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Abstract: Carrier-mediated delivery of drugs into the cytosol is often limited by either release
from the carrier or release from an internalizing endolysosome. Here, loading, delivery, and
cytosolic uptake of drug mixtures from degradable polymersomes are shown to exploit both the
thick membrane of these block copolymer vesicles and their aqueous lumen as well as pH-
triggered release within endolysosomes. Our initial in vivo studies demonstrate growth arrest
and shrinkage of rapidly growing tumors after a single intravenous injection of polymersomes
composed of poly(ethylene glycol)—polyester. Vesicles are shown to break down into membrane-
lytic micelles within hours at 37 °C and low pH, although storage at 4 °C allows retention of
drug for over a month. It is then shown that cell entry of the polymersomes into endolysosomes
is followed by copolymer-induced endolysosomal rupture with release of cytotoxic drugs. Above
a critical poration concentration (Ccpc) that is easily achieved within endolysosomes and that
scales with copolymer proportions and molecular weight, the copolymer micelles are seen to
disrupt lipid membranes and thereby enhance drug activity. Neutral polymersomes and related
macrosurfactant assemblies can thus create novel pathways within cells for controlled release
and delivery.
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Introduction pathways for delivery of therapeutics and dyes. Cationic
Some polymeric carrier systems, such as cationic polymerspolymers mediate endosomal rupture through a “proton

used to condense DNA, can create their own intracellular Sponge” effect= However, positive charge in vivo leads

to clearance within minutes from the circulatiba,problem
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Table 1. Properties of Amphiphilic A-B Diblock
Copolymers Studied

show that cocktails of water-insoluble TAX with water-
soluble DOX lead to better tumor regression compared to

copolymer  formula M core thickness, either drug aloné? but carriers for both of these drugs can
name AmBn (kg/mol)  PD  feo d (nm) better ensure simultaneous delivery to each cell while
OCL1  EO46-Clys 48 119 042 9.3 extending drug circulation times and limiting off-target
oL2 Eolog-LAse 10.0 1.16 0.49 11.4 101 1 i
OB18 EOBDy 104 110 029 148 toxicity. TAX loaded into liposome membranes reduces both

the toxicity typical of TAX emulsion¥ and TAX’s neuro-
(PEG)® Block copolymer vesicles made from PEG-based toxicity,1” but high concentrations of TAX destabilize thin
amphiphile$™* directly integrate such a brush into every |ipig membrane3? This has motivated the development of
molecule. As a result, these neutral vesicles or “polymer- copolymer micelles with cores tailored to hydrophobic
somes” avoid rapid clearance by the liver and spleen and drugs!®? Likewise, liposomal DOX and polymer-based
can thus circulate intact for more than a day in fafghis DOX carriers limit rapid excretion of free dréig?? as well
now motivates the design of polymer-based mechanisms for g cardiotoxicity? but liposomes often prove leaky and lipid
drug entry into cells, or more specifically drug entry into  pgG-ylation limits drug release at the tuni®iControlled

cell cytoplasm. Here we illustrate how drug-loaded poly- (elease polymersom®swith thick membranest? for TAX
mersomes based on PEG-(polylactic acid, PLA) and PEG- |pading as well as aqueous interiors for DOX loading address
(polycaprolactone, PCL) (Table 1) not only carry diverse the above issues of long circulation and release, and perhaps

to subcellular targets, and shrink tumors. endosomal escape.

The drug-loaded polymersomes described here exploit the
combination of a thick wall for a hydrophobic drug such as
paclitaxel (TAX) and a vesicular lumen for a hydrophilic
drug such as doxorubicin (DOX). Recent clinical studies

(15) Amadori, D.; Frassineti, G. L.; Zoli, W.; Milandri, C.; Serra, P.;
Tienghi, A.; Ravaioloi, A.; Gentile, A.; Salzano, E. Doxorubicin
and paclitaxel (sequential combination) in the treatment of
advanced breast canc&ncology1997 4, 30—33.

(3) Putnam, D.; Gentry, C. A.; Pack, D. W.; Langer, R. Polymer-
based gene delivery with low cytotoxicity by a unique balance of
side-chain terminiProc. Natl. Acad. Sci. U.S.&£001, 98, 1200
1205.

(16) Dorr, R. T. Pharmacology and toxicology of Cremophor EL

diluent. Ann. Pharmacotherl994 28, 11—14.

(17) Park, J. W. Liposome-based drug delivery in breast cancer

treatmentBreast Cancer Re002 4, 95-99.

(4) Barron, L. G.; Gagne, L.; Szoka, F. C. Lipoplex-mediated gene (18) Immordino, M. L.; Brusa, P.; Arpicco, S.; Stella, B.; Dosio, F.;

delivery to the lung occurs within 60 minutes of intravenous
administrationHum. Gene Therl999 10, 1683-1694.

