene expression.>*>7-° The
popular “proton sponge hypothesis™ points to the buffering activity of cationic vectors as the
critical parameter responsible for endosomal release and the therapeutic activity of
nucleotides.*>"° However, studies tracking the colocalization of vector and pDNA labeled with

pH sensitive fluorophores in single endosomes do not support this hypothesis.?#% Moreover,
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Hennink et al. synthesized a newpolymer with better buffering capacity and observed that the
polymer did not exhibit good transfection abilities.?® Furthermore, the proton sponge model also
does not attribute a vector property for the entry of pDNA into the nucleus. Although some
studies have pointed to cell division as a pathway for nuclear entry,>17:27.28 other studies have
found that expression can occur without cell division.’#2°3% To understand pDNA transport to
the nucleus, microscopy studies have tracked the transport of pDNA to multiple organelles such
as endosomes, lysosomes, endoplasmic reticulum (ER) and Golgi apparatus.'?* However, the
relative importance of pDNA transport to these organelles in enabling protein expression is
unknown. The degradation of DNA within a cell further complicates the tracking of DNA using
fluorescence techniques, as it is unknown if the DNA observed in a given organelle has been

protected successfully from the action of nucleases.

In this study, we used an oligonucleotide FRET probe (OMB) to track the location of both intact
and cleaved DNA material. We chose this strategy because degradation of pDNA by cytosolic
nucleases has been proposed to be one of the factors limiting gene delivery to the nucleus.134-3¢
Therefore, information about the intactness of the DNA as function of cellular location,
including organelles, would enable us to identify transport pathways involved in successful
protein expression. To correlate differences in transport of intact DNA to protein expression, we
used the vectors jetPEl and G5 PAMAM dendrimers which show a >10 fold difference in protein
expression. The results obtained by employing this OMB inform us about the following key

hypotheses (H1 and H2) related to optimal vector design:

H1: The limiting step for gene delivery is the endosomal release of DNA. Therefore, vectors that
most effectively release of DNA from endosomes allow more gene expression. OMBs delivered

using jetPEI were released into the cytosol in a higher fraction of cells (88 £ 5 % ) than OMBs
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delivered using G5 PAMAM (9 £ 1 % %). Thus, the fraction of cells showing diffuse
distribution is proportional to fraction of cells in which protein expression was induced by jetPEI

(80 £ 10 %) and G5 PAMAM polyplexes (4 £1 % ).

Hla: Endosomal release occurs via vectored-mediated pH buffering (proton sponge

hypothesis)

H1b: Vector intercalation into, and destabilization of, the endosomal membrane drives

endosomal release.

Adding L-PEI to cells 3 h after incubation with G5 PAMAM polyplexes induced a
diffuse OMB distribution, fluorescence in the nucleus and also increased expression by
10X as compared to G5 PAMAM alone. The new expression level is comparable to L-
PEI or jetPEI polyplexes. This data indicates that L-PEI need only be present in the cells.
L-PEI is not required to be part of the internal cargo from the initial absorptive

endocytosis of the polyplex. This result is consistent with H1b and inconsistent with Hla.

H2: Vectors that optimize other factors such as cellular uptake of polyplexes, protection of DNA
from nucleases and transport DNA to specific organelles cells allow more protein expression.
JetPEI polyplexes provide a similar degree of uptake into cells as compared to G5 PAMAM
polyplexes, protect DNA for a shorter duration and show similar levels of transport to the ER
and Golgi apparatus despite having >10 fold higher protein expression. Thus, this study
reinforces the generally held view that uptake and nuclease protection are necessary, but not a
sufficient, criterion for efficient gene expression. The intracellular location rather than the

relative amount of intact DNA is the critical factor.
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The results (when combined with previously published data on vector-cell membrane
interactions®’) indicate that the ability of free vectors to interact with lipid bilayers is the key
physicochemical property that enables polyplexes to overcome the limiting steps of endosomal
release and entry to the nucleus from the cytosol (Scheme 1). The results also point to a strategy
in which the DNA delivery into endosomes and subsequent release of DNA are achieved by two
different vectors. Since endosomal escape is also important for other intracellular protein

therapeutics, the results could also help design better carriers for protein delivery.38:3°

RESULTS

Proof of concept: OMB exhibits FRET in solution and FRET is abolished by S1 nuclease

treatment

To elucidate the relative importance of different transport pathways, we designed a single
stranded oligonucleotide molecular beacon (OMB) that reports the location of both intact and
cleaved DNA. The OMB contains a FRET dye pair AF488 and AF594 (AF488-
CCTCGTCCATACCCAAGAAGGAAGCGAGG-AF-594, Figure 5.1) with a nuclease sensitive
loop. We quantified the extent of FRET (Intactness, I) using equation 1. The detailed OMB
design (Figure D.1) and FRET quantification (Figure D.2), proof of concept (Figure D.3) and

potential errors (Figures D.4-5) are provided in supplemental material.

AF594 —Noise ID ex. Aem—Inoi
— FRET * 100 — ex,Aem—Iinoise * 100 (1)
AF5% girect Ig ex,Aem

The OMB FRET properties were tested in aqueous solution (Figure D.3). The OMB exhibits
FRET (Intactness = 12) in the absence of S1 nuclease and the FRET emission decreases

(Intactness = 0.2) to background levels in the presence of S1 nuclease.
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Successful Protein Expression is due to Release from Endosomes and not Because of

Transport to Other Organelles

In order to relate differences in the transport of intact DNA to gene expression, we used the
vectors jetPEl and G5 PAMAM since they show a >20 fold difference in protein expression.
JetPEI and G5 PAMAM polyplexes containing green fluorescent protein (GFP) pDNA induced
expression in 80 £ 10 % and 4 + 1% of transfected HEK 293A cells, respectively (Figure 5.1e).
In order to understand the cellular distribution of the OMB, cells were treated with mixed
polyplexes containing a 50:50 mixture of blank pDNA and OMB and imaged using confocal
microscopy. Microscopy experiments used blank pDNA of similar size to the GFP pDNA
because GFP fluorescence emission is in the same range as AF488 and can confound images. 88
+ 5 % of the cells incubated with jetPEI polyplexes show a diffuse OMB distribution throughout
the cytosol (Figure 5.1a). By way of contrast, only 9 £ 1 % of cells incubated with G5 PAMAM
polyplexes show a diffuse OMB distribution in the cytosol (Figure 5.1b). An intactness map of
OMB in the cytosol generated by using equation 1 on a pixel by pixel basis showed that OMBs
released into the cytosol were intact (Figure 5.1c-d). Overall, the fraction of cells displaying
intact OMB diffusely distributed in the cytosol at 4 h (Figure 5.1a-b) was similar to the fraction
of cells expressing GFP for both jetPEI and G5 PAMAM (Figure 5.1e). The fraction of cells
exhibiting OMB distribution and the fraction expressing GFP was significant significantly higher

for jetPEI than G5 PAMAM (p < 0.001 and power = 1).

The release of intact DNA in the cytosol from G5 PAMAM and jetPEI polyplexes was
measured at different time points (1,2, 4, 8, 12, and 24 h) (Figure 5.2 — single cells, Figure D.6
— multiple cells). For jetPEI polyplexes, the release of intact DNA into the cytosol started at 2 h

and persisted until at least 8 h (Figure 5.2). Although the quick release of the beacon from the
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JetPEI polyplexes is critical for gene expression, the release also results in the degradation of the
OMBs in the cell. By way of contrast, OMBs delivered by G5 PAMAM are significantly more
intact at all time points (Figure 5.2c) but completely ineffective for gene expression because they
remain localized in endosomes. The quick degradation of OMB delivered using jetPEI was also
confirmed in a population of cells using flow cytometry (Figures D.S7, 8). Thus, these
population-level results are consistent with the observations and conclusions obtained using

confocal fluorescence microscopy.

In order to test if there were differences in the amount of intact OMB present in other organelles,
we stained cells using organelle markers for ER (ER tracker blue) and Golgi apparatus (wheat
germ agglutinin-AF 350, WGA). Figures D.S9 and 10 illustrate the colocalization of intact and
cleaved OMBs delivered using jetPElI and G5 PAMAM with ER tracker blue and WGA.
Colocalization was quantified using Mander’s coefficients combined with manual thresholding
to ensure that background noise did not confound colocalization coefficients.*® A two sample t-
test was used to test if the colocalization of the intact or cleaved OMB signals with organelle
markers were significantly different (Table I and Il in Appendix D). For Golgi apparatus, the
intact OMB channel (AF 594 FRET) alone showed a lower colocalization with the wheat germ
agglutinin when delivered using jetPEI. This can be explained by the fact that OMBs delivered
by jetPEI are released into the cytosol. Similarly, the overlap of AF 488 channel (cleaved OMB)
and AF 594 direct channel (all OMB) with ER marker was significantly higher for jetPEI. Once
again, this difference can be explained by the release of OMB into the cytosol when delivered
using jetPEI. Thus, differences in colocalization are due to release of OMB into cytosol and
colocalization with ER and Golgi markers do not appear related to the 20-fold difference in

expression efficiency.

