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Abstract

Polyethylene glycol (PEG) is a polymer used widely in drug delivery to create “stealth”
nanoparticles (NPs); PEG coatings suppress NP detection and clearance by the immune system
and beneficially increase NP circulation time /77 vivo. However, NP PEGylation typically obstructs
cell attachment and uptake /7 vitro compared to the uncoated equivalent. Here, we report on a
cationic liposome (CL) NP system loaded with the hydrophobic cancer drug paclitaxel (PTX) in
which PEGylation (i.e. PEG-CLp NPs) unexpectedly enhances, rather than diminishes, delivery
efficacy and cytotoxicity to human cancer cells. This highly unexpected enhancement occurs even
when the PEG-chains coating the NP are in the transition regime between the mushroom and
brush conformations. Cryogenic TEM of PEG-CLtx NPs shows that PEG causes the proliferation
of a mixture of sterically stabilized nanometer-scale vesicles and anisotropic micelles (e.g.
bicelles). Remarkably, the onset of bicelles at sub-monolayer concentrations of the PEG-coat has
to our knowledge not been previously reported; it was previously thought that PEG- lipid in this
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Supporting information includes (i) List of cryo-TEM sample compositions and imaging details, (ii) IC- 50 fitting parameters, (iii)
additional uncropped images of CL NP-treated cells by DIC microscope in fluorescence mode corresponding to Fig. 3 in the main
text, (iv) brightfield images used to determine cell boundaries for Fig. 4 in the main text, (v) additional confocal fluorescent images
showing horizontal slices at different z heights through cell as well as line scans measuring fluorescence values of PTXGF and lipidrg
across cells, (vi) flow cytometry histograms corresponding to data shown in Fig. 5 of the main text, (vii) additional flow cytometry
results for CL NPs at different charge densities (30/50/80 mol% DOTAP), (viii) size and charge characteristics of CL NPs measured
from cryo-TEM and DLS, (ix) cryo-TEM image showing portion of PTX crystal.
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composition regime was incorporated into vesicles but did not alter their shape. Confocal
microscopy and flow cytometry reveal significantly greater PTX cell uptake from stabilized PEG-
CLptx NPs (vesicles and bicelles) in contrast to bare CLpx NPs, which can aggregate in cell
medium. This underscores the ability of steric stabilization to facilitate NP entry into cells via
distinct size-dependent endocytic pathways, some of which cannot transport large NP aggregates
into cells. This study highlights the value of understanding how PEGylation alters NP shape and
structure, and thus NP efficacy, to design next-generation stealth drug carriers that integrate active
cell-targeting strategies into NPs for /in7 vivo delivery.
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Introduction

Hydrophobic paclitaxel (PTX) is a widely-used cancer chemotherapy drug for treating
ovarian, breast, lung, pancreatic, and other cancers and is included in the World Health
Organization’s List of Essential Medicines!~10. PTX is a mitotic inhibitor that halts the
proliferation of tumor cells by disrupting the cell cycle and induces cell death?11, Since
1992, PTX has been administered in hospitals in the patented formulation Taxol whose
solvents (polyethoxylated castor oil and ethanol) cause hypersensitivity reactions requiring
premedication in addition to side-effects from the PTX drug itself}2-14 More recently, the
(non-targeted) albumin nanoparticle (NP) formulation Abraxane has been used as a Taxol
alternative to eliminate drug-carrier toxicity, but has demonstrated mixed results in terms of
improved patient outcomes®17. Several alternative formulations for PTX delivery, using
either liposomes (closed membrane shells) or polymeric NPs, have been approved outside of
the U.S. or are in clinical trials4, with many more in preclinical development!8. To
substantively improve the therapeutic efficacy of PTX, it needs to be administered by a non-
toxic solubilizing agent that is capable of tumor-specific targeted delivery, which
concentrates the cytotoxic drugs where they are needed and minimizes their accumulation in

healthy tissuel9-21,

Liposomes are among the most investigated synthetic carriers of cytotoxic hydrophobic
drugs in cancer therapeutics worldwide2-30, Lipid NPs are suitable drug delivery vehicles
for hydrophobic drugs and decrease side effects compared to established solvent systems
(such as Cremophor EL in Taxol)14:31.32 |t js useful to note here that the widely-known
liposomal formulations for doxorubicin delivery, Doxil and Myocet, rely on design
principles that do not translate to PTX. Because of doxorubicin’s chemical structure, it is
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more hydrophilic (logP = 1.3) than PTX (logP = 3.96) and can even be administered directly
to patients without a solubilizing agent. Moreover, doxorubicin has functional groups that
allow it to be loaded via pH or ion gradient loading methods (which PTX lacks) to form
reversibly soluble crystals within the liposomal aqueous pocket33, Instead, PTX incorporates
within the hydrophobic layer of lipid membranes to variable extents depending on the lipid
composition24:34-36_pTX is typically soluble in lipid membranes on the order of one day or
longer when loaded at or below 3 mol% of the total liposome formulation2434, Once PTX
phase separates into stable insoluble crystals, the bioavailability of the drug drops
significantly24:3437-39 Thys, it is critical to evaluate the duration of PTX solubility (an
indicator of drug loading and retention) in new lipid formulations to ensure the drug remains
soluble on relevant timescales for delivery34.

Of the different types of lipid NPs, cationic liposome (CL) NPs were chosen for this study
because positively charged particles have been shown to passively accumulate in
tumors3040-44 Tumor vasculature has a greater negative charge than other tissue26:42, and
thus positively charged particles adhere more to this area. Further, the CLptx NP
formulation EndoTAG (aka SB05), owned by SynCore Biotechnology, has completed Phase
I1 clinical trials}441, EndoTAG is composed of the univalent cationic lipid 2,3-
dioleyloxypropyltrimethylammonium chloride (DOTAP), neutral 1,2-dioleoyl-sn-glycero-3-
phosphatidylcholine (DOPC), and PTX (50:47:3 mole ratio) and is used as a benchmark
with which to compare the novel formulations presented here?’.