(5) Klibanov, A. L.; Maruyama, K.; Torchilin, V. P.; Huang, L.
Amphipathic polyethyleneglycols effectively prolong the circula-
tion time of liposomesFEBS Lett.1990 268 235-237.

(6) Discher, D. E.; Eisenberg, A. Polymer vesicl&gience 2002
297, 967-973.

(7) Graff, A.; Sauer, M.; Van Gelder, P.; Meier, W. Virus-assisted
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2002 99, 5064-5068.
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Science2003 300, 615-618.
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183-1809.
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2002 13, 453-461.
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Here, as initial motivation for mechanistic studies, degrad- (+ Oregon Green as a conjugate), Lysotracker Blue, Hoechst
able polymersomes containing high drug loads of both TAX dye, fluorescein-5-carbonyl azide, and tetramethylrhodamine-
and DOX are first shown to localize within human tumors 5-carbonylazide (TMRCA) are from Molecular Probes
in nude mice and shrink the tumors significantly within a (Eugene, OR). Dialysis tubing is from Spectrum Laboratories
day. In vitro time scales of polymersome activity appear very (Rancho Dominguez, CA), and dram vials are from Fisher
similar, with mechanisms based in part on copolymer- Scientific (Suwanee, GA). The TUNEL cell death detection
induced endolysosomal rupture due to high confinement kit is from Roche Diagnostics (Mannheim, Germany). DOX,
concentrations. To help clarify copolymer lysis mechanism, PKH26 red, PKH74 green, sucrose, nocodazole, genistein,
coarse-grained molecular dynamics simulations show how chlorpromazine, ammonium chloride, chloroform, phosphate
polymeric macrosurfactants can interact with cell membranesbuffer (PBS), and MES buffer are all from Sigma (St. Louis,
(above a critical interaction concentration) and create path- MO).
ways for cell-level therapy. Fluorescent tagging of OL2 block copolymer with TM-

CRA® shows two fully resolved peaks on a C18 HPLC
Materials and Methods

Copolymers and Chemicals.Diblock copolymer&® are (37) Saul, J. M.; Annapragada, A.; Natarajan, J. V.; Bellamkonda, R.
listed in Table 1. EO is ethylene oxidd,, is number-average V. Controlled targeting of liposomal doxorubicin via the folate
molecular weight, and PD is the polydispersity index. Mean receptor in vitro.J. Controlled Releas2003 92, 49-67. _
hydrophobic molecular Weigﬂmh ~ Mn(l _ on), and chain (38) Suh,_ J.; Daw_son_, M.; Hanes, J. Real-tlme_ multiple-particle
lengths of the hydrophobic blocks provide a simple scaling tracking: applications to drug and gene deliveAdy. Drug

. Delivery Rev. 2005 57, 63—78.
~ 0.5552
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C.; Bally, M. B. pH gradient loading of anthracyclines into  (42) Hubbell, J. A. Enhancing Drug Functiddcience2003 300, 595
cholestrol-free liposomes: enhancing drug loading rates through 596.
use of ethanolBiochim. Biophys. Act2004 1661, 47—60. (43) Cho, M. J.; Asokan, A. Exploitation of Intracellular pH gradients

(28) Grayson, A. C.; Cima, M. J.; Labnger, R. Size and temperature in the Cellular Delivery of Macromoleculed. Pharm. Sci2002
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reservoir device performanddiomaterials2005 26, 21372145. (44) Mellman, I.; Fuchs, R.; Helenius, A. Acidification of the Endocytic

(29) Ivanova, T.; Panaiotov, I.; Boury, F.; Proust, J. E.; Benoit, J. P.; and Exocytic PathwaysAnnu. Re. Biochem 1986 55, 663—
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spread on basic or acidic subphas@éslloids Surf., B1997, 8, (45) Lee, S. C.; Kim, C.; Kwon, I. C.; Chung, H.; Jeong, S. Y.
217-225. Polymeric micelles of poly(2-ethyl-2-oxazoline)-block-paly(

(30) Belguise, K.; Kersual, N.; Galtier, F.; Chalbos, D. FRA-1 caprolactone) copolymer as a carrier for paclitadeControlled
expression level regulates proliferation and invasiveness of breast Release2003 89, 437—446.
cancer cellsOncogene2005 24, 1434-1444. (46) Francis, M. F.; Dhara, G.; Winnik, F. M.; Leroux, J.-C. In vitro

(31) Hashizume, H.; Baluk, P.; Morikawa, S.; McLean, J. W.; Thurston, evaluation of pH-sensitive polymer/niosome complexBm-