132



Loading pDNA in endosomes using G5 PAMAM and Releasing them Using L-PEI

Increases Protein Expression

The results quantitatively show that successful endosomal escape distinguishes effective vectors
from ineffective vectors. We then probed if endosomal escape can be mediated by a vector
different from the vector used to form polyplexes. We discovered that adding L-PEI at various
time points to cells incubated with G5 PAMAM polyplexes (along with, 1 h before or 1 h after
G5 PAMAM polyplex addition) induced OMB release into the cytosol, movement of OMB into
the nucleus, and increased protein expression by >10 fold (Figure 5.3). L-PEI was used instead
of jetPEI because it provided similar expression to jetPEI (a proprietary version of L-PEI) and
avoids unknown components present in jetPEI. In the experiment in which L-PEI was co-
incubated with G5 PAMAM, previously published NMR and fluorescence results suggest that L-
PEI will exchange with the G5 PAMAM polyplexes prior to cellular uptake.*#? The L-PEI
containing polyplexes then change the OMB cellular distribution from that expected for G5
PAMAM polyplexes and increased protein expression.***? To avoid this polymer exchange
process, cells were incubated with free L-PEI before or after incubation with G5 PAMAM
polyplexes and this still resulted in the same diffuse OMB distribution and increased protein
expression. In the pre and post-incubation experiments the cells were washed with complete
media and fresh media was added before the addition of polyplexes or free L-PEI. In all cases,
the fraction of cells displaying OMB in the cytosol was greater than the fraction of cells
expressing GFP (Figure 5.3m). In the experiments described above, the concentration of L-PEI
was the same as that present in N:P 10 polyplexes. We also tested if lower concentrations of L-
PEI could achieve a similar increase in gene expression. Free L-PEI can increase the fraction of

cells expressing GFP by 10X even at the concentration equivalent of an N:P = 1:1 L-PEI
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polyplex (Figure D.11). Finally, the presence of OMB in the nucleus is also consistent with
earlier reports that polyplexes can interact with nuclear membranes and that L-PEI further

facilitated the entry of the nucleotides into the nucleus. 9324344

Since decreasing polymer concentrations can improve cell survival, we also tested to see if
the load-release strategy could be exploited to increase bulk protein production using a luciferase
system. Figure 5.3n shows that pure L-PEI polyplexes at N:P = 3:1 show no gene expression.
However, the addition of L-PEI to cells treated with G5 PAMAM polyplexes (N:P = 3) shows
8X more luciferase expression. At higher N:P ratios, pure L-PEI polyplexes provide the same or
higher luciferase activity as the two step process. Thus, experiments in Figure 5.3 show that
endosomal release and nuclear entry of DNA is mediated by free vector as opposed to intact

polyplexes.

We also tested if adding other cationic vectors can induce endosomal release and increased gene
expression. The addition of extra G5 PAMAM to cells along with, before or after incubation
with G5 PAMAM polyplexes resulted in a 2-fold increase in fraction of cells displaying OMB in
the cytosol but < 2-fold increase in the fraction of cells expressing GFP (Figure 5.4a-c,g). For
this reason, another cationic material was selected that gives high expression efficiency
polyplexes. The co-incubation of lipofectamine and G5 PAMAM polyplexes resulted in a > 10-
fold increase in cells displaying intact OMB cytosol, nuclear permeabilization and cells
expressing GFP (Figure 5.4e,h) but pre- or post-treatment of cells with lipofectamine did not
induce a diffuse OMB distribution and only increased expression by 2-fold (Figure 5.4d,f,h). It is
likely in the co-incubation case, the lipofectamine exchanged some G5 PAMAM present in
polyplexes to form Lipofectamine polyplexes.***? These results suggest that lipofectamine is

most effective when initially incorporated into the endosome along with the polyplex and that
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trafficking from the plasma membrane to internal membrane and inducing endosomal

permeability release is less effective than L-PEI.

DISCUSSION

The readily cleaved single strand sequence of the OMB (Figure D.1) is a good model for the
single stranded “hot spots” in pDNA identified by Prazeres et al. and Rattan et al. as being
particularly susceptible to nuclease attack.12#>4¢ The dye pair was selected for photostability and
because the dyes show optimal FRET with minimal bleed through. Specifically, the absorption
spectrum of AF594 shows significant overlap with the emission spectrum of AF488 which
ensures good FRET transfer. On the other hand, the emission of AF488 has minimal overlap
with AF594 emission. These dyes are convenient for studying beacon degradation in populations
of cells using flow cytometry and for tracking beacon transport using confocal fluorescence
microscopy in single cells. Moreover, the choice of dyes allows us to combine the OMB with
organelle markers containing absorbance maxima in the UV or far-red range to study the
intracellular location of the OMB by using dyes. When the OMB is intact, excitation of AF488
results in partial energy transfer to AF594 giving both green (525-580 nm) and red (620-700 nm)

emission.

A potential drawback of the OMB probe is its small size (30 bases) compared to a pDNA
(5000 bases). The very different molecular weights change the diffusion characteristics within
the cytosol as shown by Zuhorn et al.” Despite this drawback, the OMB does reflect the relative
ability of the different vectors to facilitate release and subsequent expression of intact genetic
material. We considered the possibility of pPDNA-based FRET probes for these studies. Kataoka
et al. previously used a pDNA labeled with Fluorescein and Rhodamine to study the degree of

relaxation of pPDNA present in polyplexes.® They observed that pDNA delivered using linear PEI
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was more relaxed than pDNA delivered using branched PEI. Although this study provided
information regarding pDNA unpacking, it did not address the question nuclease-induced
cleavage and whether the pDNA was still viable for expression. Methods have been described in
literature that would allow the insertion of FRET pair of dyes to specific nuclease sensitive
sequences within pDNA.*"-4° However, a major drawback with this approach is the promiscuity
of nuclease and the vast number of cleavage sites observed on pDNA.1! Hence, the intactness
reported by a pDNA beacon with just one or two FRET sites would greatly over report the true
intactness, and there viability, of the pDNA. Indeed, almost all cleaved pDNA would be
reported as intact and viable when it was in fact no longer active on the expression pathway.
This challenge is the major reason we have employed a small single strand sequence that models

pDNA single strand “hot spots”. 114546

Previous studies have observed that the addition of free L-PEI to cells treated with L-PEI
polyplexes increased protein expression and the removal of L-PEI decreased protein
expression.®®°0-52 Shubert et al. showed that L-PEI polyplex formulations with N:P ratios > 10
which show the best transfection have more than 70% free L-PEL.>® Similarly, Baker et al. also
co-incubated DEAE-Dextran to improve transfection by G5 PAMAM polyplexes.®> Although
these studies showed the ability of free vectors to increase protein expression, there is no
consensus on their mechanism of action. Some previous studies had suggested that free PEI
helped overcome the inhibitory effect of cell surface glycosaminoglycans on cellular uptake.??23
Our results suggest that the enhanced expression obtained by adding free L-PEI is due to the
facilitation of endosomal escape and transport of DNA into the nucleus. The results also

(summary in Figure Figure D.12) suggest that endosomal release is not mediated by intact
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polyplexes inside endosomes but mediated by free vectors released from polyplexes that have

intercalated into endosomal membranes.

The importance of endosomal release in gene delivery seen in our results is broadly consistent
with the proton sponge hypothesis. However, the ability of L-PEI to induce the endosomal
release of DNA when delivered separately is inconsistent with the proton sponge hypothesis as it
suggests that endosome rupture is mediated by the buffering activity of polyplexes from within
the endosome.*>°21 Moreover, the inability of G5 PAMAM, which has a high buffering
capacity, to mediate endosomal release of intact pDNA is also inconsistent with the hypothesis.
Moreover, recent studies report that endosomal release leaves behind intact endosomes.”** The
intact endosomes are not consistent with the more dramatic rupture of vesicles proposed by
proton sponge. Thus, an alternate physicochemical property of L-PEI that can explain its ability
to permeabilize both endosomal and nuclear membranes, and which leaves behind intact

endosomes, needs to be identified.

We propose that high partition constants of free vectors in lipid bilayers and their ability to
disrupt lipid bilayers are critical for successful gene delivery. Although the importance of
polyplex-membrane interactions in enabling gene expression have been investigated and no
correlation was observed, 1319374455 3 reanalysis indicates that free vector-cell membrane
interactions reported from our previous studies are related to gene expression.**" Specifically,
L-PEI permeabilized cell membranes of HEK 293A at concentrations 5X lower than G5
PAMAM and had a 1.6X higher equilibrium partition constant in the plasma membrane than G5
PAMAM.3" Moreover, the ability of free vectors (but not polyplexes) to induce increased
permeability in HeLa cells also predicts their ability to induce gene expression.*! Thus, the

ability of free L-PEI to induce endosomal release can be explained by L-PEI’s ability to
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intercalate into and permeabilize the endosomal membrane. However, it is unclear if the increase
in nuclear transport of DNA is mediated by the action of free L-PEI or polyplexes. The doubling
time of HEK 293A cells is > 24h.3® The presence of intact OMB in the nucleus as early as 2h and
the degradation of DNA within 8h in the cytosol both support the argument that cell division is
not the major means of transport of DNA to the nucleus. Zuhorn et al. also reported distribution
of both free 20-mer DNA and L-PEI in the cytosol and the rapid import of small oligonucleotides
in the nucleus, which does not leave enough time for nuclear transport mediated by cell
division.” Other studies have also observed polyplex/polymer mediated nuclear membrane
permeability.** Free vectors and polyplexes could reach the nuclear membrane by either free
diffusion or by lipid recycling. Verkman et al. have shown that polymers under 500 kD are
capable of diffusion in the cytosol but diffusion is very slow for bare DNA.***® Escande et al.
showed that polyplexes were transported 10 fold more effectively to nuclei than bare DNA.%2
Our previous study showed that cationic polymers can associate with cell membranes for several
minutes. This also allows for the possibility of their transport to other cell organelles by means of
lipid recycling pathways. Finally, the distribution of cationic vectors to other cell organelles can
also explain the cytotoxicity induced by these materials by increasing mitochondrial membrane

permeability.