The current study was designed to elucidate the effects of PEGylating (PEG: polyethylene
glycol) CLptx NPs on NP structure, morphology, and interactions with human cancer cells /7
vitro. This is useful knowledge to obtain because PEG is used to generate “stealth” NPs by
delaying their detection and clearance by the immune system, thus increasing their
circulation time#546. However, addition of PEG- lipid to CL NPs is known to affect their
self-assembly and other physical properties. The conformational transition from the
mushroom to the brush regime of PEG decorating liposomes has previously been described
as a function of PEG length and mol% composition®”:48: for PEG2K-lipid, this transition
occurs between 5 and 10 mol%. The CLptx NPs studied here consisted of mixtures of
DOTAP, DOPC, PTX, and a neutral PEG-lipid with two oleyl tails and a PEG molecular
weight of 2,000 g/mol (PEG2K-lipid). NPs were prepared at 0, 30, 50, and 80 mol% DOTAP
to detect any separate effects of membrane charge density on NP efficacy. Remarkably, cell
viability studies show that PEGylating CLpTx NPs by replacing a fraction of DOPC with
PEG2K-lipid (5 and 10 mol%) dramatically enhances PTX delivery and cytotoxicity to
human melanoma (M21) and prostate cancer (PC3) cells. This deviates significantly from
the effect of PEGylation on the efficacy of CL-DNA NPs employed in gene delivery9-51,
where the PEG coat suppresses electrostatic adhesion to the cell surface and cell entry.

We used confocal microscopy, flow cytometry, and cryogenic TEM to uncover the key
differences underlying the interactions of bare and PEG-CL NPs with cells that cause
PEGylation to enhance PTX delivery. Cryo-TEM shows that adding PEG-lipid (5 and 10
mol% PEG2K-lipid) or charged lipid (30, 50 and 80 mol% DOTAP) to neutral DOPC
vesicles induces a structural transition to a mixture of nanometer-scale vesicles and
anisotropic micelles (primarily disc-shaped bicelles, Fig. 1). To our knowledge, the observed
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shape transition from vesicles to discoidal micelles, occurring at sub-monolayer PEG-lipid
coverage, has not been reported previously. Notably, fluorescence confocal microscopy and
flow cytometry reveal a major difference in CLptx NP interactions with the human cancer
PC3 (prostate) and M21 (melanoma) cell lines depending on CLPTX NP PEGylation. These
studies show that PEG-CLy NPs facilitate greater PTX delivery than bare CLptx NPs
because, without a PEG coating, the latter form aggregates of NPs that adhere to the cell
surface. Thus, the steric stability of NPs imparted by the PEG coat—which maintains their
very small size by preventing NP-NP adhesion in cell medium—appears to be a critical
factor that promotes cell uptake and PTX delivery through different size-dependent
endocytic pathways®2, some of which, including endocytosis mediated by caveolae or
clathrin, cannot transport large aggregates of bare NPs into the cell. (The /n vitro
experiments were performed in cell medium containing approximately 100 mM of 1:1 salts,
which suppress the electrostatic repulsion between cationic NPs and facilitate clumping of
bare NPs by van der Waals attraction.)

The in vitro findings reported here are expected to have far-reaching implications for drug
delivery /n vivo, where size stability is a critical factor for cancer nanotherapy because it is
thought that NPs on the order of 100 nm enter tumors through “leaky” vasculature. These
small particles enter the tumor, but without a lymphatic drainage system, accumulate over
time—the enhanced permeation and retention (EPR) effect—in another form of passive
targeting?4°3, The particles used in this study may be useful not only for drug delivery via
systemic administration through blood, but also for intraperitoneal delivery®*, direct
injection to tumors, ex vivo delivery, or in vitro cell-line experiments with difficult-delivery
cell types. Furthermore, although not reported in the present work, a fraction of the pendant
PEG moieties may be modified with targeting ligands to achieve active cell-specific
targeting24:55-57,

Experimental Section

Materials

Lipid stock solutions of DOPC and DOTAP in chloroform were purchased from Avanti
Polar Lipids. PTX was purchased from Acros Organics and dissolved in chloroform at 10.0
mM concentration. Paclitaxel-OregonGreen® 488 conjugate (PTXgg) and TRITC-DHPE
(lipidrg) were purchased from Thermo Fisher Scientific as powders and dissolved in
chloroform to 190 uM and 81 uM concentrations, respectively. 1-((3,4-
dioleyloxybenzoyl)oxy)-w -methoxy-poly(ethylene glycol) 2000 (PEG2K-lipid) was
synthesized in a manner analogous to that described for w -hydroxy PEG-lipids®8 and
dissolved in chloroform to 10 mM. CellTiter 96® AQueous-One Solution Cell Proliferation
Assay was obtained from Promega.

Liposome Preparation

Solutions of lipid and PTX were prepared in chloroform:methanol (3:1, v/v) in small glass
vials at a total molar concentration (lipid + PTX) of 1 mM for cell viability experiments and
DLS measurements, 5 mM for DIC microscopy, 400 uM for confocal fluorescence
microscopy and flow cytometry, and 20 mM for cryoEM experiments. Individual stock

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 08.
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solutions of each component were combined according to the final desired concentration and
molar composition. The organic solvent was evaporated by a stream of nitrogen hydrated
with high-resistivity water (18.2 MQ cm) to the previously described concentrations.
Immediately thereafter, unless otherwise specified as “unsonicated”, suspensions were
agitated with a tip sonicator (Sonics and Materials Inc. Vibra Cell, set to 30 Watt output) for
7 min to form sonicated liposomes.

The human cell lines PC3 (ATCC number: CRL-1435; prostate cancer) and M21
(melanoma) were gifts from the Ruoslahti Lab (Burnham Institute, La Jolla). M21 cells are a
subclone that was derived in the laboratory of Dr. Ralph Reisfeld (Scripps Institute, La Jolla)
from the human melanoma line UCLA-SO- M21, which was originally provided by Dr. D.
L. Morton (UCLA, Los Angeles). Cells were cultured in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Invitrogen). Cells
were passaged every 72 h to maintain subconfluency and kept in an incubator at 37 °C in a
humidified atmosphere containing 5% CO».

Cell viability experiments

IC-50

This experiment was carried out as previously described34. Briefly, cells were plated in clear
96-well plates at a density of 5000 cells/well. Cells were incubated overnight to adhere to
the plate. Sonicated liposome suspensions were diluted in DMEM to reach the desired
concentration of PTX. The cell culture medium was then manually removed from the wells
and replaced with 100 uL of the liposome suspension. After incubation for 24 h, the
liposome-containing medium was removed manually with a pipette and replaced with
supplemented DMEM and returned to cell incubator. After another 48 h, the cell viability
was measured with a 6X dilution of CellTiter 96® AQueous-One Solution Cell Proliferation
Assay (Promega) in DMEM (120 L of this solution were added to each well). The
absorbance at 490 nm was measured with a plate reader (Tecan M220) after 1 h of
incubation as per the assay instructions. Each data point is the average of four identically
treated wells and reported as a percentage of the viability of untreated cells.

