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ABSTRACT

Polycationic organic nanoparticles are shown to disrupt model
biological membranes and living cell membranes at nanomolar
concentrations. The degree of disruption is shown to be related to
nanoparticle size and charge, as well as to the phase—fluid, liquid
crystalline, or gel-of the biological membrane. Disruption events
on model membranes have been directly imaged using scanning
probe microsopy, whereas disruption events on living cells have
been analyzed using cytosolic enzyme leakage assays, dye diffusion
assays, and fluorescence microscopy.

Introduction

A great deal of optimism exists regarding the potential
impact of nanotechnology upon the biomedical sciences.
It is hoped that nanoscale materials, defined as 1-100 nm
by the National Nanotechnology Initiative, the Food and
Drug Administration, and ASTM International, will interact
effectively and specifically with the components of cells
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such as membranes, proteins (both enzymatic and struc-
tural), and nucleic acids. Note that all of these important
cellular structures are themselves nanometer in scale.
Noncellular biological species such as viruses and prions
may also most effectively be controlled and explored using
nanomaterials and nanotechnology.

The development of therapeutics and diagnostics that
take advantage of well-defined nanoscale polymeric scaf-
folds called poly(amidoamine) (PAMAM) dendrimers is a
major focus of the interdisciplinary team working at the
Michigan Nanotechnology Institute for Medicine and
Biological Sciences (MNiMBS).'"> PAMAM dendrimers can
be synthesized and purified to provide excellent polydis-
persity values (~1.01) and, as graphically illustrated in
Figure 1, provide a range of sizes relevant to the nanoscale
components of biology.

A particularly successful implementation of these materi-
als has been the development of targeted chemotherapeutic
agents. A combination of synthetic and analytical chemistry,
in vitro cell biology, and in vivo experiments employing
xenograft KB tumors in mice has allowed the nanoengineer-
ing of a therapeutic agent on a generation 5 (G5) PAMAM
platform that can effectively deliver methotrexate to the
tumor with no apparent side effects to the animal (Figure
2).13 In this case, the nanoscale drug delivery platform has
increased the therapeutic effectiveness by at least 10-fold.
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FIGURE 1. Absolute size comparison of PAMAM dendrimers to
several key proteins.
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FIGURE 2. Schematic of multifunctional targeted nanodevice based
on the PAMAM dendrimer scaffold.

At the dose ranges published to date, which are greater than
the LD;, value for free methotrexate, no harmful effects have
been noted in histology studies.

In the course of the research program to develop the
functional nanoparticle highlighted in Figure 2, we noted
that many of the nanoparticles invented, both by us and
by others, appeared inherently nonselective and that the
nanosize scale of the devices might play a role in how the
materials nonselectively passed through the plasma mem-
brane of cells. Understanding this aspect of the nanopar-
ticles is a key to designing the most selective, and therefore
effective, chemotherapeutic platforms. Similar polymeric
nanoparticle platforms are employed for cell transfection
and are being developed for in vivo gene delivery; thus
the behavior of this class of nanoparticles is of substantial
general interest.* Another perspective regarding nonselec-
tive uptake into cells by nanoparticles relates to concerns
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regarding cytotoxicity.>'? Does this behavior betray a
tendency of nanoparticles to penetrate the membranes
of cells and therefore provide clues to a potential negative
impact upon human health and the environment? This
was the scientific context existing in our group as we
initiated a program to explore these questions as part of
our interdisciplinary National Cancer Institute Uncon-
ventional Innovations grant funded in 1999.

Initial Studies—The Surface Scientist's View

Many studies already existed in the literature describing
the interactions of PAMAM dendrimers, as well as other
chemically similar polymers, with biological membranes.
These studies, employing a wide range of techniques
including dye diffusion in liposomes,'? electron paramag-
netic resonance (EPR),' and a variety of biological
assays,'>™'® provide convincing evidence that the PAMAM
dendrimers, and other amine-containing polymers, in-
teract strongly with lipid bilayers and cell plasma mem-
branes to induce substantial membrane permeability and,
if sufficiently concentrated, cell lysis.'**! Indeed, these
membrane disrupting properties were taken advantage of
for the commercial development of cell transfection agents
such as Superfect and jetPEI. Despite extensive work in
this field, the vast majority of experimental studies
examined the interaction using bulk techniques.