It is unclear if the membrane intercalation model can explain gene expression by lipofectamine
since endosomal release and nuclear transport of DNA was only achieved if vector was delivered
along with DNA. Further studies that quantify the interaction of lipofectamine (and other lipid
vectors) with the cell plasma membrane can inform us if the membrane intercalation model can

explain the effectiveness of lipid vectors.
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CONCLUSION

In conclusion, we propose a model for transfection and expression by cationic polymers in which
intercalation of free vector into the lipid membranes promotes endosomal release, nuclear entry

and gene expression in the following steps (Scheme 1):

1. Polyplexes delivered to the cell release free vector, smaller polyplexes, and free DNA
either near the cell membrane or inside vesicles*4257

2. Free cationic vector released from polyplexes intercalates into endosomal membranes.
The presence of vector in the membrane allows endosomal release.

3. Free cationic vector or polyplexes permeabilize the nuclear membrane and enables the

pPDNA to enter the nucleus and express the gene of interest

Cationic vector — cell membrane interactions have generally been viewed as a property important
only in the context of complexing DNA and inducing cytotoxicity. By way of contrast, our
studies suggest that the charge mediated vector-cell membrane interaction is the critical
parameter that mediates release of intact DNA into the cytosol and that is a critical step for
successful gene expression. The results also highlight a two-step strategy for gene delivery in
which a less cytotoxic agent is used to load cargo into endosomes and lower concentrations of a
more cytotoxic agent are added to induce endosomal release. This two-step strategy may also be
extended to promote the endosomal release of other therapeutic cargo such as peptides, proteins

and small molecules.

EXPERIMENTAL METHODS

Materials: G5 PAMAM dendrimers were obtained from Dendritech, Inc. (Midland, MI). jetPElI

and L-PEI were obtained from Polysciences, Inc (Warrington, PA). Other reagents were obtained
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from Fisher Scientific unless specified otherwise. DMEM High Glucose with Sodium Pyruvate
and Glutamine (Life technologies, Cat. No: 11995) was the base media. Complete media was
made by adding 50 mL of Fetal Bovine Serum, 5 mL of Non-essential Amino Acids (Thermo
Scientific) and 5mL of Penicillin-Streptomycin to 500 mL DMEM. PBS (1X) without Ca?* and
Mg?* was obtained from Life Technologies. Luciferase plasmid (pGL4.51) were purchased from
Promega Corp. HEK293A cells (a sub-clone of HEK293) were obtained from ATCC (Cat. No.
CRL-1573). The cell line was tested negative for mycoplasma, expanded and cryopreserved in

liquid nitrogen (Cat. No. 6601; Takara Bio; Kyoto, Japan).

FRET Beacons and Control Beacons: Molecular beacon DNA sequence 5’-
CCTCGTCCATACCCAAGAAGGAAGCGAGG -3 which 1is sensitive to nucleases
functionalized with FRET pair dyes Alexa-Fluor (AF) 488 and AF594 at the 5’ and 3’ ends
respectively was custom synthesized by Integrated DNA technologies. For the 5’ modification
Alexa 488 Azide was clicked on to the DNA modified with DBCO moiety. This click reaction as
copper free. The 3’ addition of AF594 was an NHS ester coupling. Two control beacons were
also purchased. These consisted of the same sequence but had either AF488 or AF594 attached
to them. The dyes in the single labeled oligonucleotides were both NHS ester coupled to the

amines on the ends of the DNA.

Cell Culture: HEK 293 A cells at 50,000 cells/well in 1 mL of complete media were incubated
overnight in either a two well confocal chamber or in a 24 well plate over-night. The cells were
transfected with jetPEI™, G5 PAMAM, or L-PEI polyplexes and incubated at 37° C in 450 uL

of serum free media.

Polyplex preparation and Transfection: Polyplexes containing 1 pg of total DNA with N:P

ratio of 10 were made by adding equal volumes of polymer to DNA in water. The polyplexes
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contained 0.5 pg of beacon DNA and 0.5 pg of plasmid DNA. The mixture was allowed to
incubate for 20 minutes. Here, N and P represent the cationic amine groups in the vector and the
anionic phosphate groups in the DNA, respectively. At N:P=10, polyplexes are positively
charged. HEK 293 A cells were grown in complete DMEM over night at a density of 50,000
cells/well. For transfection, 50 uL of polyplex solution was added to 50,000 cells plated in 450
pL of serum free DMEM. Transfected cells were incubated with beacons for 3 h in serum free
DMEM. After 3 h, the media was aspirated and replaced with complete DMEM. Confocal
microscopy of the cells between 0-3 h was performed in the serum free DMEM containing

polyplexes. This contributed to a higher background signal in these images.

Gene Expression: Gene expression abilities of vectors were tested by transfecting cells with
plasmid coding for GFP. HEK 293 A cells were plated overnight in 24 well sterile plates at a
density of 50000 cells per well. Polyplexes containing 1 pug of pDNA with N:P ratio of 10 were
made by adding equal volumes of polymer to pDNA in water. The mixture was allowed to
incubate for 20 minutes. For transfection, 50 uL of polyplex solution was added to 50,000 cells
plated in 450 uL of serum free DMEM. Transfected cells were incubated with beacons for 3 h in
serum free DMEM. After 3 h, the media was aspirated and replaced with complete DMEM.

For some experiments probing the role of free vectors, additional vector was added along with
polyplexes and allowed to incubate for 3 h. To probe if free vectors added at a different time
from polyplexes could impact gene expression, we also incubated cells with vectors before (1 h)
or after (1 h) incubation with polyplexes. The amount of free vector added was the amount
present in polyplexes of N:P ration of 10:1. The serum free media was replaced before or after

the incubation with free vectors and the cells were washed three times with serum containing
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media. Thus, the media only had either polyplexes or fee vector at any given time. Three
biological repeats were performed for each experiment and results report mean and standard

deviation.

Luciferase assay: Luciferase assay was purchased from Promega Corp. (Cat # 1500) and the
assay was performed as per manufacturer’s instructions. Briefly, the cells were washed with
PBS. The cells were then lysed using cell culture lysis reagent by adding 100 pL of 1X reagent
to each well. 20 pL of lysed cell solution was added to a 96 well luminescence plate. 100 pL of
luciferase assay substrate was added to each well and the luminescence was measured using a

luminometer (Synergy HT) with an integration time of 10 s.

FRET Confocal Microscopy: Confocal was performed using a Leica SP5 inverted microscope
with a 63x objective. The AF488 and AF594 dyes were excited using a tunable white light laser
with excitation wavelengths of 488 nm and 594 nm respectively. To measure FRET, images
were obtained in a sequence of frames. For the first frame, the cells were excited using the 488
nm laser and the emission between 525-560 nm and between 620-670 nm were collected. For the
second frame, the cells were excited using 594 nm wavelength and emission between 525-560
nm and between 620-670 nm were collected. Proof of concept experiments using beacons in
solution was also performed using the same protocol except for the fact that a drop of solution

placed on a coverslip served as the sample.

FRET flow cytometry: For flow cytometry, media was removed and cells were washed with
Ca?" and Mg?* free PBS. 200 pL of trypsin was added to each well and incubated for 2 mins.

After 2 min, 800 uL of cold PBS (with Ca?* and Mg?") was added. The cells were then
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centrifuged for 5 min at 2000 rpm. The supernatant was removed and the cells were suspended in
400 pL of PBS (without Ca* and Mg?*). Flow cytometry was performed using a Synergy head
flow cytometer (BD Biosciences). First, the cells were excited using the 488 nm laser and the
emission between 525-560 nm and between 620-670 nm were collected. A few milliseconds
later, the same cells were excited using 594 nm wavelength and emission between 525-560 nm

and between 620-670 nm were collected.

Flow Cytometry to measure GFP Expression: Cells were suspended in PBS as described for
the FRET flow cytometry. Flow cytometry was performed using a Accuri C6 flow cytometer.
The cells were excited using the 488 nm laser and the emission between 525-560 nm was
collected. A total of 10,000 events were collected per sample. Three replicates were performed

for each experiment. The results are shown as an average and standard deviation.
Quantification of Intactness:

Confocal microscopy (Intactness maps): In this study, the Intactness (I) was calculated using
equation 1. The average FRET signal from the AF594 dye from a box of 4 neighboring pixels
was divided by the average signal from AF594 excited by 594 nm from the same four pixels.
This FRET efficiency measure was then plotted on a pixel-by-pixel basis to obtain a FRET

image.