The cell viability data for the 1C5 determination was fit using the XLfit add-in for Microsoft
Excel. The fit equation and fit parameters are reported in the Supplemental Information.

DIC microscopy for PTX solubility observation

Samples prepared at 5 mM concentration were either mixed manually after hydration by
agitating the vial or tip sonicated, as specified. The sample solutions were stored at room
temperature for the duration of the experiment. At predetermined times, 2 L aliquots were
withdrawn, placed on microscope slides, covered by a coverslip kept in place by vacuum
grease, and imaged at 10 or 20 x magnification on an inverted Diaphot 300 (Nikon)
microscope. The samples were first imaged within minutes of adding water to the dried lipid
films, then every 2 h until 12 h, every 12 h until 72 h, and daily thereafter until PTX crystals
were observed or the entire sample was used up. The kinetic phase diagrams report the

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 08.
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median time to observation of PTX crystals after hydration for 3—4 independently formed
samples at each mol% PTX.

Fluorescence microscopy

M21 and PC3 cells adhered to a 16 well plate were imaged with a microscope in
fluorescence mode with a GFP filter using a 10x objective after a 5h incubation with bare or
PEGylated CL NPs loaded with PTXgs.

Confocal fluorescence microscopy

Particles were composed of DOTAP (30, 50, or 80 mol%) and PEG2k-lipid (0 or 10 mol%)
as specified in the results section, 3 mol% PTXacF conjugate, 0.2 mol% TRITC-DHPE, and
the remainder DOPC. Particles were applied such that the PTXcF concentration was 400
nM.

M21 and PC3 cells were seeded on poly-lysine coated coverslips in a 6 well plate at a
concentration of 70,000 cells/mL, 2 mL/well. Twenty-four hours later, the cell media was
removed and replaced with the solution of fluorescently-labeled particles. The cells were
incubated for 5 hrs with the particles. After 5 hrs, the cells were fixed and microscope slides
prepared.

Images were taken on Olympus DSU (spinning disk) confocal microscope with the disk in.
The green and red fluorescence exposure time was 1 second.

Flow Cytometry

PC3 and M21 cells were plated in a 24-well plate at a concentration of 200,000 cells/mL
with 500 uL of cell solution added to each well and allowed to adhere to the plate overnight.
The following day CL NPs loaded with PTXcr at 1 mol% were diluted in DMEM to a final
concentration of [PTXcr] = 83 nM. The cell media was removed from each well and
replaced with 200 pL of CL NP solution. After a 5 hr incubation, the media was removed,
cells were rinsed with PBS, trypsinized, and suspended in 200 mL DMEM. Fluorescence
was measured using a Guava EasyCyte Plus Flow Cytometry System (Millipore). Cell
solutions were passed through a 100 um filter to disperse aggregates prior to measurement.
The filtered cell solution was divided in two. One half was mixed with a Trypan Blue
(Gibco) solution (0.4% in water, w/v) at a 4:1 (cell: Trypan Blue) v/v ratio and incubated for
10 min before the measurement to quench extracellular fluorescence. The other half of the
cell solution was mixed with PBS at the same 4:1 8v/v ratio and measured immediately. The
software parameters were set such that 10 000 events constituted a single measurement. The
flow cytometry results were analyzed using the Cyflogic software (CyFlo). Events were
sorted using forward and side scattering to separate cells from debris. A single acceptance
window was used for each sample. The green PTXgg fluorescence distribution of the
accepted events (cells) was log-normal, making the geometric mean (values reported in Fig.
5) a more accurate measure of the distribution than the arithmetic mean. The error bars show
the uncertainty in the geometric mean which was calculated from the coefficient of variation
(CV) of the fluorescence distribution using the following equation: o grror = log (CV2-1)
xI/N. Here, I is the geometric mean and N is the number of counted cells.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 08.
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Cryo Electron Microscopy

All liposome samples were suspended in aqueous solution (high-resistivity water: 18.2 MQ
cm) and sonicated 24-36 h prior to vitrification. All samples were vitrified using a manual
plunger on carbon lacey substrates (300 mesh copper grids) prepared in house (Fukami and
Adachi, 1965). Grids were plasma cleaned using 0, and H, for 30 s using a Solarus plasma
cleaner (Gatan) immediately prior to sample preparation. 3 uL of sample was applied to the
grid and manually blotted from the back with filter paper for 5 s followed immediately by
plunging into liquid ethane. Images were acquired using Leginon (Suloway et al., 2005) on a
Tecnai TF20 or Tecnai T12 equipped with 4K TVIPS CMOS camera, operated at 200 KeV
or 120 KeV, respectively. Images were collected at nominal magnification of 62 kX (TF20)
and 68 kX (T12), corresponding to pixel sizes of 3.0 A/pixel and 2.46 A/pixel, respectively.
A summary of the image collection sessions is provided in Table S1 in the SI. The sample
concentrations were typically 20 mM of total material (lipid + PTX) in high-resistivity water
(18.2 MQ cm).

Zeta potential

Results

For zeta-potential measurements, liposomes were diluted to a lipid concentration of 100 uM
in low salt 15 mM phosphate buffer saline solution. A 1 mL aliquot of the sample solution
was loaded into a DLS cuvette (Malvern DTS1070) and measured using a Malvern Zetasizer
Nano ZS. The zeta-potential values are reported as the average + standard deviation of 3
measurements.

Incorporation of PEG2K-lipid to CLp7x NPs increases efficacy

Following previous studies showing that PEGylating CLs decreases the delivery of nucleic
acid23:2459 e tested to see if the same is true for PTX delivery by CLs—a physically and
chemically distinct system. Two immortalized human cancer cell lines were treated with
CLptx NPs. PC3 is a cell line derived from prostate cancer and overexpresses the neuropilin
receptor, while M21 is derived from melanoma and does not express the neuropilin receptor.
These cell lines were chosen for future testing of CLs that incorporate neuropilin-targeting
ligands (not reported here), with M21 acting as the negative control for active targeting to
the neuropilin receptor.