G.; Roberge, S.; Jain, R. K.; McDonald, D. M. Openings between macromolecule2001, 2, 741—-749.
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column (methanol solvent), with retention times of 1.45 min
(free dye) and 2.89 min (dygolymer conjugate). Peak
analysis indicates polymer labeling efficiencies of 44% and
less than 5% free dye after extensive dialysis.
pH-Dependent Stability of PolymersomesPEG-PLA or
PEG-PCL blended with inert copolymers (e.g., PEG-PBD

and TAX at 7.5 mg/kg; 0.1 mL injected of 10 mg/mL
copolymer equates to 0.5 mg/mL with blood dilution and
37.5 mg/kg). Control groups receive intravenous doses of
either empty vesicles, saline, or free drugs at their combined
maximum MTD (DOX at 1.5 mg/kg; and TAX at 1.0 mg/
kg). Combination therapy is preferred over individual drug

(PEG-polybutadiene)) provides broad control over release treatments because of the synergistic potency of dual drug

kinetics, with hydrolytically triggered poration proving first-
order and dependent on degradation from hours to w8eks.

formulations observed in initial MTD measurements. MTD
of combination (DOX+ TAX)-loaded polymersomes (DOX

Degradable polymersomes here are composed of 25/75 moht 2.5 mg/kg; and TAX at 2.5 mg/kg) is less than that of

% OL2/0OB18. These plus inert vesicles of OB18 are
prepared by hydration in various aqueous bufféStability

of giant vesicles is evaluated as a function of pH (5.5 and
7.4) and temperature (4C and 37°C) in closed chambers

DOX-polymersomes X10 mg/kg) and TAX-loaded poly-
mersomes (7.5 mg/kg). Tumor siz&€$EM) is measured in
two orthogonal dimensionsl{ x L;)/2] at 1—7 days for
each treatment group, and tumor size data for (D®X

of isotonic PBS and HEPES buffers. Nanosized vesicles areTAX)-loaded polymersomes is normalized to the tumor size

obtained by sonication, freez¢haw, and extrusion through
0.4, 0.2, and 0.}1sm polycarbonate filter$?

Preparation of Drug-Loaded PolymersomesLoading
of TAX is done after vesicle formation. TAX (in MeOH) is

of saline and empty vesicle control groups. Apoptosis in
tumor tissue, 48 h post polymersomgrug injection, is

detected by Tdt-mediated dUTP nick-end labeling (TUNEL)
using a commercial kit according to the manufacturer’s

injected in the vesicle suspension with excess drug removedinstructions as previously describ&d.

by extensive dialysis. Drug-loading efficiencies are deter-
mined by HPLC after drying and redissolving in MeOH. This
polymer—drug solution is injected into a C18 column with

Cell Culture, Internalization, and Cytotoxicity. Human
breast cancer epithelial cells, MDA-MB231, are grown in
glucose-rich, pyruvate-free DMEM (Life Technologies, Inc.),

MeOH as the mobile phase and detection of absorbance abnq hyman lung carcinoma cells A549 (ATCC) in F12 Ham

220 nm.
DOX is loaded into polymersomes by a pH-gradient
method developed for liposome&sBy hydrating vesicles in

media. Both cultures are supplemented with 10% fetal bovine
serum (BM), 2 mM glutamine, 100 units of penicillin, and
100ug of streptomycin and maintained at 3Z in 5% CQ

citrate buffer (300 mOsm, pH 4.0), a pH gradient is created 5nq 9504 humidified air. Cells were plated in 24-well plates
across the vesicle membrane upon dialysis into pH 7.4 PBS(los cells/mL) and cultured for 24 h before polymersome

buffer (4 °C). Adding weakly basic DOX allows for its

permeation, protonation, and entrapment, with unencapsu-

lated DOX removed by dialysis (MWCO 1 MDa) at°C.
Encapsulation efficiency is determined using fluorescence
and HPLC (Supplementary Figure 1, Supporting Information)
and for polymersomes exceeds 60% of added drug, with
drug/copolymer ratios of approximately-2 molecules of
drug per copolymer. Dual (DOX TAX)-loaded polymer-
somes are prepared by sequential loading. Efficiency of TAX
loading is measured prior to DOX loading and rechecked
independently of excess DOX. All vesicle formulations are
sized down by sonication, freezéhaw cycles, and extrusion
as abov# for subsequent in vitro and in vivo studies.

Cryogenic Transmission Electron Microscopy (Cryo-
TEM). Details of cryo-TEM imaging of nanopolymersomes
are found in ref 12.

In Vivo Antitumor Activity in Human Breast Carci-
noma Xenograft Model. Tumors have been established in
nude mice by a single subcutaneous injection of 20°
MDA-MB231 cells with 4 mice total/group. Tumors are
allowed to grow to a mean tumor size-90.5 cn?. A single
tail-vein injection is done at a maximum tolerated dose
(MTD) determined beforehand (as body weight 1655%)
of (DOX + TAX)-loaded polymersomes (DOX at 3 mg/kg;

addition.