Flow cytometry: Equationl was also used for quantifying Intactness from flow cytometry.
However, there was no pixel-by-pixel averaging. The numerator was the AF594 signal due to
FRET and the denominator was AF594 signal due to direct excitation by 594 nm laser. The
Intactness (eq 1) for polyplexes formed with only AF594 was 0.03% for both G5 PAMAM and

jetPEI.
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Statistical analyses for Intactness: Data from 20 magnified images of cells were used to obtain
average FRET indices. Samples were normally distributed and had equal variances. Two-sample
t-test (two sided) was used to compare the FRET indices of OMB delivered using jetPEl and G5
PAMAM at each time point. Power test was performed post-hoc and reported with the results.
One-way ANOVA followed by Tukey-HSD post-hoc test was performed to test if the mean
intactness of OMB delivered using either jetPEIl or G5 PAMAM was different across different

time points.

Colocalization with Organelle Markers: ER (ER tracker blue) and Golgi (Wheat germ
agglutinin-AF 350) purchased from Life Technologies Inc. were used to assess the localization
of the intact and cleaved beacons. Wheat germ agglutinin has been shown to be bind to the n-
acetylglucoseamines and sialic acids that are rich in the Golgi apparatus.®® The cells were
incubated with the labels as per manufacturer’s instructions. The cells labeled with ER tracker
were excited using a 405 nm laser and beacons were excited using the 488 nm and 594 nm lasers
respectively. The cells labeled with WGA-AF350 were excited using a two photon laser at 750
nm and the beacons were excited using single photon 488 nm and 594 nm confocal setup. The
emission ranges were 425-600 nm for the ER tracker blue and 400-500 nm for the wheat germ
agglutinin.  The excitation and emission were performed in a frame by frame manner. For
example, an entire frame was imaged by exciting the organelle labels with the 405 nm laser and

emission was collected in the wavelength range appropriate for each label.

Mander’s Coefficients: Just Another Colocalization Plug-in (JACoP) in Imagel*° was used to
quantify the colocalization of the beacon signal with the organelle markers. The plugin allows
the user to set a threshold to distinguish the beacon signal from background. Mander’s

coefficient are then determined to quantify colocalizaton. Briefly, the formula for Mander’s
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coefficients for two fluorophores G and R respectively are described in equation 3 and 4.>° M1
quantifies the overlap of G with R and M2 quantifies the overlap of R with G. A Manders
colocalization closer to 1 indicates more overlap and coefficients closer to O indicates less

overlap.

M, = ZRicotee \yhere Ricoloe = Ri if Gi>0 and Ricoloc = 0, if Gi = 0

Z RiTotal

M, = 2Gicoloc where Gicoloc = Gi If Ri>0 and Gicoloc=0, if Ri=0

> iTotal

Statistical analyses for Mander’s Coefficients: Data from 15 magnified images of cells were
used to obtain average Mander’s coeffcients. The experiments are designed such that a 2 fold
difference in colocalization can be detected with a power greater than 0.8. Samples were
normally distributed and had equal variances. Two-sample t-test (two sided) was used to
compare the Mander’s coefficients. Power test analysis was performed post-hoc and reported in

supplemental material along with the results.
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Scheme 5.1. Endosomal Release by Membrane Intercalation of Free Cationic Polymers. (a)
Free cationic polymer intercalates into the plasma membrane and/or is released from associated
polyplexes. (b) Cationic polymer is dispersed into internal cellular membranes via lipid recycling
pathways. Polyplexes are endocytosed. (c) Cationic polymer intercalated into endosomal
membranes induces membrane permeability and facilitates release of genetic material into the
cytosol. (d) We hypothesize that cationic polymer associated with the nuclear membrane via
lipid recycling and/or cytosolic pathways induces permeabilization and facilitates transport into
the nucleus.
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Figure 5.1. The relationship of intact OMB released in the cytosol to GFP expression in
HEK 293A cells. (a)OMB delivered using jetPEI polyplexes (N:P 10:1) exhibits diffuse
distribution at 4h. (b) OMB delivered using G5 PAMAM polyplexes (N:P 10:1) were confined to
vesicles with few cells showing diffuse OMB distribution. (c) The intactness map derived from
image (a) shows diffuse, intact OMB in the cytosol (d) The intactness map derived from image
(b) shows intact OMBs confined to vesicles. The Intactness map scale for (c) and (d) is provided
to the right of image (d). (e) The fraction of cells (n = total number of cells counted from 10
images each obtained from 3 biological replicates) showing diffuse OMB distribution in the
cytosol (jetPElI = 88 = 5 %, G5 PAMAM = 9 £ 2 %) corresponds to the fraction of cells
expressing GFP (jetPEl = 80 + 5 %, G5 PAMAM 4 = 1 %). Inset shows OMB employed for

FRET studies.
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Figure 5.2. Release and degradation of OMB over time in HEK 293A cells. (a) OMBs
delivered using G5 PAMAM polyplexes (N:P 10:1) were confined to vesicles for 24 h. (b) OMB
delivered using jetPEI polyplexes (N:P 10:1) were confined to vesicles at 1 h but gave a diffuse
distribution of intact OMB in the cytosol from 2 to 8 h. The intact OMB in the cytosol dissipated
by 12 h (panels G-L) and the remaining intact OMB was confined to vesicles. The Intactness
map scale for panels (G-L) is provided to the right of images (a) and (b). (c) The average
intactness for both jetPEI and G5 PAMAM delivered OMBs decreased over time. For jetPEl,
ANOVA followed by Tukey’s post-hoc test showed that the average intactness was significantly
lower after 2 h due to release of the OMB into the cytosol. Even though the delivery of OMB
with jetPEI resulted in lower intactness at all time points after 1 h compared to G5 PAMAM
(two sided t-test, n=20, p < 0.001, power = 1), the ability of jetPEI to release intact DNA into the
cytosol enables ~ 20 fold higher gene expression.
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Figure 5.3. Free L-PEI mediates endosomal release in HEK 293A cells. (a) Incubation with
G5 PAMAM N:P 10:1 polyplexes containing OMB and blank pDNA for 3 h results in
confinement of OMB to vesicles. (b) Co-incubation of cells with G5 PAMAM polyplexes and
free L-PEI results in diffuse, cytosolic OMB distribution. (c) Pre-treatment of cells with L-PEI
for 1 hr prior to G5 PAMAM polypex incubation results in diffuse, cytosolic OMB distribution.
(d) Treatment of cells with L-PEI for 1 h following 3 h G5 PAMAM polyplex incubation results
in diffuse, cytosolic OMB distribution. (e-h) Intactness maps derived from images a-d are given
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as e-h, respectively. The Intactness map scale for (e-h) is provided to the right of image h. (i)
Fluorescence emission of AF488 (FRET donor) for cells exposed to G5 PAMAM polyplex only
does not exhibit nuclear localization (j —I) Fluorescence emission of AF488 for cells with free L-
PEl added demonstrates nuclear localization. (m) Pre-incubation, co-incubation and post-
incubation of L-PEI with G5 PAMAM polyplexes increases both fraction of cells displaying
diffuse OMB and fraction of cells expressing GFP by >10-fold. (n) Transfection with luciferase
plasmids using L-PEI (N:P = 3:1, 6:1, 10:1) or G5 PAMAM polyplexes (N:P = 3:1). Cells
treated with G5 PAMAM polyplexes and then exposed to free L-PEI showed ~ 8X more
luciferase expression. For flow cytometry experiments, data are presented as meanz standard
deviation of three biological replicates. For all images (a, c, €, g) blue indicates = all DNA, pink
= intact OMB (AF 594 emission by FRET). Scale bar is 20 pm.
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Figure 5.4. Addition of free G5 PAMAM and lipofectamine to HEK 293A cells treated

with G5 PAMAM polyplexes. (a) Treatment with free G5 PAMAM for 1 h followed by

treatment with G5 PAMAM N:P 10:1 polyplexes for 3 h. (b) Co-incubation of free G5 PAMAM

with G5 PAMAM polyplexes for 3 h. (c) Incubation with G5 PAMAM polyplexes for 3 h

followed by 1 h treatment with free G5 PAMAM. (d) Treatment with free lipofectamine for 1 h
followed by treatment with G5 PAMAM N:P 10:1 polyplexes for 3 h. () Co-incubation of free
lipofectamine with G5 PAMAM polyplexes for 3 h. (f) Incubation with G5 PAMAM polyplexes

for 3 h followed by 1 h treatment with free lipofectamine. (g) Treatments (a-c) followed by

measurement of GFP expression after 24 h. A 2-fold increase in GFP expression was observed.
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(h) Treatments (d-f) followed by measurement of GFP expression after 24 h. Little change in
expression levels were observed except for a >10-fold increase for lipofectamine co-incubation.
For flow cytometry quantification of GFP expression (g, h), data are presented as meanx
standard deviation of three biological replicates. In the fluorescence images, blue indicates all
OMB and pink indicates intact OMB (AF 594 emission by FRET). Scale bar is 20 pm.
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APPENDIX A

Supplemental figures for

Detergent Induction of HEK 293A Cell Membrane Permeability Measured Under Quiescent and