CLptx NPs with 0-14 mol% PEG2K-lipid were diluted in cell culture medium to a final PTX
concentration of 60 nM (M21) and 50 nM (PC3) and added to cells (CL composition: 30
mol% DOTAP, 3 mol% PTX, 0-14 mol% PEG2K-lipid, and remaining mol% DOPC). Each
cell line has a different dose-dependence on PTX, therefore they are treated with different
PTX concentrations3*. The resultant cell viability is reported in Figure 2a. Remarkably, for
both M21 and PC3, the cell viability decreases as PEG2K-lipid is added into the formulation
up to 10 mol%, then plateaus for PEG2K-lipid = 10 mol%. At the PTX concentration tested,
most cells remain alive after treatment with bare CLptx NPs, whereas the pec-cLptx NPs kill
the majority of cells with only about 20% of cells remaining viable after treatment.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 08.
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In a second experiment, CLptx NPs with either 0 or 10 mol% PEG2K-lipid were tested over
a range of concentrations around the ICgq value. Here, the 1Cgq value is defined as the drug
concentration at which cell viability is reduced by half the maximal theoretical response, i.e.
when cell viability = 50%. The CL composition used in this experiment was 50 mol%
DOTAP, 3 mol% PTX, 0 or 10 mol% PEG2K-lipid, and remaining mol% DOPC. The results
in Figure 2b show that for M21, the ICgq of PEG-cLytx NPs is 20.5 £ 0.3 nM PTX compared
to 32 £ 1 nM PTX of bare CLptx NPs (p < 0.001). Similarly, for PC3, the I1Csq of PEG-CLytx
NPs is 14.8 = 0.5 nM compared to 20.9 £ 0.5 nM PTX of bare CLp1x NPs (p < 0.001). See
Figure S1 in the Supplemental Information (SI) for additional information on ICg fitting
parameters. The lower 1Csq values show that PEGylated CLp1x NPs achieve equivalent cell
death outcomes using 25-33% less PTX than bare CLpx NPs.

In a third experiment, we determined the effects of cationic charge density on PTX delivery
because charge is known to govern the efficacy of nucleic acid delivery by CL-based NPs.
Here, cells were treated with six different CLpTx NP formulations composed of 30, 50 or 80
mol% cationic DOTAP, with and without 10 mol% PEG2K-lipid (PTX = 3 mol%; remaining
mol% DOPC). The results in Figure 2c show that cell viability is significantly lower for the
PEGylated CLPTX NPs compared to the bare CLPTX NPs at each charge density for both
M21 and PC3 cells (p < 0.001 for all except PC3 at 30 mol% DOTAP which has p < 0.01).
Cell viability of M21 cells after treatment with bare and PEGylated CLpx NPs was
approximately 70% and 40%, respectively, regardless of the CL charge density. Similarly,
for PC3 cells, the PEGylated CLPTX NPs yielded cell viabilities lower 40 percentage points
than the bare CLs at each charge density. Efficacy in PC3 cells appears to have a slight
dependence on charge density, with cell viability increasing as cationic DOTAP increases
from 30 to 80 mol%.

The results of a control experiment to ensure there is no innate toxicity of PEG-CL NPs are
shown in Figure 2d. M21 and PC3 cells were treated with PEGylated CLs without PTX over
a broad range of concentrations. No toxicity was observed over the tested range of CLs (0.1-
500 uM lipid) incorporating 10 mol% PEG2K-lipid. For reference, when cells are treated
with PTX at concentrations of 10-100 nM and PTX is 3 mol% of the liposome composition,
the total lipid concentration is 0.3-3 M, well within the observed non-toxic range. This
control experiment demonstrates that the increased toxicity of pec-cLpyy NPs must be the
result of how the incorporation of PEG-lipid alters the physicochemical properties of the CL
vector to alter the PTX delivery mechanism and enhance efficacy.

Fluorescent imaging and flow cytometry show that PEGylation enhances CLp7tx NP uptake

in cells

Figure 3 shows fluorescent microscope images (taken on a DIC microscope in fluorescence
mode) of cells treated with CL NPs loaded with green fluorescent PTX (PTXgs) at low
magnification. The pTxgf (OregonGreen® 488-PTX), as previously described3?, is somewhat
more soluble in water than unmodified PTX; however, it still retains its binding affinity to
tubulin and is hydrophobic such that it preferentially partitions into lipid membranes.
Therefore, it is expected to be an accurate qualitative indicator of the activity of unmodified
PTX. prxgs (ThermoFisher reports a typical working concentration for live cell microtubule

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 January 08.
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imaging is 1 OuM and that no toxicity to HeLa cells is observed at 1 pM) is less cytotoxic
than unmodified PTX (typical working concentration is 0.1 uM); at the pTxgf concentrations
used in our experiments (400 nM and 83 nM for fluorescence microscopy and flow
cytometry, respectively) we do not expect that prxgs has significant cytotoxic impacts during
imaging and flow cytometry that could obscure the results.

PEGylation of CLPTX NPs induces major differences in the PTXgg association with cells.
The fluorescence from bare CLp7x NPs (Figs. 3a,c) appears as brighter concentrated spots
around the cell periphery, suggesting that there are clumps of NPs bound to the cell surface.
In contrast, the PTXgF fluorescence from pec-cLpe NPs (Figs. 3b,d) illuminates the cells and
is more diffuse and distributed across cells (indicative of PTX delivery), though brighter at
the cell perimeter. The original uncropped images as well as images from repeated
experiments are shown in Fig. S2 of the Supporting Information. The top-down fluorescence
imaging on the DIC microscope yields images showing the total fluorescence throughout the
full height of the cells.

Using red fluorescent lipid (lipidRF) and PTXGF further reveals differences in the lipid and
PTX distributions after delivery from bare CLptx NPs compared to rec-cLptx NPs. Figure 4
displays confocal fluorescent microscopy results (showing cross-sectional slices at defined
heights within the cells) for cLpx NPs of different charge density, with and without 10 mol%
PEG2K-lipid on both the M21 (a-f) and PC3 (g-1) cell lines; additional confocal images and
analysis are provided in Figures S3-5 in the SI. Cell outlines are drawn in yellow from
brightfield images (Fig. S3) at the plane where the cell is adhered to the coverslip (z = 0).
The height above this plane at which the fluorescence was recorded is reported on each
image in white font as zfor-

Several distinct features are observed in the array of images shown in Fig. 4. For both M21
and PC3 cells, the appearance of the fluorescence changes dramatically between the bare
CLptx NPs (a-c, g-i) and the pec-cLptx NPs (d-f, j-I) at each charge density. Bare CLptx NPs
typically appear as fewer, often larger and brighter spots than pec-cLyr, NPs. Much of the
fluorescence from bare CLp1x NPs is visible toward the outer edge of the cells, likely
adhering to the outside of the cells, with significantly less material entering the cells
compared to the PEG-CLpty NPs.