Cell uptake of empty nanopolymersomes is determined
by incubating fluorescently tagged vesicles with MDA cells.
For tracking vesicles, 5 mol % of OB18 copolymer is
covalently labeled with fluorophore and blended into the
vesicles. For temperature studies, cells are preincubated at
the designated temperatures fb h prior to addition of
polymer vesicles. Inhibitors of vesicle uptake include sucrose
(450 mM), nocodazole (1@g/mL), genistein (20@M), and
chlorpromazine (1g/mL) with preincubations for 1 h, at
37 °C. Following addition of fluorescently labeled vesicles,
cells are washed with serum-free media and visualized in
fluorescence (6Q, 1.4 numerical aperture).

The two cancer cell lines are exposed to free drugs or
nanopolymersome formulations of various dilution for 3 or
12 h, washed with media, and then incubated drug-free either
for toxicity kinetics or, after 24 h, for doseesponse.
Cytotoxicity is assayed colorimetrically: MTT reagent (in
PBS) is added to 0.5 mg/mL, dra 3 hincubation at 37C
allows viable cells to reduce the yellow MTT solution to
blue Formosan crystals that are soluble in detergent. Absor-
bance at 550 nm of wells was measured with a microplate
reader (Molecular Devices; Palo Alto, CA).

(53) Mayer, L. D.; Bally, M. B.; Cullis, P. R. Uptake of adriamycin
into large unilamellar vesicles in response to a pH gradient.
Biochim. Biophys. Actd986 857, 123-126.

(54) Persad, R.; Liu, C.; Wu, T.-T.; Houlihan, P. S.; Hamilton, S. R.;
Diehl, A. M.; Rashid, A. Overexpression of caspase-3 in hepa-
tocellular carcinomasviod. Pathol 2004 17, 861—-867.
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Figure 1. Drug loading, release, and antitumor activity of degradable polymersomes. (A) Cryo-TEM image of DOX- and TAX-
loaded nanopolymersome. DOX permeates and precipitates as an aggregate (ppt., circumscribed) within the PEG-PLA-based
vesicles, whereas TAX intercalates into the ~10 nm thick hydrophobic core visible with fluorescent-TAX (Supplementary Figure
1). (B) Degradable giant vesicles visibly porate and release encapsulants in isotonic PBS, pH 7.4 at 37 °C and even faster in
isotonic HEPES, pH 5.5 at 37 °C (tpnss = 0.497p47.4); but the vesicles are stable in PBS at 4 °C. (C) Solid tumors shrink after
a single injection of (DOX + TAX)-loaded polymersomes. Tumors are obtained by implanting human breast cancer derived cells
(MDA-MB231; 2 x 108 cells) subcutaneously in nude mice, and then allowing the resulting nodule to grow to a diameter of
about 0.5 cm? (arrow). For treatment, either drug-loaded polymersomes (red), free drug (blue), or empty polymersome or saline
control was injected in the tail vein (4 mice per group). Tumors in both control groups double in size within 2 days, whereas the
tumor area (mean + SD) with drug-loaded polymersomes shrinks. The relative tumor area accounts for growth suppression
plus shrinkage and is fit with a two-step model in the text that parallels in vitro studies of polymersomes.

Results and Discussion is indeed accelerated with mild acidity, but temperature shifts

Drug-Loaded, Degradable PolymersomesPartitioning ~ Can have a greater effect. At pH 5.5 and“87, conditions

of insoluble TAX into the polymersome membranes appears '€lévant to endolysosomes, the majority of vesicles are
almost 10-fold more efficient (per mass) than reported for Porated within -2 days (Figure 1B), with chain degradation

liposomes® The difference is most likely due to the much Cconfirmed by HPLC (Supplementary Figure 2, Supporting
thicker membranes of polymersomes (Figure 1A) compared Informatlon). Time constants nearly double in neutral l?uffer
to liposomes (with~3 nm thick cores). DOX is also readily ~ (Figure 1B). At 4°C, however, leakage from both vesicles
loaded into polymersomes using a pH-gradient method in IS minimal, with <5% of encapsulant lost after 1 month,
which neutral DOX (DOX) permeates the polymersome and which is convenient for storage of vesicles. We estimate from
coprecipitates as charged DOXvith citrate in the lumen, such temperature studies an activation energy for hydrolysis
leading to fibrous aggregates visible in cryo-TEM (Figure (at pH 7) of about 40 kJ/mol, which compares well with
1A), as seen previously with liposom&sFluorescence  hydrolysis of aqueous polyesters.
imaging of DOX within giant vesicles together with HPLC Shrinking Tumors with (DOX + TAX)-Polymersomes.
analysis (Supplementary Figure 1) establishes loading ef-Solid tumors in nude mice were obtained by subcutaneous
ficiencies similar to those of liposomés. injection of MDA-MB231 human breast cancer cells. These
Polyester hydrolysis is widely exploited for biocompatible cells are known for yielding highly invasive, hormone-
applicationd and is well-known to be accelerated by acidic independent models of breast tum&Such tumors are also
pH .2 but polyester-based copolymer vesicles are new to known to have a leaky vasculature that allows permeation
exploit the phase behavior of block copolymer amphiphiles. of nontargeted carriers by the well-known enhanced perme-
PEG-PLA-based vesicles show that hydrolysis of the PLA ation and retention (EPR) effett.
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Table 2. Polymersome Kinetics in Vivo and in Vitro