Superfusion Conditions Using Whole Cell Patch Clamp

o)

5 8
W — i — &

Detergent Intercalation Mixed Micelles and Bilayers Mixed Micelles

Figure A.1. The Solubilization of Lipid Membrane by Detergents. The solubilization of lipid
membrane by detergents has been described to proceed in three phases: 1) The intercalation of
detergents in the bilayer 2) Above a critical concentration, mixed bilayers and mixed micelles are
formed 3) On complete solubilizaition, mixed micelles containing detergent and lipids are

formed.
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Figure A.2. Operation of lonFlux 16™. A shows the order and relative durations of the 4
phases in the experiment. B summarizes the pressure settings at the different phases. C is a
graphic representation of the pressure settings.
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Xanthylium,3,6-bis(diethylamino)-9-[2-[(octadecyloxy)carbonyl]phenyl]-, chloride

Figure A.3. The detergents used in this experiements . The detergents used in this study are
anionic sodium dodecylsulfate and cationic cetyl trimethylammoniumbromide. The fluorescent
agent xanthylium, 3,6-bis(diethylamino)-9-[2-(octadecyloxy)carbonyl]phenyl]-,chloride
(Octadecyl Rhodamine B, ORB) was used because it is amphiphilic and is known to intercalate
in membranes.
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Figure A.4. Description of Partition Constant Calculation Using Trypan Permeability . 1.5
— 15 million cells were treated with different concentrations of CTAB for 15 minutes. The cells
were centrifuged and resuspended in ECS. 10 pL of cell suspension was added to 10 pL of
trypan blue and 80 pL of PBS. The number of trypan blue positive cells was then counted using
a hemocytometer. A. Percent of trypan blue positive cells after treatment with CTAB. Circles
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indicate the point of onset of increased permeability to trypan blue as an example of point of
onset of lipid perturbation. B. CTAB concentration at the onset of increase in percent of trypan
blue positive cells with respect to lipid concentration. The partition constant was thus evaluated
similar to experiments reported in literature. The ratio of detergent to lipid in the bilayer (Rp) was
11.1 + (0.1). The intercept was 11+ (3) mM. The partition constant was calculated to be 48,000 M-

A 100 B 0.2
90
0.15 = mas m
y =0.0036x - 0.0232
0.1 LT S T R?=0.5741

0 0.1 0.2 0.3 0.4 0.5 0 20 40 60 80 100
[SDS] mM Detergent (nA)

Figure A.S. Description of Partition Constant Calculation Using Trypan Permeability. Due
to variability in current data, the partition constant for patch clamp study was evaluated in a
manner different from studies in literature. A shows currents when 1.5 million cells were treated
with increasing concentrations of SDS. Data from region I where cells exhibit currents of about
50 nA was used for further analysis. B shows the inverse of plot A. The slope in B gives the
detergent necessary to increase the current by 1 nA. The detergent necessary to increase the
current by 15 nA was calculated using the slope from the linear regression in B. This was plotted
with respect to the lipid concentration (figure 9 B) in order to obtain estimates for Ry, and K.
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Figure A.6. Modeling Release of Detergents from Microfluidic Channel Walls. We assumed
that a monolayer of detergent molecules was adsorbed on the surface of the microfluidic channel.
SDS and CTAB were modeled to have surface areas of 0.3 and 0.4 nm? respectively'2. We
modeled the concentration of detergent that cells would be exposed to assuming exponential
release of the detergent from the surface with time constants ranging from 5 s to 600 s. The
highest concentrations of detergent for release profiles with different time constants for SDS and
CTAB range from 0.02 - 3 uM and 0.04 — 4 uM CTAB respectively. Thus, cells are exposed
respectively to SDS and CTAB at concentrations 70-10,000 fold and 3 -250 fold less than the
concentrations necessary to induce membrane permeability in the kinetic experiments.
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Analysis of errors for partition constant:
The partition constant K is calculated using our estimates for R and Dw. Thus, uncertainties in
the estimation of R and Dy both contribute to the estimation of K. The first step in estimating the
error in the estimation of K is to estimate the uncertainty associated with the values of R and Dw.
This is followed by an error propagation formula to estimate the error in K.3
Step 1: The standard errors for the slope (R) and intercept (Dw) presented in figure 9B are
calculated
In Figure 9B, detergent concentration at 15 nA increase in current (Y) is plotted versus lipid
concentration (X) and the data is fit to a line (equation a)

Yeie = bo + by * X (a)

The variability of the observed Y values around the regression line is given by equation b.

s = (2 Yobserved_yfit ) (b)
n-2

Standard error for the estimates for slope (b1) and intercept (bo) were calculated using equations

c and d.

1 X2
SEp, = s * ~+ TEE (c)
S
SEv, = To= (d)

Step 2: Calculation of error in K due to errors in the measurement of R and Dw

Partition constant is calculated as in equation e
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R+ 6R

1

K:(R+5R+1)*(DW+6DW):DWJ_rSD

According to reference 3,
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APPENDIX B

Supplemental Material for Chapter 3

Quantitative Measurement of Cationic Polymer Vector and Polymer/pDNA Polyplex

Intercalation into the Cell Plasma Membrane

Currents Induced by polyplexes at different N:P ratios
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Figure B.1. Current Induced by Polyplexes at different N:P ratios.
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Figure B.2. Cells Treated Using Polymers are Intact. A. Exposure of cells to amine-
terminated G5-NH2-TAMRA| shows the presence of fluorescent material in cells along with an
increase in current by patch clamp. B. Exposure of cells to G5-Ac-TAMRA; does not result in
increased current and also does not stain cells.

G5 PAMAM Concentration for Exponential Release from PDMS (mol/cubic meter = M)

-8
1:(10

—10s
0.9 60s |
300s

o o o
(=2} ~ @
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[=] o
b= w

0 100 200 300 400 500 600
time(s)

Figure B.3. Modeling Release of G5 PAMAM from Microfluidic Channel Wall. Assuming
an exponential release of G5 PAMAM stuck on the walls of the channel and a surface area of 72
nm? ! for G5 PAMAM, the concentration of G5 PAMAM was 9 nM which is 50 X less than the
concentration necessary to induce increased membrane conductivity. If we assume similar
release dynamics and surface area for L-PEI, the concentration would still be 12 X less than the
concentrations necessary to induce increased membrane conductivity.
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Figure B.4. Trypan blue permeability induced by L-PEI and L-PEI polyplexes for different
cell numbers. It is seen that the concentration of L-PEI necessary to induce increased trypan
blue permeability increases as the cell count increases. Polyplexes also induce permeability at

higher concentrations than free polymers.
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Figure B.S. Trypan blue permeability induced by G5 PAMAM and G5 PAMAM
polyplexes for different cell numbers. It is seen that the concentration of G5 PAMAM
necessary to induce increased trypan blue permeability increases as the cell count increases.
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Figure B.6. Trypan blue permeability induced by DOTAP and DOTAP polyplexes for
different cell numbers. It is seen that the concentration of DOTAP necessary to induce
increased trypan blue permeability increases as the cell count increases.

Mathematical Model for Polymer Partition Constant:

We used previously reported partition models?>® for measuring the partition constants of free
L-PEI, G5 PAMAM, and their respective polyplexes with HEK 293A cells. Briefly, the
concentration of polymers required to induce a given magnitude of membrane permeability is
linearly related to the lipid concentration. At a fixed membrane perturbation level, the amount of
total detergent in the system is constant as presented in Equation 1 where P, denotes polymer in

bilayer and P, the polymer in water.
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Piotat = Pp + By (1)

Ry is the ratio of polymer to lipid (L) in the bilayer for a given level of membrane disruption as

given in Equation 2.2 Substitution of Equation (2) into Equation (1) results in Equation 3.

Ry =— (2)

Protat = Rp * L + B, (3)

The partitioning of polymer into the lipid membrane can be described by a model in which the
mole fraction of detergent in the bilayer (X5) is related to the polymer in water (Py) through a

partition constant (K), as shown in Equation 4. %7

X, = 22 =K=xP, “4)

Pp+L

The substitution of Equations 2 and 4 into equation 3 results in Equation 5. 2~

Rp

Pr=Rp*L+ b0 ()

The polymer concentration at the onset of membrane permeability (as determined by the
trypan blue assays) was plotted against lipid concentration (Figure 11). The lipid concentration
in cells was estimated from literature to be 10° lipid molecules per cell membrane.” The slope
and intercept of this line were R, and P, respectively (Equation 3). The partition constant (K)

was then estimated using Equation 6.
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slope

(6)

- (slope + 1)«intercept

Analysis of errors for partition constant:
The partition constant K is calculated using our estimates for R and Pw. Thus, uncertainties in the
estimation of R and Py both contribute to the estimation of K. The first step in estimating the
error in the estimation of K is to estimate the uncertainty associated with the values of R and Py.
This is followed by an error propagation formula to estimate the error in K.2
Step 1: The standard errors for the slope (R) and intercept (Pw) presented in figure 11 are
calculated
In Figure 10, the polymer concentration at the onset of trypan blue uptake above the baseline
(YY) is plotted versus lipid concentration (X) and the data is fit to a line (Equation a)

Yrie = bg + by x X ... ()

The variability of the observed Y values around the regression line is given by Equation b.