It is evident that more pec-cLp, NP material entered cells based on the greater number of
punctate fluorescent spots distributed throughout the cell interiors, excluding the nucleus.
Nuclei were not stained in this experiment, however the distribution of particles within the
cells, particularly in Fig. 4e, strongly suggests that the lipid (magenta) and PTX (green)
remained outside the intact nucleus (see the yellow dashed circle). Figure S4 provides
several series of z-slices that further demonstrate the differences between pec-cLpx NPs and
CLp1x NP uptake from the bottom to the top of cells.

Comparing the images of M21 and PC3 cells treated with pec-CLptx NPs, the lipidrg and
PTXgF appear to be more segregated in M21 cells. The lipidRF (magenta) partitions more
diffusely toward the cell perimeter, whereas the PTXgg (green) persists as spots in the
interior. In PC3 cells treated by pec-cLptx NPS, the lipidrr appears more punctate within the
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cell and more colocalized (white) with PTXgg, though the lipidRF has concentrated in
several areas at the PC3 cell membrane edges. The differences in colocalization are shown
more quantitatively in Fig. S5, which provides selected line scans corresponding to
fluorescence variation of each fluorophore.

The results of flow cytometry experiments reported in Fig. 5 provide a statistical measure of
the prxgs fluorescence associated with cells after delivery by CLptx NPs with 0, 5 or 10 mol
% PEG2K-lipid (CL compositions: 30 mol% DOTAP, 0/5/10 mol% PEG2K-lipid, 1 mol%
PTXgF, and the remainder porc). cLyr, NPs were incubated on cells for 5 hrs, after which the
green fluorescence of half of the CL-treated cells was measured directly by flow cytometry
to determine the total PT X associated with cells (adhesion plus uptake). The other half of
the CL-treated cells were incubated with Trypan Blue dye for 10 minutes before the
fluorescence was measured. Trypan Blue quenches the fluorescence on the outside of the
cells, thus yielding the amount of internalized PTXgf (uptake). Histograms showing the
PTXgF fluorescence intensity distribution of cells after CL NP incubation and after Trypan
Blue quenching are shown in Fig. S6 of the Supporting Information. For PC3 and M21 cells,
both the total amount of PTXGF associated with the cell (equal to the full height of the bar:
adhesion plus uptake) and the amount of internalized PTXgg (uptake, lower green bar only)
increases as the mol% of PEG2K-lipid increases. Moreover, the fraction of internalized
PTXgr out of total PTXf (reported as percentage on bar) is greater for PEGylated CLp1x
NPs. Similar flow cytometry experiments were performed to determine the effect of charge
density. The trends as a function of charge density appear to be cell line dependent. This data
is provided in Fig. S7. These results agree with the data reported in Fig. 5 wherein both
PTXgr adhesion and uptake are consistently enhanced by PEGylation.

PEGylation decreases PTX solubility in lipid membranes

We have shown that PTX membrane solubility affects CLptx NP efficacy3* Therefore, we
assessed the effect of PEGylation on the solubility of PTX in CL membranes at room
temperature over time. Due to the hydrophobic nature of PTX and its propensity to form
stable crystals in aqueous solution, the appearance of PTX crystals indicates PTX release
from liposomes34:37, Figure 6 displays DIC microscopy images and kinetic phase diagrams
generated from those images which show that PEGylation slightly decreases PTX solubility
in CLptx NPs. Data is shown for both unsonicated (Fig. 6a) and sonicated (Fig. 6b) CLpTx
NPs. The colored blocks in the phase diagrams indicate the solubility front for PEG-CLPTX
NPs, whereas the black line demarcates the solubility front for the corresponding bare
CLp1x NPs. Consistent with the decreased duration of solubility, PTX crystals formed from
PEG-CLs were typically shorter, thinner and more numerous than those originating from
bare CLs, indicating that more nucleation sites occurred in the PEG-CLs (see Fig. 6¢).

Cryogenic TEM reveals different vesicle and micelle structures as a function of CLptx NP

composition

We used cryogenic TEM (cryo-TEM) to evaluate the structures of particles as a function of
liposome composition. The solvent in all the samples is deionized water and all samples
were sonicated 24-36 h prior to vitrification. The images reveal a significant morphological
dependence on both charge density and PEGylation. We compared neutral liposomes (0 mol
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% DOTAP, 97 mol% DOPC, 3 mol% PTX) to DOTAP/DOPC CLs containing 50 or 80 mol
% DOTAP, bare or with 10 mol% PEG2K-lipid.

The bare neutral liposomes appear to be in a pure bilayer phase (Fig. 7a white arrows); there
is no indication of micelles. The incorporation of 10 mol% PEG2K-lipid to the neutral
liposomes induces the formation of discoidal micelles (Fig. 7d and enlarged box in 7g). The
disk shape is identified primarily by the appearance of elliptical shapes (green solid arrows),
which correspond to disks tilted at an angle between parallel and perpendicular to the
imaging plane. When the disks are at a full 90° (perpendicular) tilt, they appear to be dark
rods (green arrowheads). When the disks are parallel to the imaging plane, they appear to be
faint circles (dashed green arrows) whose appearance is markedly different from that of
vesicles. Vesicles (white arrows) have dark outlines, reflecting the higher electron density at
the edge of a sphere projected on two dimensions. Discoidal micelles, also known as
“bicelles” (Fig. 1), have a more uniform electron density across the face of the micelle, with
perhaps some crowding at the edge where the hydrophobic layer is capped. The PEGylated
neutral liposomes exhibit a coexistence of vesicles and disc micelles.

The introduction of univalent cationic lipid to bare neutral lipid decreases the median vesicle
size (see supplemental Fig. S8) and simultaneously leads to the formation of giant tubular
vesicles reminiscent of “block liposomes”, which are giant liposomes that have distinct
tubular and spherical shaped sections (labeled “Block CLs” in the split panels in Figs. 7b-
¢)80-62_ Cationic lipid appears to also induce the formation of very small discoidal (green
arrows), rod, or spherical micelles (orange arrows and circles) as indicated in Figure 7. It is
difficult to distinguish the three-dimensional forms of the micelles based on the two-
dimensional EM images (Fig. 7i). What appear to be rods in 2D (orange arrows), may be
either discs edge-on to the imaging plane or actual rods. Similarly, the very small dots
(orange circles) may be spherical micelles or rods tilted end-over-end. Overall, the bare
charged membranes contain a mixture of block liposomes, vesicles, and micelles.