In order to obtain a nanoscale view of the interactions,
we turned to scanning probe microscopy (SPM) studies
of supported lipid bilayers (SLBs).?**” Key considerations
when selecting a SLB for experiments include the head
group, lipid chain length, and presence of unsaturation,
which all have an impact on a crucial parameter, lipid
bilayer phase. We wanted to mimic typical mammalian
cell behavior so we selected dimyristoylphosphatidyl
choline (DMPC), which has a zwitterionic head group and
exists in the liquid-crystalline fluid phase under our typical
imaging conditions. The interactions of G5 and G7 PAM-
AM dendrimers (~10-20 nm in diameter when spread on
a surface®®) with DMPC bilayers are illustrated in Figure
3, panel 1.2 The primary amine-terminated macromol-
ecules, containing 128 and 512 positives charges, respec-
tively, per nanoparticle at neutral pH, interact with the
lipid bilayer to varying degrees. The G7 dendrimer initiates
the formation of ~20 nm holes in the plateau regions of
the SLB and expands the size of existing holes. The G5
dendrimer does not initiate the creation of new holes in
the bilayer but does expand the size of existing holes and
defects.

The generality of the membrane disruption behavior
observed for the PAMAM dendrimers was explored by
studying an additional set of polycationic organic poly-
mers, namely, poly(L-lysine) (PLL), polyethyleneimine
(PED), and diethylaminoethyl-dextran (DEAE-dextran), as
well as two neutral polymers, poly(ethylene glycol) (PEG)
and poly(vinyl alcohol) (PVA).?® PLL, PEI, and DEAE-
dextran were selected because they are commonly used
and commercially available materials for cell transfection
as nonviral gene delivery vectors. These polymers have
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FIGURE 3. Dendrimer interactions with biological membranes. Panel I: AFM observation of DMPC-supported lipid bilayers (a,c,e) before and
after incubation with (b) G7-NH,, (d) G5-NH,, and (f) G5-Ac PAMAM dendrimers. Panel |l: Space-filling models of chemical structures of (a)
G7-NH,, (b) G5-NH,, and (c) G5-Ac PAMAM dendrimers. Panel Ill: LDH leakage as a result of cell exposure to PAMAM dendrimers, showing
(a) size effect of G7-NH, and G5-NH, on the LDH leakage out of KB and Rat2 cells after incubation at 37 °C for 3 h and (b) surface group
dependency on the LDH leakage at different temperatures. Note that larger dendrimers (G7-NH,) induce formation of new nanoscale holes
in the bilayers as seen in the AFM images and cause a greater amount of LDH leakage out of live cells than G5-NH,. G5-NH, dendrimers do
not cause new hole formation in the lipid bilayers but instead expand pre-existing defects. In contrast, G5-Ac dendrimers do not cause hole
formation, expansion of pre-existing defects, or LDH leakage out of live cells.

@ Movies in AVI format of panel la,b, panel Ic,d, and panel le,f are available.

also been employed as platforms for drug delivery ap-
plications. PEG and PVA were selected because they are
commonly employed “biocompatible” polymers that are
neutral. The polycationic polymers once again exhibited
substantial membrane disruption behavior, including
nanoscale hole formation (Figure 4, panel I). The sub-
stantial polydispersity index of the PEI (3.44) and DEAE-
dextran (32.90) make detailed mechanistic comparisons
of the action of the polymers difficult. For such polydis-
perse materials, we do not know which portion of the
sample is active with the membrane. Thus, specific
comparison and contrast of the physical properties of
these materials, such as the role of size and charge density,
is premature. The neutral polymers PEG and PVA did not
induce membrane disruption over a similar concentration
range.