(Z Yobserved_yfit ) . (b)

n-2

S =

Standard error for the estimates for slope (b1) and intercept (bo) were calculated using equations

c and d.

1
SEp, = s * ~t - ... (¢
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Step 2: Calculation of error in K due to errors in the measurement of R and Py

Partition constant is calculated as in Equation e

R+ 6R 1

K: =
(R+6R+ 1)+ (Dy,+6D,) Dy x6D
—;{J_r(gRWwL (Dy £ 0Dy,)

According to reference 2,

AtSA_A B 0A 6B
B+6B B A T+
Thus the estimate for K simplifies to
K =75, Dw 18DW 3R ... (e)
(40w )24 7 )+ 80w

Effect of Electrostatic Interactions Between Vectors/Polyplexes and Plasma Membrane on
Partition Constants:

It is well documented that that the concentration of charged molecules near the surface of the
charged cell membrane is not necessarily equal to the bulk detergent concentration in the
aqueous phase.>!? In this section, we have tried to estimate if the concentration of the
vectors/polyplexes near the cell membrane surface could be significantly different from the bulk
concentration. According to Borukhov ef al., the maximum concentration of a polyelectrolyte of
radius a near a charged membrane surface is 1/a*> molecules/m®.!! For a polymer of radius 2.5
nm, this results in 6 *10%> molecules/m> near the surface. A bulk concentration of 500 nM results
in 3*10%° molecules/m>. Thus, if the experiment were performed in the absence of other ions, the
polymer/polyplex concentrations near the surface of the cell could be five orders of magnitude
greater than the polymer/polyplex bulk concentration. The width of such a saturated layer of
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polymer (/*) can be calculated according to Equation i, where ¢ is the surface charge density of

the cell membrane, e is the charge of an electron and z is the number of charges in a polymer.'!

l*

(1)

zZxe

We estimated the surface charge density of a cell membrane by assuming 10° lipid molecules
per cell membrane’ and charges on 30% of the lipids.!? For a cell of radius 10 pm, this resulted
in a charge density of 2*10'® electrons/m?. The G5 PAMAM has 93 primary amines with a pKa
of 10.6. Since a majority of the primary amines would be protonated at pH 7.4, we assumed z =
50, resulting in /'=0.6 nm. Thus, the higher surface concentration of the polymers would extend
only up to 0.6 nm from the lipid bilayer surface. The presence of charged species in solution
besides the polymers/polyplexes must also be considered. The cells and polymers in these
experiments are first exposed to the ECS buffer before incubation of the cells with the polymers.
The concentrations of NaCl and other salts present in the ECS buffer are about six orders of
magnitude greater than the polymer concentrations. The Debye length (A) for NaCl of molarity
M is independent of the surface charge of the cell membrane and can be calculated using
Equation ii. '* Any charge that is farther than the Debye length is shielded from interaction with

the bilayer.'*

A (nm) = Oj% (ii)
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The Debye length for sodium ions is 0.8 nm. The Debye length and /* are both < 1 nm. Thus,
the membrane surface charge cannot induce changes in polymer concentration beyond 1 nm.
Since the polymers and polyplexes are larger than 1 nm, it is unlikely that the polymer/polyplex
concentration near the surface would be significantly different from their bulk concentration.
Therefore, it is likely that the charged species closest to the membrane would be sodium ions.
Changes in the local concentration of polymers near the surface of the lipid bilayer would be
minimal due to charge screening by the buffer salts present in solution. Thus, the bulk polymer
concentrations in our systems would be minimally affected by the electrostatic interactions with

the cell membrane.

Mathematical model of cells trapped in the Ion-Flux 16:
In order to understand possible origins of the

variation in the DOTAP data in Fig 3.2¢c we Rchannel1 Rchannel2 Rchannel20

modeled the patch sites as a group of $ $ $

impedances in parallel. The impedance of the

Rmicrofluidics

open channel was 16 MQ based on

measurements using an unpatched plate. The 20

cells trapped in the patch site were modeled as parallel impedances of 200 MQ. For a holding
voltage of -70 mV, this resulted in a current of — 7 nA, which is in the range of currents
commonly seen in our experiments. We modeled a cell completely saturated by cationic polymer
as having a 40 MQ impedance. This impedance was selected because it results in currents of -35
nA when all the cells are saturated with the polymer. Cells treated with cationic polymers

exhibited currents between 30-40 nA.
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One possibility for obtaining the different current states observed in Fig 2c for DOTP is the
presence of a “DOTAP-sensitive” subpopulation of cells. For this hypothesis, one can calculate
the fraction of the patch population required to obtain a membrane current of about -20 nA. This
would be about 10 cells of 20 in the patch site dominating the observed currents. The likelihood
of this self-organization occurring in the patch region from a random mixture of cell is extremely

low and therefore the hypothesis was rejected.

An alternative hypothesis is that a mixtures of responses by the 20 cells to the saturating DOTAP
exposure provides the observed average current; however, this hypothesis does not account for

the binary current response and the absence of measured current traces with magnitudes between

-10 and -20 nA.
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APPENDIX C

Supplemental Material for

Fluorophore:Dendrimer Ratio Impacts Cellular Uptake and Intracellular Fluorescence Lifetime

Table C.1. Characterization summary for G5-NH2-TAMRAR material.

Yield MALDI-TOF- % Yield Equivalents Average Number of Dyes

(mg) MS m/z of TFA
ratio UPLC Proton NMR

G5-(TAMRA)1 5(ave)- 121.0 27500 86 0.32 1.5 5.9
NH:

G5-NH,-(TAMRA), 1.0 24600 27" 0.79 0.0 0.0
G5-NH,-(TAMRA), 5.2 24300 21" 0.05 1.0 0.9
G5-NH,-(TAMRA), 2.5 25900 28" 0.20 2.0 1.8
G5-NH,-(TAMRA); 3.5 26400 23" 5.24 3.0 33
G5-NH,-(TAMRA), 4.6 26800 23" 5.90 4.0 4.5
G5-NH,-(TAMRA)s. 15.3 28900 23" 1.35 6.8 6.9

* 9% Yield calculated based on fractional amount of each species present in G5-NH,-(TAMRA); 5av6 as
determined by peak fitting the rp-UPLC trace.
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Table C.2. Fluorescence lifetime for solutions that mimic cell conditions. All values are in ns
with standard deviations obtained from at least three independent measurements give in

parentheses. The data corresponds to Figures 1 and 6.

water FBS PBS NacCl ficoll BSA glucose DCS
Cy3 0.61 - - - - - - -
(0.04)
TAMRA 2.46 - - - - - - -
(0.04)
G5T15avg 1.92 2.5 2.24 2.35 2.32 2.21 1.87 2.51
(0.12) (0.08) (0.04)  (0.03) (0.01) (0.08) (0.04) (0.03)
G5T, 2.32 1.71 2.18 2.22 2.12 1.92 1.81 1.86
(0.15) (0.08)  (0.05)  (0.02) (0.04) (0.08) (0.06) (0.04)
G5T, 1.78 1.77 1.66 1.66 1.59 1.82 1.62 1.88
(0.11) (0.05) (0.01)  (0.07) (0.07) (0.11) (0.03) (0.11)
G5T; 1.51 1.56 1.6 1.58 1.56 15 1.42 1.82
(0.03) (0.11)  (0.03)  (0.06) (0.05) (0.03) (0.06) (0.13)
G5T, 1.70 1.72 1.48 1.43 1.4 1.45 1.31 1.38
(0.05) (0.14)  (0.04)  (0.04) (0.02) (0.16) (0.06) (0.05)
G5Ts- 1.23 1.77 1.63 1.6 1.48 1.48 1.1 (0.01) 2.51
(0.12) (0.05)  (0.03)  (0.02) (0.03) (0.12) (0.03)

Table C.3. Fluorescence lifetimes for polyplex and pH solution conditions (Figures S6 and S7).

All values are in ns with standard deviations obtained from at least three independent
measurements give in parentheses.

G5T1.5avg

G5T:

G5T2

G5Ts

G5T4

G5Ts.

pDNA  pDNA

1:1

2.07
(0.02)
2.05
(0.05)
1.98
(0.03)
1.52
(0.32)
1.74
(0.04)
1.18
(0.06)

10:1

2.05
(0.21)
1.76
(0.05)
1.67
(0.06)
1.5
(0.11)
1.46
(0.08)
1.55
(0.14)

oligo
1:1

2.03
(0.07)
1.32
(0.11)
1.56
(0.12)
1.16
(0.12)
1.13
(0.05)
1.59
(0.16)

oligo
10:1

2.11
(0.12)
1.83
(0.09)
1.65
(0.10)
1.43
(0.20)
1.48
(0.16)
1.24
(0.21)

Buffer
pH=3

2.32
(0.11)
2.38
(0.05)
2.08
(0.04)
1.96
(0.02)
1.5
(0.02)

Buffer
pH=5

2.18
(0.06)
2.05
(0.07)
1.84
(0.03)
1.71
(0.05)
1.57
(0.03)
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Table C.4. P-values from Games-Howell analysis of flow cytometry data. Significance based
on p < 0.05 for both Figures 1 and 3.