Importantly, when PEG is added to charged membranes (Figs. 7e—f), it eliminates the giant
tubular liposomes observed in the bare (50 and 80 mol% DOTAP) CL formulations. Disk
micelles dominate in the PEGylated sample at 50 mol% DOTAP (Fig. 7e); however, as the
charge increases further to 80 mol% DOTAP (Fig. 7f), rods and/or spheres become more
abundant. Median vesicle and micelle diameters are reported in the Sl (Fig. S8). Vesicle size
of bare liposomes decreases as a function of increasing charge from 21 nm diameter at no
charge to 12 nm at 80 mol% DOTAP. There was no significant size difference between
PEGylated vesicles of 50 and 80 mol% DOTAP (16 nm) following a median size decrease of
about 3 nm from no charge (19 nm) to 50 mol% DOTAP. The micellar objects in the bare
samples with 50 and 80 mol% DOTAP had median lengths of 8 nm. Conversely, the micelles
in the PEGylated samples continue to decrease in diameter as a function of increasing
charge, from a disc diameter of 20 nm at neutral charge to 11 nm at 50 mol% DOTAP and 8
nm at 80 mol% DOTAP, which reflects the appearance of smaller micellar rods and/or
spheres. In bare liposomes, no micelles form without cationic lipid, while greater than half
the objects observed in EM are micelles at or above 50 mol% DOTAP. The number fraction
of micelles increases from 0.4 to over 0.7 as the charge of the PEGylated liposomes
increases (Fig. S8). Figure S8 also shows the z-averages measured by DLS of CL NPs with
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0, 5, and 10 mol% PEG2K-lipid at 30, 50, and 80 mol% DOTAP; however, the DLS
technique is not equipped to yield an accurate measure of the complex, polydisperse CL NP
samples reported here. Phase separated PTX had a conspicuous appearance in cryo-TEM
images, forming 100-200 nm thick needle-like crystals with persistence lengths much larger
than the imaging frame (shown in Fig. S9).

Discussion

The cell viability, fluorescence microscopy and flow cytometry results indicate a significant
enhancement of PTX delivery and cytotoxicity to cells in vitro as a result of PEGylating
CLptx NPs. Rather than diminishing drug delivery, PEG enhances PTX uptake by cells.
This result is surprising because in other cationic NP delivery systems (such as CL-nucleic
acid NPs), PEGylation hinders particle-cell interactions by blocking attractive electrostatic
forces and decreases delivery of the therapeutic cargo compared to bare cationic
vectors?9-51, Zeta potential measurements (Supplemental Fig. S10), measured in low salt
solution (15 mM PBS), demonstrate the expected decrease of particle surface charge with
increasing PEGylation at 5 and 10 mol%, but show that a net positive charge remains.

The 1Csq dose-response curves (Fig. 2b) reveal that 25-33% less PTX drug was needed from
PEG-CLpTx NPs than bare CL,x NPs to reach equivalent cell death outcomes. When we
observed how particles interacted with cells after short CL,tx NP incubations (5 hrs) using
fluorescent confocal microscopy and flow cytometry, the differences between the bare and
PEGylated CLpx NPs were both qualitatively and quantitatively apparent. Fluorescence
confocal microscopy showed that PEGylated CLs enhanced particle internalization in both
M21 (human melanoma) (Fig. 4d—f) and PC3 (human prostate) (Fig. 4j—I) cell lines. In
addition to colocalization of lipidgr (magenta) and ptxy¢ (green) (i.e. white intact NPs),
these images indicated distinct spatial segregation of the lipidrr and prxgs after delivery by
PEG-CLs; this effect was especially pronounced in M21 cells. Here, lipidgg may have fused
with the cell membrane, as evidenced by the diffuse fluorescence concentrated toward the
outer cell periphery.

Importantly, there was a significant amount of PTXgg within the cells treated with
PEGylated CLs, largely concentrated in punctate spots in the cytoplasm, and excluded from
the nucleus (see yellow dashed region in Fig. 4e), which suggests it was confined within
endocytic compartments. In contrast, particle incubation with bare CLs (Figs. 4a—c,g—i)
yielded significantly fewer but often times brighter spots of fluorescence, either adhered to
or within cells. These fluorescent nodes frequently contained colocalized lipidgrr and PTXgg
(white) (Fig. 4a).

Flow cytometry (Fig. 5) showed increasing total PTXgr associated with cells (adhesion plus
uptake is equal to the total bar height) and higher uptake (green bar) as PEG2K-lipid was
incorporated into particles from 0 up to 10 mol%. This suggests that the reason for greater
cell-death response and lower IC-50 values is that more drug is shuttled into the cells and
internalized from the PEGylated CLpTx formulations. Furthermore, these experiments
indicated that a large amount of PTXgg delivered by bare CLs adhered to the outside of cells
but was not internalized at the 5 h time point. We can surmise this based on the low
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percentage of cell-associated PTXgf that was internalized from bare CLs. This is consistent
with the fluorescence patterns observed in confocal microscopy that also indicated bare CLs
adhered to cells but were internalized to a much lesser extent than PEG-CLSs.

In addition to PEGylation, we explored the effects of varying the CL cationic charge density
on PTX delivery. The cell viability experiment in Figure 2c (24 h CL incubation) did not
show a dependence on CL charge density for M21 cells. In contrast, PC3 cells exhibited a
small charge density dependence, with lower charge density CLs (30 mol% DOTAP)
causing greater cell death than higher charge density CLs (80 mol% DOTAP), for both bare
and PEGylated CLs. Interestingly, in confocal microscopy (5 h CL incubation), a qualitative
difference appeared in the fluorescence patterns of CL-treated cells wherein the lipidgg and
PTXgF colocalization was more pronounced for bare CLs at 30 mol% DOTAP than at 50 or
80 mol% DOTAP.

Flow cytometry results for bare and PEGylated CLs at 30, 50 and 80 mol% DOTAP are
included in the Supplemental Information (Fig. S7). These results were consistent with the
results in Fig. 5 (a separate experiment using 30 mol% DOTAP CLs) and indicate that
PEGylation enhances PTXgg uptake at all charge densities tested. However, the results vary
as a function of charge density by cell line. Cationic charge is at best secondary to
PEGylation as a contributing factor to PTX delivery in vitro, and its importance is cell line
dependent. However, based on our understanding of passive electrostatic targeting
mechanisms in systemic delivery systems, it would be important to test CLptx NP charge
density in /n vivo studies, which could reveal an environmental dependence on charge.