The selection of DMPC to achieve a liquid-crystalline
SLB phase turned out to be of critical importance.
Experiments carried out using a cooled DMPC membrane
containing both the gel and liquid-crystalline phases
showed that only the liquid-crystalline phase was dis-
rupted (Figure 5).2°

These experimental results were intriguing for a number
of reasons: (1) nanoscale hole formation in lipid bilayer
membranes was directly imaged; (2) the trend of dendrimer
molecular weight with hole formation efficiency was con-
sistent with previously published transfection, dye diffusion,
and cytotoxicity data;** (3) the observations were shown to

generalize to other polycationic polymer species such as PLL,
PEI, and DEAE-dextran;*® (4) membrane phase was shown
to be crucial,?® suggesting that interpretation of cell biology
experiments exploring uptake of materials at low tempera-
ture must be carefully considered; (5) a mechanism for hole
formation in lipid bilayer membranes and cell plasma
membranes was proposed. Although the results obtained
using SLBs were both surprising and intriguing, there were
many possible caveats in applying any of the lessons learned
to understanding the interactions of the dendrimers and
polycationic polymers and nanoparticles more generally with
biological membranes. In particular, the DMPC SLBs em-
ployed lack many of the key components of a cell plasma
membrane including the variety of head groups, tail lengths,
and degrees of saturation, glycolipids, protein (~50% of a
mammalian cell membrane), and cholesterol.?® Further-
more, the biological environment also includes a variety of
cations and anions. The interaction of polycationic materials
with biological membranes has been shown to be strongly
counterion dependent in a series of papers by Sakai and
Matile.>*3? Although it is possible to create much more
sophisticated SLB model systems taking into account a wide
variety of additional parameters noted above, they still
remain quite crude approximations of a living cell’s plasma
membrane. Thus, rather than performing experiments in-
creasing the complexity of the SLB model, we decided it
would be best to assess whether the lessons learned from
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FIGURE 4. Interactions of other polymeric nanoparticles with biological membranes. Panel I: AFM observation of DMPC-supported lipid bilayers
(a,c,e) before and after incubation with (b) PLL, (d) PEI, and (f) DEAE-DEX, respectively. Panel Il: Chemical structures of (a) PLL, (b) PEI, and (c)
DEAE-DEX. Panel IIl: LDH leakage out of (a) KB and (b) Rat2 cells as a result of exposure to the various polymeric nanoparticles at 37 °C for 3 h.
Note that polycationic polymers induce the enzyme leakage whereas charge neutral polymers such as PEG and PVA do not.

@ A movie in AVI format of panel Ic,d is available.

FIGURE 5. Interaction of G7-NH, with a supported DMPC bilayer
consisting of both gel (L5* phase, lighter shade) and liquid-crystalline
phase (L, phase, darker shade). The G7-NH, preferentially forms
holes in the liquid-crystalline phase of the bilayer.

500 nm

the SLBs had any relevance to experimental observations on
plasma membranes for living cells in culture.

A Polymer Scientist Visits the Biology
Lahoratory

Numerous studies in the literature indicated that polyca-
tionic organic polymers such as PAMAM dendrimers, PLL,
PEI, and DEAE-dextran permeabilize cell plasma mem-
branes.?°33 In order to obtain the best comparison with
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the SPM data that we had obtained (Figures 3-45),%*2527
we re-examined this line of experimentation.

If nanoscale holes are being introduced into the
living cell plasma membranes, cytosolic enzymes such
as lactate dehydrogenase (LDH) or luciferase (Luc) may
be released into the cell media. In addition, if the
membrane is challenged with charged small molecule
dyes, for example, cationic propidium iodide (PI) or
anionic fluorescein, the normally excluded dyes should
diffuse across the membrane barrier if nanoscale holes
or pores are present.