Flow Cytometry Lifetime
p-value p-value for p-value for p-value for p-value for
for Raw Aqueous DCS FBS Aqueous

Data Corrected corrected corrected Solution

TAMRA dye - - - - -

G5-NHz-(TAMRA): - - = - 0.681
G5-NHz-(TAMRA): 0.997 0.004 0.033 0.044 0.014
G5-NHz-(TAMRA)3 0.010 0.001 0.013 0.024 0.015
G5-NH2-(TAMRA)4 0.005 0.033 0.001 0.001 0.020
G5-NH2-(TAMRA)s+ 0.002 0.044 0.026 0.027 0.001
G5-NH2-(TAMRA)1.5(avG) 0.009 0.965 0.854 0.307 0.022
PBS 0.002 0.002 0.002 0.002 -

G5-NHz-(TAMRA)o 0.002 0.002 0.002 0.002 -
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Figure C.1. MALDI-TOF-MS spectra of G5-NH2-TAMRAR~ materials. Numbers for m/z

ratios for each sample are reported in Table S1.
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Figure C.2. Fluorescence emission intensities of 0.1 mg/mL samples of G5-NH>-TAMRA,
(n=1, 2, 3, 4, 5+, and 1.5a) for the various control solutions.
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Figure C.3. Fluorescence emission spectra of G5-NH2-TAMRA= in various solutions.
Fluorescence emission spectra of G5-NH2-TAMRA, in solution with various controls in
comparison to materials in aqueous solution. PBS, FBS, NaCl, DNA, BSA, and ficoll show
similar fluorescence intensity ratios to those obtained in water (Figure 1c). n=1 (orange), n=2
(yellow), n=3 (green), n=4 (blue), n=5+ (purple), and n=1.5ayq (black).
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Figure C.4. Large form of images in Figure 5. FLIM of G5-NH2-TAMRA, in HEK 293A
cells. a) PBS control b) n=0, ¢) n=1, d) n=2, e) n=3, f) n=4, g) n=5+, h) n=1.5a.. Images size is
139 x 139 um.

PBS
only
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Figure C.5. FLIM images of HEK293A cells from Figure 4. a) G5-NH,-TAMRA: b) G5-
NH2-TAMRA: c¢) G5-NH2-TAMRA3 d) G5-NH2-TAMRA;4 €) G5-NH2-TAMRAG+ f) G5-NH:-
TAMRAU 5@avg) after an incubation of 3 hours (40x objective, 6.5 zoom). The images are lifetime
color coded with high to low lifetimes going from red (2.0 ns) to blue (0.5 ns). All samples show
more intense fluorescence in punctate spots. Scale bar is 20 um.
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Figure C.6. Fluorescence lifetimes controls in buffers. Solution fluorescence lifetime controls
for cell data comparing aqueous fluorescence lifetimes to lifetimes of materials in buffers at a pH
=3 and pH =5. See Table S3 for summary of numerical values.
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Figure C.7. Fluorescence lifetime of G5-NH2-TAMRAR:DNA polyplexes in aqueous
solution. See Table S3 for summary of numerical values.
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Figure C.8. *H NMR Spectra of G5-NH2-TAMRA, materials in DO at 500 MHz.n =0, 1, 2, 3,
4,5+, and avg = 1.5.
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APPENDIX D

Supplemental Material for

Cationic Vector Intercalation into the Lipid Membrane Enables Intact Polyplex DNA Escape

from Endosomes for Gene Delivery

a b
AF 594 -acceptor
AF488 - donor, 620-700 nm AF 488 donor AF 594 acceptor
488 nm _Emission (AF 594) _» \_ 620-700 nm
Excitation Lo (FRET) 595r nm_ Emission (AF 594)
Emission (AF 488) Excitation
c g d
AF 488 donor AF 594 acceptor
488 nm 525-580 nm > 620-700 nm
Exeauan Emission (AF 488) 594 nm "Emission (AF 594)
Excitation

Figure D.1. Summary of oligonucleotide molecular beacon (OMB) probe response as a
function of structural state and excitation wavelength. (a) Intact beacon shows both FRET
red emission (620-700 nm) and green emission (525-580 nm) when excited by 488 nm laser.(b)
Excitation of intact beacon by 594 nm laser allows quantification of cleaved beacon by providing
a non-FRET level of emission from the AF594 dye. (c) Cleaved beacon exhibits green emission
(525-580 nm) upon 488 nm laser excitation. (d) Cleaved beacon exhibits red emission (620-700
nm) upon 594 nm laser excitation.

Quantifying FRET: Several indices to quantify FRET (Intactness, 1) using intensities of the

FRET donor and acceptor have been described in the past . ° These include equations A and 1:
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I — ID ex,Aem * 100 (A)

IDex,Aem'HDex,Dem

I — Ip ex,Aem_Inoise * 100 (l)

14 ex,Aem

In the subscripts A denotes FRET acceptor (AF594), D denotes FRET donor (AF488), ex
denotes excitation and em denotes emission. For example, Ip ex, A em Mmeans donor (AF488) is
excited and emission from acceptor (AF594) is measured. Preliminary studies indicated that the
Intactness measured using the equation A was dependent on the polymer used to make
polyplexes. This difference is due to the fact that AF594 but not AF 488 was quenched
significantly by jetPEI (Figure D.S2a-b). However, the Intactness measured using equation 1 was
insensitive to quenching by the polymers (Figure D.S2b) since equation 1 uses only the

intensities of the acceptor emission. Hence, all subsequent work uses equation 1 to quantify

a b c
> 4000 > 12000 16
£ £
§ _ 3000 ] w12
£z £ s000 g
8 £ 2000 85 £ 8
€35 S a ©
o & o g 4000 -
£ < 1000 g |:| £
2 1 2
2 ] 2 0 0
Green Ctrl  Green Ctrl+ Green Ctrl+ Red Ctrl Red Ctrl+  Red Ctrl + OMB OMB + OMB +
jetPEl G5 PAMAM jetPEl G5 PAMAM jetPEI G5 PAMAM

Figure D.2. OMB FRET in the presence of polymers. (a) A decrease in fluorescence emission
in the 525-580 nm range is observed for beacons containing only AF488 in the presence of jet
PEI or G5 PAMAM (485 nm excitation).(b) An increase in fluorescence emission in the 620-700
nm range is observed for beacons containing only AF 594 in the presence of G5 PAMAM (590
nm excitation). (c) Equation 1 was used to quantify FRET because it is unchanged by the
changes in emission of AF594 induced by the vectors. As shown in panel C, this method showed
similar FRET in the presence of both jetPEI and G5 PAMAM vectors.
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Figure D.3. OMB was dissolved in 1X - S1 nuclease buffer and the fluorescence assessed using
a microscope. Color bar on the left indicates intensity of emission. (a) The excitation of the
solution using a 488nm laser resulted in emission in the 525-580 nm channel. (b) When excited
using the 488 nm laser, OMB emission was also observed in the 620-700 nm channel as
expected. (c) The emission of AF 594 excited using a 594 nm laser was also measured. (d) When
S1 nuclease was added to the same droplet, AF488 emission increased since energy was no
longer being transferred by FRET. (e) FRET emission by AF594 also reduced to ~ O after the
addition of S1 nuclease. (f) AF594 emission due to excitation by 594 nm laser did not change.

FRET from Cleaved Beacons

A factor that could confound the experiments is the possibility that cleaved beacons are held
together by the polymer resulting in a FRET signal. To test for this possibility, cells were
incubated with polyplexes containing both single labeled AF488 and AF594. Figures D.S4 and
D.S5 shows that polyplexes made using a mixture of singly labeled beacons containing AF488

and AF594 can exhibit some FRET signal. However, the Intactness for these samples was 3
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compared with 7-10 for jetPEl and G5 PAMAM beacons at 4h. Thus our controls confirm that
the results obtained from the flow cytometry experiments and confocal experiments were

representative of beacon cleavage within the cell.
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Figure D.4. FRET from mixed jetPEI polyplexes containing AF488 and AF594. FRET may
occur between AF 488 and AF 594 from neighboring beacon molecules when present in the
polyplex and can result in an elevated measure of intactness of the beacon. To test for this
possibility, controls experiments were performed in which cells were treated with polyplexes
made with a mixture of singly labeled beacons containing only AF 488 dyes and AF 594 dyes (1
ug each) for 3 h. (a) AF488 emission from polyplexes. (b) AF594 emission by excitation with
488 nm. These polyplexes with a mixture of singly labeled beacons still show some FRET signal
inside cells. (c) AF594 emission by excitation with 594 nm. (d) Intactness map of mixed
polyplexes shows an average value of 3. (e-g) As a comparison, fluorescence from the same
channels are shown for a regular OMB. (f) Average intactness for a regular OMB s 8.
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Figure D.5. FRET from mixed G5 PAMAM polyplexes containing AF488 and AF594. FRET
may occur between AF 488 and AF 594 from neighboring beacon molecules when present in the
polyplex and can result in an elevated measure of intactness of the beacon. To test for this
possibility, controls experiments were performed in which cells were treated with polyplexes
made with a mixture of singly labeled beacons containing only AF 488 dyes and AF 594 dyes ( 1
ug each) for 3 h. (a) AF488 emission from polyplexes. (b)AF594 emission by excitation with
488 nm. These polyplexes with a mixture of singly labeled beacons still show some FRET signal
inside cells. (c) AF594 emission by excitation with 594 nm. (d) Intactness map of mixed
polyplexes shows an average value of 3. (e-g) As a comparison, fluorescence from the same
channels are shown for a regular OMB. (f) Average intactness for a regular OMB is 10.
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Incubation with
polyplexes for 3 h

Figure D.6. Release and degradation of OMB over time in multiple cells. (a-f) HEK 293A cells
exposed for 4 h to either G5 PAMAM polyplexes (N:P 10:1) formed using 0.5 pg OMB and 0.5
ug blank pDNA. OMB fluorescence was imaged using a confocal microscope. OMBs delivered
using G5 PAMAM were mostly confined to vesicles and were intact in the punctate regions for
24 h. (g-1) OMB delivered using jetPEI polyplexes exhibited a punctate distribution at 1 h. At 2h,
4h and 8 h, a diffuse distribution of intact OMB in the cytosol was observed which dissipated by
12 h.The OMB left in punctate spots at 12 and 24 h had a substantial fraction of intact OMB:s.
Scale bar represents 20 um for all images.