time
DOX injected constant
as Free Drug process (h) figure eq
in vivo
tumor uptake of polymersome 1 1C 1
cytotoxicity and growth inhibition 16—-18 1C 1
in vitro
cell uptake of polymersome 1-2 5 2
polymersome cytotoxicity in cell culture ~ 10—12 4B
polymersome-induced membrane lysis 12 6B
DOX-loaded endolysosomal escape 12—-14 5 2
Polymersome drug release in dialysis (pH 5.5) 17-19 4A

delivery andr; = tioxic = 16—18 h for subsequent cyto-
toxicity. Below we relate these time constants to cellular

Figure 2. Fluorescent detection of free DOX and polymer- pathways of polymersome-based delivery in vitfoom
some-encapsulated DOX in tumor sections. Sections were vesicle entry and endolysosomal rupture to cytotoxic effects
made 5 um thick; scalebar is 20 um. Large increases in paying particular attention to a similarity in kinetics. Table
fluorescent punctates (>100 vesicle spots per section) were 2 summarizes the fit above and those that follow below.
observed in tumors 24 h after polymersome—drug treatment. In Vitro Uptake and pH-Enhanced Release from

Degradable PolymersomesTo first clarify vesicle entry,

On the day of treatment, tumors in all control and treatment fluorescently labeled polymersomes were added to cultures
groups were approximately the same size (Figure 1C, upperof breast cancer cells using polymersome concentrations
inset). Single injections of either (TAX DOX)-polymer-  similar to those in vivo. Subsequent imaging (shown herein)
somes or free drugs at their maximally tolerated dose (MTD) indicates that vesicle uptake saturates within hour(s), which
or else controls (systemic injection of buffer or empty s consistent with internalization of PLGA nanoparticlés.
polymersomes) were then followed by daily monitoring of vesicles initially appear punctate throughout a cell, but by
tumor sizes relative to controls. Whereas the control tumors 10 h they appear to have accumulated in the perinuclear
continued to grow and double in size within about 2 days, region (Figure 3A). Savic and co-work&tsave shown that
the polymersome treatments shrank these rapidly growingPEG-PCL copolymer micelles will also enter cells and
tumors, which showed no significant increase in tumor size redistribute.
out to 5 days. Tumors treated with free drugs did not shrink  The PEG-ylated polymersomes here lack any specific
and had instead grown 50% by 5 days. Drug-loaded targeting moieties and are also “stealthy” (showing minimal
polymersomes thus blocked tumor growth or cell prolifera- phagocytosis) for many houté33which tentatively suggests
tion (expected of TAX) and also killed cells (expected of that polymersome uptake occurs in proportion to local
DOX and TAX). We plot in Figure 1C the relative tumor  concentration via fluid phase pinocytosis. Such entry still
size after polymersome injection in order to compare the in has active features and can couple to other internalization
vivo kinetics to in vitro kinetics. pathways. Indeed, incubation at°€ (for 4 h) reduces

DOX fluorescence allows for direct visualization of drug  polymersome pinocytosis by almost 90% compared to 37
accumulation in the tumor and shows, 24 h after injection, °C. Similar temperature_dependent reductions in uptake
punctate fluorescence for drug-loaded polymersomes but only(~80%) have also been seen with PLGA nanoparti#les,
diffuse fluorescence for free drug (Figure 2). The polymer- pointing to energy dependent processes of internalization.
somes evidently release their drug because they also causgurther treatments show mixed effects. Polymersome uptake
massive tumor cell apoptosis within 48 h of treatment, as js not affected by microtubule disruption with nocodazole,
assessed by TUNEL staining (data not shown). which is known to limit intracellular trafficking and may

The in vivo results suggest that systemic injection of affect perinuclear localizatiof.In contrast, polymersome
polymersomes leads first to vesicle localization, with time uptake decreases t630% of controls in a hypertonic culture
constant typake and subsequent cytotoXiCityioxic. Past  medium achieved by adding sucrose, which tends to shrink
analyses of systemic delivery to tumors by stealth liposomescells and inhibit endocytosi.Such results appear consistent
using the EPR effect have also exploited relatively simple with recent reports for 200 nm bedélss well as PLGA
two-time-constant modefS. We fit our in vivo tumor  particle uptake via pinocytosiInhibiting clathrin-mediated
shrinkage results (Figure 1C) with a simple two-step, endocytosis (with chlorpromazine) and caveolae-mediated