The results of the enzymatic leakage assays are pre-
sented in panel III of Figures 3 and 4.* Both G5 and G7
PAMAM dendrimers cause the leakage of LDH. The
magnitude of LDH leakage is greatest for G7, consistent
with the observation that the G7 dendrimer is also the
most active in nanoscale hole formation for SLBs. Similar
results were also observed for the leakage of Luc from KB
and Rat2 cells transfected to express this enzyme in their
cytosols. The G5 PAMAM dendrimer that has had the
surface primary amine groups acetylated, G5-Ac, no longer
protonates in aqueous solution at pH 7.>* In the same
concentration ranges, G5-Ac does not initiate nanoscale
hole formation in SLBs (Figure 3, panel I) nor does it cause
LDH or Luc leakage (Figure 3, panel III). Following this
same trend, the cationic polymers PEI, PLL, and DEAE-
dextran also cause LDH leakage, whereas the neutral
polymers PEG and PVA do not (Figure 4, panel III).?* Note
that concentrations of the polymers in Figure 4 were
expressed by weight (ug/mL) instead of using nanomolar
concentrations since PDIs of those polymers were signifi-
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FIGURE 6. Internalization of polycationic polymers into cells observed by confocal laser scanning microscopy: (a) KB cells and (b) Rat2 cells
incubated with 200 nM G5-NH,—FITC at 37 °C for 1 h; Rat2 cells incubated with (c) 200 nM G7-NH,—AF488 and (d) PLL-FITC at 37 °C for 1 h.
Images e and f show Rat2 cells incubated with (e) G7-NH,—AF488 and (f) G5-NH,—FITC at 4 °C for 1 h. Note that G7-NH,—AF488 dendrimers
exhibit some degree of internalization at the low temperature as compared with G5-NH,—FITC. Panel g shows Rat2 cells incubated with
G5-Ac—FITC, used as a negative control, at 37 °C for 1 h. Panel h shows a differential interference contrast (DIC) image of confocal image e.
Green fluorescence indicates polymeric nanoparticles conjugated with FITC or AF488.

cantly higher than those of dendrimers and the molarity
of these solutions is not well defined.®

Do nanoscale polymers crossing the cell plasma
membrane necessarily cause LDH leakage? We explored
this question by measuring the degree of LDH leakage
for G5-NH, and comparing it with the amount of LDH
leakage for the uptake of G5-Ac-FA (FA = folic acid).?
The uptake of G5-Ac-FA follows a receptor-mediated
endocytosis pathway that is wholly blocked by the
presence of an excess of FA indicating that receptor-
mediated endocytosis is the only pathway by which this
material enters the cell. The G5-Ac-FA particle enters
the cell with no LDH leakage demonstrating that
cytosolic enzyme leakage is not an intrinsic part of a
~5 nm particle entering a cell.

The effect of surface charge and morphology on
polymer uptake into KB and Rat2 cells was tested by using
the fluorescently labeled nanoparticles G5-NH,~FITC, G5-
Ac-FITC, G7-NH,—AF488, and PLL-FITC (Figure 6) (FITC
= fluoroscein isothiocyanate; AF488 = AlexaFluor 488).
All of the polycationic materials, G5-NH,-FITC, G7-
NH,-AF488, and PLL-FITC, were observed to internalize
when incubated with the cells for 1 h at 37 °C. By way of
contrast, the neutral G5-Ac-FITC did not internalize or
even bind to the cell membrane. Recall that G5-Ac does
not cause cytosolic enzyme leakage or cause holes to form
in SLBs (Figure 3). The observation that G5-NH, did not
cause cytosolic enzyme leakage at 6 °C, whereas G7-NH,
still did,?? prompted experiments with cells at low tem-
perature to see whether the lack of cytosolic enzyme
leakage was accompanied by a change in the degree of
polymer internalization. The experiments were also
prompted by the observation that G7-NH, only appears
to disrupt fluid liquid-crystalline phase regions of SLBs

and does not cause holes in gel phase regions (Figure 5).
Consistent with these observations, it was noted that G7-
NH,-AF488, which causes cytosolic enzyme leakage even
at 6 °C, still internalized into Rat2 cells at 4 °C (Figure
6e), albeit to a lesser degree than at 37 °C (Figure 6¢). By
way of contrast, G5-NH,-FITC, which does not cause
cytosolic leakage at 6 °C, did not internalize into Rat2 cells
but did bind to the cell plasma membrane (Figure 6f).