G5 PAMAM

jetPE|

A quantitative analysis of cytosolic DNA cleavage in a cell population

Degradation of the OMB in a cell population was quantifed using flow cytometry. HEK 293A
cells were incubated with G5 PAMAM and jetPEI polyplexes (N:P 10:1) formed using a 1:1
mixture (0.5 pg each) of OMB and blank pDNA for 3 h and analyzed using flow cytometry
(Figure D.S7) at 4 h. In order to quantify the difference in FRET intensity as function of polymer
vector, the experiment was performed using a flow cytometer that contained both 488 nm and
594 nm lasers. In this experiment, cells were first exposed to the 488 nm laser and emission from

525-580 nm was collected. The same cells were then exposed to a 594 nm laser and emission
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from 620-700 nm was then collected. This allowed us to quantify FRET emission using equation
1. Results in Figure D.S7 show that the FRET signal from cells treated using G5 PAMAM
beacons was higher than the FRET signal from cells treated using jetPEI polyplexes. The
Intactness (eq 1) for the OMBs formed using G5 PAMAM and jetPET at 4 h were 20% and 7%,
respectively (Figure D.S4). Figure D.S8 also shows results from cells at 30 min, 4 h and 16 h
after incubation with polyplexes using a different flow cytometer with only a 488 nm laser. In
cells exposed to polyplexes for 16 h, the level of FRET decreased. Nevertheless, G5 PAMAM

polyplexes exhibited higher FRET that jetPEI polyplexes.
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Figure D.7. OMB degradation in a population of cells. (a) HEK 293A cells treated for 4 hours
with G5 PAMAM polyplexes (N:P = 10:1) formed using a 1:1 ratio of OMB and blank pDNA
(0.5 pg each). The x-axis shows fluorescence emission (620-700 nm) upon 594 nm excitation.
The y-axis shows the FRET fluorescence emission (620-700 nm) signal upon 488 nm excitation.
(b) HEK 293A cells treated for 4 hours with jetPEI polyplexes (N:P = 10:1) formed using a 1:1
ratio of OMB and blank pDNA (0.5 pg each). jetPEI polyplexes (N:P 10:1) Polyplexes formed
using G5 PAMAM exhibit 10x greater FRET signal than those formed with jet PEI as judged by
the relative y-shift of the blue and red cell distributions.
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Figure D.8. OMB Degradation Over Time Studied Using Flow Cytometry. (a) HEK 293A cells
exposed for 30 minutes to either G5 PAMAM or jet PEI polyplexes (N:P 10:1) formed using 0.5
ug of oligonucleotide molecular beacon and 0.5 ug blank pDNA. The x-axis shows fluorescence
emission (525-580 nm) upon 488 nm excitation. The y-axis shows the FRET fluorescence
emission (620-700 nm) signal upon 488 nm excitation. OMBs delivered using jetPEI show less
AF594 FRET emission than beacons delivered using G5 PAMAM. (b) HEK293A cells exposed
to G5 PAMAM or jetPEI polyplexes for 3 h in serum free media followed by 1 h incubation in
complete media. OMBs delivered using jetPEI show less AF594 FRET emission than beacons
delivered using G5 PAMAM. (c) HEK293A cells exposed to G5 PAMAM or jetPEI polyplexes
for 3 h in serum free media followed by 13 h incubation in complete media. OMBs delivered
using jetPEI show less AF594 FRET emission than beacons delivered using G5 PAMAM.

Colocalization of OMB with Organelle Markers

In order to test if there were differences in the amount of intact OMB present in the endoplasmic
reticulum (ER) and Golgi apparatus, we stained cells using organelle markers for ER (ER tracker
blue) and Golgi apparatus (wheat germ agglutinin-AF 350, WGA). Figures D.S9 and D.S10
illustrate the colocalization of beacons with ER tracker blue and WGA. Colocalization was
quantified using Mander’s coefficients combined with manual thresholds to ensure that
background noise did not confound colocalization coefficients.’® M1 (fraction of organelle
markers that overlap with OMB) and M2 (fraction of OMB that overlap with the organelle

marker) have been calculated for both FRET signal (intact beacons) and AF488 or AF594 signal
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by direct excitation (the sum of intact and cleaved beacons). Since the organelle markers are
widespread, a higher fraction of beacon signal was colocalized with the organelle markers.
Hence, M2 was greater than M1 for all cases. We observed that the colocalization of OMB with
ER was higher than the colocalization with the Golgi for both L-PElI and G5 PAMAM
polyplexes. Two sample t-test was used to test if the colocalization of the OMB delivered using
JetPEIl and G5 PAMAM with organelle markers were significantly different. The results are
presented in tables | and Il. The experiments are designed such that a 2 fold difference in
colocalization can be detected with a power greater than 0.8. In cases where the t-test showed a
significant difference in colocalization of OMB, the power was > 0.8. For cases where the means

were not significantly different, the power was lower.
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Figure D.9. Colocalization of OMB with ER tracker blue. (a) Images A-D show the signal from
beacons and ER tracker respectively for beacons delivered using G5 PAMAM. Images E-G show
the overlay of A, B and C with D. (b) Images show the signal from the beacons and ER for
beacons delivered using jetPEI. For beacons delivered using both jetPElI and G5 PAMAM, a
large fraction of intact (B) and cleaved beacons (A) are distributed close to the ER (D) as
indicated by the Mander’s coefficients (M2). JetPEI beacons also show a diffuse distribution
throughout the cell. (c) Since the diffuse beacons do not colocalize with ER, the average
Mander’s coefficients presented in B for jetPEI beacons are less than the average Mander’s

coefficients presented for G5 PAMAM beacons in A.

Table D.1. Colocalization of OMB with ER tracker

AF 488 AF594 AF594
FRET direct
M1 0.0126 0.1075 0.0324 p value
1 0.5 0.8 power
M2 0.0531 0.0754 0.4761 pvalue
0.8 0.8 0.1 power
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Figure D.10. Colocalization of OMB with golgi stain (WGA-AF350). (a) Images A-D show the
signal from beacons and wheat germ agglutinin (golgi marker) respectively for beacons delivered
using G5 PAMAM. Images E-G show the overlay of A, B and C with D. (b) Images show the
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signal from the beacons and ER for beacons delivered using jetPEIl. More overlap is seen
between the beacon and and wheat germ agglutinin (golgi marker) for jetPEI polyplexes. (c) For
both G5 PAMAM polyplexes and jetpEl polyplexes, the fraction of beacons overlapping with
golgi signal were less than the average fraction of beacons overlapping with ER tracker.
Interestingly, the fraction of beacons overlapping with golgi was less for jetPEI polyplexes than
G5 PAMAM polyplexes.

Table D.2. Colocalization of OMB with WGA

AF 488 AF594 AF594

FRET direct

M1 0.088 <0.0001 0.6879 p value
0.5 1 0.08 power
M2 0.1716 0.6872 0.2131 pvalue

0.5 0.09 0.3 power
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Addition of L-PEI to Cells Treated with
G5 PAMAM Polyplexes
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Figure D.11. Addition of free L-PEI to cells incubated with G5 PAMAM polyplexes for 3 h.
The addition of free L-PEI at concentration seen in L-PEI polyplexes with N:P ratio of 1:1 was
siufficient to increase the percent of cells expressing GFP by 10X to 34 + 1 % compared to cells
exposed to G5 PAMAM polyplexes alone. Addition of more free L-PEI did not increase fraction
of cells expressing GFP substantially.
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Figure D.12. Summary of experiments that tested GFP expression in cells. (a) 60-80% of HEK
293A cells treated with L-PEI polyplexes (N:P = 10) showed GFP expression. Under 5% of cells
treated with G5 PAMAM polyplexes (N:P = 10) showed gene expression.(b) Adding L-PEI to
cells treated with G5 PAMAM polyplexes resulted in increased genen expression. (c)
Lipofectamine only increased expression dramatically if co-incubated with G5 PAMAM
polyplexes. (d) Adding extra G5 PAMAM does not increase gene expression.
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