X — Y — Z pharmacokinetic model: endocytosis (with genistein) also reduces polymersome
. - internalization (to 38% and-20%, respectively), which is
tumor size= 1.0 — {A[(1/7) — (1/rp)] 31 — (1) similar to results for inhibited uptake of 50 nm be&tSelect

exp(t/t,) + (/) exptiz,)] (1) energy-dependent import pathways thus appear coupled in
what tentatively appears to be pinocytotic uptake of the
Our fit yieldst; = typake= 1 h for localization after systemic  nontargeted polymersomes here.
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Figure 3. Intracellular delivery and toxicity in cell culture of
DOX- and TAX-loaded polymersomes. (A) Overlap of bright
field and fluorescence images of DOX (red) delivered by
polymersomes (green-labeled copolymer) that are either
degradable or nondegradable. Cells were exposed to DOX-
polymersomes (15 ug/mL DOX in 0.5 mg/mL copolymer) for
3 h (saturated uptake), then washed, and imaged over 24 h.
Scale bar is 5 um. (B) In vitro delivery and dose—response
of TAX-loaded polymersomes versus free drug. TIRF-imaged
cellular internalization of fluorescent-TAX polymersomes. After
24 h, cell proliferation was determined by MTT assay and cell
death fit with standard dose—response curves of the form y
= (100%)KP/(KP + xP). Empty polymersomes have no effect
on viability.

Cellular Localization and pH-Enhanced Release from
Degradable Polymersomes.Drug delivery and release

(Figure 4A) with time constants afeease= 18 h, which is
remarkably similar to tumor shrinkage times (Figure 1C;
Table 2). In neutral pH buffer, dialysis gives considerably
longer time constants. In addition, leakage from the non-
degradable vesicles (of OB18) is severalfold slower.

In contrast to polymersome-based delivery, DGidded
as a free drug to cell culture diffuses across cell membranes
(leading to cardiotoxicity in organisms) and permeates far
more rapidly than across polymersome membranes (on the
basis of loading times). Upon permeation of free drug, DOX
fluorescence fills the entire cytoplasm and nucleus, and after
many hours, membrane blebs emerge, indicative of necrosis
that is not seen with polymersome delivery. DOX delivery
with conventional liposomes can be more ambiguous and
sometimes causes only a delay in proliferafién.

The results above suggest that internalization of polymer-
somes followed by centripetal transport to the nucigus
fosters drug binding to DNA in ways distinct from other
delivery methods. Cytotoxicity results for both DOX and
TAX confirm the effectiveness of degradable polymersomes
in cell culture and prove remarkably consistent with in vivo
time scales (Figure 1C). Indeed, after addition of degradable
DOX-loaded polymersomes, MTT assays yield a time
constant of 12 h (Figure 4B), which is in good agreement
with all of the results above. Inert polymersomes, in spite
of similar cell-entry kinetics, are again severalfold slower
in their cytotoxic effects (48 h) (Figure 4B). Additionally,
free TAX, like DOX, permeates and Kills cells, but the;C
for free TAX is nearly 40-fold above the&g/mL found for
the degradable polymersomes (Figure 3B). We propose that
the same type of endolysosomal escape seen with DOX from
degradable polymersomes enhances the toxicity of TAX;
indeed, paclitaxel delivery from nondegradable vesicles is
less effective (45-fold slower) than with degradable poly-
mersomes. Parallel studies with breast cancer cells and lung
carcinoma cells (A549) show similar dose response curves
and cytotoxicity time constants (10 and 18 h, respectively;
Figure 4C).

Carriers often reduce g5 through improved drug solubil-
ity, more efficient uptake (endocytic entry versus drug
permeation), andgupon releaseimproved trafficking within
the cell3* ! The various kinetic measures above imply that,
with inert polymersomes, passive leakage of DOX or TAX