What Is a “Hole” or “Pore” in a Cell Plasma
Memhrane?

Our experiments point to the formation of a “hole” or
“pore” in the living cell membranes as a possible mecha-
nistic hypothesis. The meaning of the term “hole” or
“pore” with respect to a living cell’s membrane requires
clarification. The limiting case is the complete loss of a
region of the plasma membrane in direct analogy to the
holes observed experimentally for the SLBs (see Figures
3-45).242527 In this case, a literal hole in the bilayer
membrane exists (Figure 7b). Questions to be answered
regarding such holes include the distribution of sizes,
density in the membrane, and lifetime. In principle, the
distribution of sizes could be tested as a bulk experiment
employing differently sized probes. The density of holes
or pores and the lifetime require direct measurements in
single cells and are thus more challenging.

Membrane permeability could also arise from a reduc-
tion in density of the plasma membrane. In this case, a
hole or pore corresponds to a region of reduced material
(lipid, protein, cholesterol, etc.) (Figure 7c). Another
possibility for the nature of the hole or pore involves a
change in plasma membrane content. For example, the
formation of dendrimer/lipid vesicles could create a
localized region that was lipid-poor and protein- and
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FIGURE 7. Variants of “holes” in cell plasma membranes. (a) intact
membrane containing lipid and protein; (b) membrane with hole; (c)
membrane containing low-density regions in which the amount of
lipid and protein is reduced; d) membrane containing lipid-poor
region.

cholesterol-rich (Figure 7d). For all cases, the distribution
of sizes, the density, and the lifetime of such lipid-poor
regions remain to be quantified.

The term hole or pore can refer to a wide range of
structural changes that could lead to enhanced permeability
ranging from the formation of an actual hole in the mem-
brane to more subtle changes in content of the membrane
leading to enhanced diffusion. Understanding the details of
these changes that lead to nanoparticle-induced membrane
permeability is a major challenge for the field.

Connections to the Literature: Mechanisms of
Nanoparticle Internalization into Cells

The interaction of polymer nanoparticles and biological
membranes is a complex process made difficult to
understand in detail by the heterogeneity of both the
nanoparticles and the cell membranes. Despite these
obstacles, great interest exists in uncovering general
principles that govern the interactions as well as details
specific to a particular polymer or type of cell. This is
due to the promise of polymeric nanoparticles for drug
and gene delivery applications. The experiments from
our laboratory are specifically focused on understanding
the nanoparticle interaction with the cell plasma mem-
brane and the mechanism of transport—active, passive,
or both—into cells. The transfection process is com-
monly used as a primary assay to study polymer
transport into cells.'®*> We have consciously avoided
this approach for these studies because of the number
and complexity of the steps required for successful
transfection after the polymer has breached the plasma
membrane. In addition, the polymer/DNA complexes,
ranging from ~10 to 2000 nm in size and typically
referred to as “polyplexes”, are substantially larger than
the polymers themselves, and this may lead to mecha-
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nistic changes.**3° Three primary hypotheses for the
uptake of polycationic nanoparticles into cells have
been postulated in the literature: (1) energy-dependent
endocytosis;'®3® (2) energy-dependent formation of
nanoscale membrane holes;**?? (3) energy-independent
membrane translocation.*®=*? The relationship of the
three mechanisms to the data presented in this Account
will now be discussed.