As previously described34, the more soluble PTX is in its delivery vector, the greater its
efficacy. As reported in the Kinetic phase diagrams in Fig. 6, the inclusion of PEG2K-lipid
somewhat shortens the time PTX is soluble in lipid membranes (i.e. drug retention). This
finding is consistent with a report from Crosasso et al.%3 on the solubility of PTX in
negatively charged bare and PEGylated liposomes determined by HPLC methods. That
PEGylation decreases PTX solubility suggests that, if anything, it would also decrease PTX
delivery. Therefore, there must be a separate mechanism to explain the delivery
enhancement. It is worth noting that in the cell viability experiments reported in Fig. 2, PTX
was loaded at 3 mol% and CLs were prepared just before incubation with cells. At this drug
loading, the PEGylated and bare CLp1x NPs exhibit similar PTX solubility, phase
separating by 12 h.

We next turned to cryo-TEM (Fig. 7) to investigate whether the morphological properties of
the CL NPs could account for the variation in PTX delivery efficacy. A detailed explanation
of distinguishing vesicles, block liposomes, and disk, rod or sphere-shaped micelles is given
in the results section; NP size analysis is reported in Fig. S8 in the Sl. In the extreme case of
uncharged membranes (0 mol% DOTAP) without PEG2K-lipid (Fig. 7a), we observe only
bilayer vesicles (white arrows) in a distribution of sizes. The median vesicle diameter of 21
nm is unexpectedly small for uncharged LNPs. The incorporation of PEG2K-lipid to neutral
membranes induced the formation of discoidal micelles with 20 nm diameter (Fig. 7d,g).
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The steric bulk of PEG extending from the lipid headgroup creates a surface tension that is
relieved when a NP assumes a disc morphology; this occurs by preferential partitioning of
the cone-shaped PEG2K-lipids (due to their large positive spontaneous curvature) to the
disc’s edge which lowers the membrane curvature elastic energy (see Fig. 1)64-%8. Discs
persist throughout the PEGylated samples, but coexist with rods and/or spheres at higher
charge density. Due to the projection of 3D objects on a 2D plane, it is difficult to determine
to what extent these objects coexist. Charged lipids, similar to PEG-lipids, are cone-shaped
and have a positive spontaneous curvature, and therefore favor forming small vesicles and
micelles with higher curvature. High charge, also like PEG, prevents NP coalescence
through repulsive electrostatic forces between discrete CL NPs; however, this stabilizing
effect is lessened in salt solution, such as cell culture medium, by charge screening.

The important remaining question is by what mechanism(s) PTX is actually delivered to
cells. Confocal microscopy revealed that bare CLptx NPs formed micron-scale clumps
adhered to the cell surface (i.e. brighter fluorescent spots observed in Figs. 4a—c,g—i). This
was most likely due to van der Waals attraction between NPs where the electrostatic
repulsion between cationic NPs was strongly suppressed in cell medium with ~ 100 mM of
1:1 salts. (The cryo-TEM samples were prepared in deionized water, so the bare CLptx NPs
were charge-stabilized.) The large aggregates of bare NPs adhered to the outside of cells (as
evidenced in flow cytometry by the drop in cell-associated PTXgf after quenching external
green fluorescence (Fig. 5)) strongly suggest there is a size barrier to cell entry by
endocytosis. In striking contrast, confocal images and flow cytometry revealed a distinct
enhancement of PEG-CLp7x NP uptake into cells.

Taken together, the data suggest a model where the steric stability of pec-cLpx NPs— in
which NP-NP aggregation due to van der Waals interactions is suppressed, independent of
the salinity conditions, by the repulsive forces of the PEG coat—is a critical factor in
facilitating cell uptake and PTX delivery by different size-dependent endocytic pathways®°2.

Although fluorescence microscopy and flow cytometry show low PTXgg uptake from bare
CLp1x NPs (Figs. 3-5) after a short incubation (5 h), the cell viability measurements (Fig.
2) demonstrate that over longer incubation periods (24 h), PTX from bare CLp1x NPs does
cause cell death, albeit at a higher dose of PTX. Due to the low uptake of bare CLyrx NPs
observed in microscopy and flow cytometry at the 5 h time point, it is likely that PTX
continues to transfer from CL to cell membrane over time, aided by electrostatic adhesion of
the particles to the cell membrane.

Since PTX is a hydrophobic molecule, we expect that it can transfer between lipid sinks
(from CLpTx NP to membrane to membrane) during collisions to reach its tubulin target,
without the need for an active release mechanism to achieve drug delivery. This model is
illustrated in Figure 8. This would explain why PEGylation does not have an adverse effect
on CLpx NP delivery as it does in other drug delivery systems where it blocks membrane-
membrane interactions essential to cell uptake and endosomal escape. The smaller, sterically
stabilized, PEGylated CLs are taken up by cells via endocytosis on shorter time scales and in
greater number than bare CLpTx NPs. This brings the PTX drug inside of the cell, fewer
steps away from its target, and facilitates delivery.
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Interestingly, in 1995 the Torchilin Group first described a generic PEG-lipid micelle system
(formulated from a single component PEG-phosphatidylethanolamine) for delivery of
hydrophobic drugs®®. In several subsequent papers they and Krishnadas et al. describe multi-
component micelle systems that incorporate egg-phosphatidylcholine and Lipofectin® lipids
(cationic) to enhance PTX loading and delivery’%-72. These results are consistent with our
findings that PEG-lipid decreases PTX solubility and further support the advantageous
inclusion of cationic lipids in NPs for PTX delivery.

At both the cellular and organismal level, NP size, shape and aspect ratio have been
observed to influence cell uptake via endocytosis as well as extravasation from systemic
circulation. In /n vivo intravenous application, non-spherical NPs are advantageous because
of margination toward blood vessel walls, which increases the frequency of collisions with
blood vessel walls”3. We did not observe in vitro PTX delivery trends that we can directly
attribute to shape differences because the bare CLptx NPs likely aggregated in cell medium
and PEG-CLptx NPs demonstrated similar cell cytotoxicity despite variations in micelle
size and shape as a function of charge density. However, CLptx NP shape may have a
greater effect on /n vivo delivery.