within breast cancer cells by polymersomes has been directlyis minimally dependent on the low pH of the endo-
imaged by two-color fluorescence microscopy (Figure 3A): lysosomé?2-44 whereas endolysosomal acidity accelerates
DOX fluoresces red while labeled vesicles fluoresce green. hydrolytic scission of degradable PLA chains and triggers
Overlap gives yellow and indicates intact polymersomes. endolysosomal rupture. The molecular mechanism that is
Only degradable vesicles show any distinct color separationexploited is elucidated below.
at times less than 12 h: DOX intercalates into DiRAand Mechanism of Degradable Polymersome-Mediated Drug
causes nuclei to fluoresce red while green-labeled copolymerDelivery. Using the endosome selective dye Lysotracker
remains perinuclear. TAX is also released from degradable Blue, fluorescence microscopy of breast cancer cells shows
polymersomes on similar time scales, and it stains, when progressive colocalization of red-labeled, degradable vesicles
fluorescent, linear structures likely to be microtubules (Figure as pink in a bluet red color overlay (Figure 5). Initially,
3B). With inert vesicles, DOX will leak and provide similar  cell-localized vesicles appear red and are seen at the cell
pictures, but on much longer time scales (by 48 h). periphery, but some colocalization is clear by-2 h;
Microdialysis studies done in acidic buffer show that both nondegradable vesicles (Figure 5, upper left inset) indeed
DOX and TAX are released from degradable polymersomes show that uptake occurs with a time constant ef2lh
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Figure 4. Kinetics of in vitro release and cytotoxicity of DOX- and TAX-loaded polymersomes. (A) In vitro release and leakage
of drugs (DOX and TAX) from degradable and nondegradable polymersomes into PBS (pH 7.4) and either HEPES or MES-
saline (pH 5.5) at 37 °C. DOX release into bulk during dialysis is monitored by fluorescence (Ex 470 nm, Em 586 nm), and TAX
release into buffer during dialysis is measured by reverse phase HPLC (at 220 nm) on polymer—drug aliquots dissolved in
100% methanol. Free drug releases into bulk within <3 h, indicating that the dialysis membrane does not hinder drug release.
(B) Cytotoxicity kinetics of degradable versus nondegradable DOX- and TAX-loaded polymersomes (at 35 ug/mL) as determined
by MTT assay. Fits are first order to obtain the toxicity time 7. Data was compiled from two to four independent MTT experiments
each done in triplicate (mean £+ SEM). (C) Summary of in vitro DOX and TAX release (trelease) @nd cytotoxicity (tixic) Kinetics for
both MDA breast cancer cells and A549 lung cancer cells. The highlighted range for pH-enhanced degradation is about 10—20
h across all of the measurements.

without complications of copolymer degradation. Pretreat- than half. At later times (12 h), sufficient for copolymer
ment of cells with ammonium chloride, which raises endo- hydrolysis, polymersome fluorescence is a diffuse red. This
somal pH and can also lyse endosomes, diminishes poly-suggests not only that a substantial fraction of labeled vesicles
mersome uptake and colocalization a thh peak by more  have escaped endolysosomes and dispersed within the cytosol
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Figure 5. Intracellular tracking of degradable polymersomes

and endolysosomes. Vesicles were prelabeled with the
hydrophobic dye (red) for colocalization with the endosomes
(blue), as shown in the upper right inset. Breast cancer cells
were incubated with polymersomes for 3 h, washed, and then
incubated for the indicated times before staining with the
endosomal marker Lysotracker Blue (50 nM; 30 min). Scale
bar is 10 um. The upper left inset shows the control experi-
ment for uptake of green-labeled, inert polymersomes. The
dashed curve fit is eq 2 in text.

but also that vesicles are degrading. At later times-e21
days, new endolysosomes appear blue and seem unaffecte
by past exposure to copolymer.

The results above indicate a transient and nontoxic
interaction between copolymer and endolysosomal mem-
branes. A simple uptakeascape model that fits the data of
Figure 5 is provided by the same two-step, XY — Z
kinetic model for eq 1, but here we follow the accumulation
and decay of the intermediate Y:

colocalization= B[1 — (rllrz)]’l[exp(—t/rz) -
exp(-t/7))] (2)

The fit yieldsz; = 7ypake= 2 h, which is consistent with the
internalization results for nondegradable vesicles (Figure 5,
left inset). The fit also gives, = Tescape= 14 h, which
reinforces the finding that cytotoxicity has a shorter time

lysosomal membranes with a typical mixture of phospho-
lipids, cholesterol, and integral membrane proteins. After
copolymer incubations of 24 h at 3T, intact cells and bulk
polymer were removed by centrifugation, and hemoglobin
in the supernatant was monitored. The PEG-PLA copolymer,
OL2, caused hemolysis of RBCs at a critical poration
concentration Ccpg) of 75 mg/mL copolymer (Figure 6A).

In comparison, the inert block copolymer, OB18, did not
disrupt cell membranes up to 200 mg/mL. Because OL2 is
nearly symmetric fco ~ 0.5) before any PLA hydrolysis,

its tendency to form micelles increases with even the slightest
degradatiorf;*®* making it increasingly surfactant-like. Further
RBC incubation with fluorescently tagged and purified
TMRCA-OL2 shows lysed, red-fluorescent RBCs as a few
bright spots (Figure 6A, inset). Kinetic studies at 100 mg/
mL copolymer ¢ Ccpc 0f OL2) demonstrate exponentially
increasing lysis by OL2 with a time constant of 12 h (Figure
6B), and a twice-longer time constant for a PEG-PCL
copolymer that is initially more of a membrane former than
a micelle former fgo < 0.5). In comparison, the small
surfactant Triton X-100f(= 0.7) at~1 mM lyses 100% of

red cells within hours. The degradable copolymers here are
thus time-evolving detergents with an increasing potential
for membrane-disruptive surfactant activity at high copoly-
mer concentrations>Ccpg). Because critical aggregation
concentrations are proportional to aggregation kingacsl
because scaling in solubilization across detergent, lipid, and
copolymer amphiphile systems has already been estab-
lished?® the lysis results here suggest