A variety of energy-dependent endocytosis processes have
been proposed including the recent suggestions of fluid-
phase phagocytosis by Behr et al.®® and lipid raft mediated
endocytosis by George et al.'® Should these endocytosis
processes be intrinsically leaky allowing cytosolic enzymes
to escape? Our data indicates that neutral PAMAM dendrim-
ers terminated with acetamide groups, which do not nor-
mally internalize into the cell or interact with cell mem-
branes, will endocytose when conjugated to an appropriate
targeting ligand such as folic acid and that cytosolic enzyme
leakage is not inherently a part of the process.

If nanoparticles do follow endocytosis pathways, as has
been proposed, is the endocytosis process itself leaky or is
another mechanism present that causes the cytosolic en-
zyme leakage? In order to address this question, we turned
to low-temperature studies. The inhibition of polymer
uptake into cells at low temperatures (~4—6 °C) has generally
been considered to be evidence for the inhibition of an ATP-
driven endocytosis process. However, we have recently
pointed out that cooling lipid membranes resulting in a
change from fluid phase to gel phase also inhibits hole
formation in SLBs.?® Employing G5-NH,, we noted that
uptake into cells ceased at low temperature as did LDH
leakage. Employing G7-NH,, we observed that both LDH
leakage and polymer uptake decreased but still clearly
occurred. Since the only parameter changed in these experi-
ments was the size and charge density of the polymer, this
suggested that membrane disruption, in the form of hole or
pore formation, was responsible for the continued LDH
leakage and uptake at low temperature. The G7-NH, poly-
mer had previously been shown to be more active towards
hole formation in SLBs and to give a greater magnitude of
LDH leakage.

In order to maintain the position that endocytosis is
responsible for the continued uptake and LDH leakage of
G7-NH, at ~4-6 °C, it has to be posited that the G7-NH,
polymer’s greater size or charge density or both results in a
lower energetic barrier for the ATP-driven endocytosis
process. On the face of it, a lower barrier appears counter-
intuitive since the G7 particle has a substantially larger
volume (~3.4x larger) and surface area (~2.2x larger).*?
However the larger size also allows the particle to interact
with a larger number of heparan sulfate proteoglycans
(HSPGs), which have been hypothesized to trigger the
endocytosis process.> Work recently published by Rothen
et al. is quite interesting in this regard. They studied the
uptake of polystyrene and TiO, particles in red blood cells
and pulmonary macrophages.***® These studies were par-
ticularly interesting because red blood cells lack the typical
cellular machinery for endoctyosis or phagocytosis, yet the
particles still penetrated the cell. The authors concluded that
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particles enter the cells via an adhesive or diffusive mech-
anism and not the typically invoked endocytosis or phago-
cytosis mechanisms. This mechanistic proposal is roughly
consistent with the mechanistic hypotheses developed from
the SLB studies (Figures 3-45) and from our own cell culture
studies.>?>*" Clearly, more studies are needed to fully
understand the process by which nanoparticles cross the cell
plasma membrane.

Summary

The mechanism by which nanoparticles cross the cell
plasma membranes is not well understood. Gaining a
better understanding of this mechanism has important
implications for design of drug delivery, cell transfection,
and gene therapy agents. Controlling the balance between
effectively crossing the cell plasma membrane and induc-
ing toxic effects is one of the key challenges for these
fields. Concerns regarding cell plasma membrane disrup-
tion and resulting toxicity are paramount in the minds of
nanoparticle designers focused on these applications.
However, the results of our studies indicate that the key
features of the nanoparticles related to membrane disrup-
tion, size and charge, are common to nanoparticles used
in a wide variety of applications. Indeed, amine termina-
tion of nanoparticles is a common strategy employed to
make materials water soluble and chemically reactive. The
unique properties that make synthetic nanoparticles so
fascinating for a wide variety of applications are a double-
edged sword. In answer to the question posed by the title,
we believe nanoparticles as a class will serve as powerful
new therapeutics and, when present at sufficient doses,
have the potential to act as dangerous toxins. This
behavior is not surprising. The natural nanoparticles,
oligonucleotides and proteins, as well as more complex
functional nanoparticles such as viruses, have always
presented humanity with a similar Janus face.
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