In contrast to a therapeutic agent like nucleic acid (medium to large in size and hydrophilic)
the small hydrophobic PTX should be able to diffuse across lipid membranes, and does not
appear to need an active release/delivery mechanism into the cell cytoplasm#?. The two main
requirements driving PTX delivery from CLs appear to be adequate solubilization3* and
PTX uptake facilitated by particle stability (maintaining CLp1x NPs at a certain size and
shape in complex media). These findings suggest that the reference formulation for these
studies, EndoTAG (aka SB05), is not an optimal delivery vehicle for PTX because the drug
is loaded at its saturation threshold and, as discussed in this report, because the bare CLPTX
NPs are not stabilized. Lessons learned about the importance of drug solubility and particle
stability from this study of PTX may be applicable for development of LNP carriers for
other hydrophobic drugs. Further development of PEGylated CLp1x NPs to incorporate
targeting ligands could enhance cell-specific uptake and improve this platform as a
chemotherapy treatment. Studies in mice (ongoing) will be crucial to determine if the
improved /n vitro PTX uptake from PEG-CLpt NPs translates to an /n7 vivo system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic drawing of disk micelle. This figure depicts a cross section of a lipid disk micelle,

also called a “bicelle”. Disk micelles are formed by the addition of PEG-lipid to liposomes,
which are typically bilayer vesicles. PEG-lipids (dark blue with orange projection)
preferentially partition to the edge of the bilayer to relieve surface tension created by the
bulky PEG headgroup, capping the bilayer edges to form disks.
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Figure2:

C(?II viability of M21 and PC3 cells after treatment with bare and PEGylated CLp1x NPs. ()
Cell viability after treatment with CLp1x NPs of varied PEG2K-lipid content (0-14 mol%)
at a fixed PTX dose for each cell line (M21 = 60 nM, PC3 = 50 nM); CL composition:
PEG2K-lipid, DOTAP, DOPC, PTX (Xpgg:30:67-Xpeg:3 mol%). (b) ICsq determination of
bare and 10 mol% Pec-cLptx NPs; CL composition: PEG2K-lipid, DOTAP, DOPC, PTX
(XpeG:50:47-Xpgg:3 Mol%). (c) Cell viability after treatment with bare and PEGylated
CLp1x NPs of varied membrane charge density at a fixed PTX dose for each cell line (M21
=50nM, PC3 =40 nM); CL composition: 0/10 mol% PEG2K-lipid, 30/50/80 mol%
DOTAP, 3 mol% PTX, 97-Xpeg-XpoTap Mol% DOPC. (d) Control experiment assessing
toxicity of PEGylated CLs without PTX over a range of lipid concentrations; CL
composition: PEG2K-lipid, DOTAP, DOPC (10:50:40 mol%).
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bare 10% PEG

M21
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Figure 3:
Fluorescent microscope images of M21 and PC3 cells in medium treated with bare and

PEGylated CLptx NPs. M21 (a,b) and PC3 (c,d) cells were incubated with either bare (a,c)
or PEGylated (b,d) CLNPs fluorescently labeled by PTXgg for 5 h. CL composition:
PEG2K-lipid (0/10 mol%), DOTAP (30 mol%), PTXGF (3 mol%), and DOPC (remaining
mol%). Scale bars are 100 pm.
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Figure 4:
Fluorescent confocal microscopy of bare and PEGylated CLpTyx NPs incubated with M21

and PC3 cells in medium. M21 (a-f) and PC3 (g-I) cells were incubated with CLNPs of
different charge density and PEGylation, fluorescently labeled by lipidgr (magenta) and
PTXgF (green). Solid yellow lines show cell outlines estimated from brightfield images at
the plane adhered to the glass coverslip (z = 0) (see Supporting Information); zgor in White
indicates the distance above z = 0 that the fluorescent image corresponds to. The nuclear
region in (e) is indicated by the yellow dashed line. CL composition: PEG2K-lipid (0/10 mol
%), DOTAP (30/50/80 mol%), PTXgE (3 mol%), TRITC-DHPE (0.2 mol%), and DOPC
(remaining mol%). Scale bars are 20 pm.
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Figure5:
Flow cytometry measurement of pxqs uptake after delivery from bare or PEGylated CLp1x

NPs. CLptx NPs loaded with 1 mol% ptxgf and 0, 5, or 10 mol% PEG-lipid were incubated
with (a) M21 and (b) PC3 cells in medium for 5 h before measuring the cell-associated
PTXgF by flow cytometry. First, the total pTxg¢ fluorescence associated with cells was
measured and is reported as the total height of the bar (adhesion + uptake). Second, the same
measurement was performed after quenching the fluorescence on the outside of cells with
Trypan Blue dye to yield the amount of prxg¢ that was inside of cells (uptake). The fraction
of PTXgr that was taken up by cells with respect to the total amount of PTXgg associated
with cells is reported as a percentage on each bar. CL composition: PEG2K-lipid (0/5/10
mol%), DOTAP (30 mol%), pTx4¢ (1 mol%), and DOPC (remaining mol%).
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Figure6:
PTX solubility in lipid membranes as a function of sonication, PEGylation and drug loading.

Kinetic phase diagrams indicate the duration of PTX solubility in (a) unsonicated and (b)
sonicated liposomes after lipid film hydration. Blue indicates PTX solubility in PEGylated
membranes; pink indicates when PTX is likely to have phase separated. PEGylated CL
composition: PEG2K-lipid, DOTAP, DOPC, PTX (10:50:40-Xp1x:XpTx M0l%). The black
reference line indicates the solubility boundary for bare liposomes (ho PEG); bare CL
composition: DOTAP, DOPC, PTX (50:50-xpx:XpTx M0I%). (c) DIC microscopy images
of PTX crystals from unsonicated bare and PEGylated liposomes, loaded with 2—4 mol%
PTX; the time since lipid hydration is indicated on the images. Scale bars are 100 pm.
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Figure 7:
CryoTEM micrographs show the effects of PEGylation and membrane charge density on NP

morphology. In (a) neutral uncharged membranes (0 mol% DOTAP) without PEG-lipid form
bilayer vesicles (white arrows). As PEG-lipid and/or charged lipids (b-f) are incorporated
into the liposome formulations, the average vesicle size decreases and disc- (green
arrowheads, solid and dashed arrows indicate different disc tilts), rod- (orange arrows) and
sphere-shaped (orange circles) micelles emerge. Larger views of the dashed boxes in (d), (e),
and (c) are shown in (g), (h), and (i), respectively. See text for more information regarding
the micelle shapes.
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Schematic representation of proposed PTX delivery mechanism from CLptx NPs. PTX may
be able to transfer directly from CLp1yx NP to plasma and endosomal membranes without

the need for an active release mechanism from the nanoparticle. From there, PTX can

interact with tubulin in the cytoplasm.
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