Cepc™ f_th'6

ith tentative scaling exponents of = 0.3 andg = 1.5.

uch a relationship implies that membrane-preferring co-
polymers (lowf) or high molecular weight copolymers are
slow to interact with lipid membranes such as endolyso-
somes.

While similar hemolytic tests by Jeong et “alwith
degradable micelles of poly(2-ethyl-2-oxazoline)-PCL did not
report any lytic activity, the 10 mg/mL copolymer concentra-
tions tested by Jeong et al. are well below ®&s here
and their incubation times of 30 min appear far too short.
Despite the potential membrane-lytic activity of these
copolymers, our treatment concentrations up to a few
milligrams per milliliter (mg/mL) both in vivo and in vitro
are well below theCcpc Empty polymersomes up to 2 mg/
mL copolymer indeed show no cytotoxic effects on the breast
cancer cells in standard MTT assays. Liposomal systems are
similarly nontoxic at low concentratiol§,but some systems

scale than acid-induced release; see Table 2. This suggestghat use surfactants in preparation such as polymer/niosome

that either the initial drug release or the endolysosomal
rupture itself is especially cytotoxic.

Physical interactions between the various diblock copoly-
mers and cell membranes were directly examined by
incubating a wide range of copolymer concentrations
(0—200 mg/mL) with red blood cells (RBCs). RBCs are
certainly relevant to any possible hemolysis upon intravenous
injection (Figure 1C); but RBCs also approximate endo-
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complexe® and solid nanospher€san be cytotoxic at such
concentrations.

The results above for the copolym@gpc are nonetheless
critically important to understand the pathway of drugs

(55) Pata, V.; Ahmed, F.; Discher, D. E..; Dan, N. Membrane
solubilization by detergent: resistance conferred by thickness.
Langmuir2004 20, 3888-3893.
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Figure 6. Concentration dependence and kinetics of cell membrane rupture by block copolymers. (A) Hemolysis of RBCs (at
5% hematocrit in PBS) occurs with degradable PEG-PLA (OL2) after 24 h at 37 °C but not with nondegradable copolymer
(OB18). The copolymer concentration at 50% lysis defines a Ccpc 0f 75 mg/mL for OL2. Inset shows fluorescent OL2 integrates
into the membranes of hemolyzed RBCs. (B) Polymer-mediated RBC lysis displays standard, first-order kinetics. Block copolymer
films of degradable OL2 or nondegradable OB18 were hydrated (to 100 mg/mL) with washed RBCs (at 5% hematocrit) for 24
h at 37 °C. Postincubation the samples were centrifuged and the supernatant assayed for hemolysis (absorbance at 540 nm).

delivered by polymersomes. Circulating concentrations of copolymers simulated here self-assemble into membranes and
copolymer are low (Figure 6A), but once internalized, the micelles (listed in Supplementary Table 1, Supporting
local concentration of surfactant-like copolymer increases Information) and effectively represent a range of PEG-
dramatically: a 400 nm endolysosomal vesicle with a single polyester chains shortened by hydrolysis as occurs in
100 nm polymersome within it yields a copolymer concen- experiment.

tration of about 125 mg/mL. This is well above tkpc Copolymers with smallso that self-assemble into continu-
(see Figure 6A) and is more than sufficient to rupture an ous bilayer structures appear inert and devoid of any
endosome. significant interactions with an adjacent lipid bilayer (Figure

The concentrating effect being described is a direct result 7). Copolymers with highefzo self-assemble into micellar
of the discrete or quantal nature of endocytosis and trafficking morphologies, and, in time, spherical micelles interact
in cells; the nerve synapse provides perhaps the classicstrongly with the lipid bilayers. PEG arms extend toward
example of such quantal, burst-release type of trafficking. the lipids as the polar lipid headgroups provide a favorable
Degradable polymersomes thus foster delivery of drugs to environment for transient PEG insertion. Note that although
their targets within cells by generating copolymer macro- PEG is generally considered hydrophilic, it is known to
surfactants that destabilize both the vesicle and the endo-exhibit surfactant-like activity in partitioning to an aiwater
lysosome. interface at micromole per liter concentratiopd) for Mego

Molecular Simulations of Interactions. Does theCcpc ~ 1000 kDa Cpatn ~ Meo 1 from fits of data in Zeno et
reflect interactions of membranes, micelles, or unimers of al®%) and it also binds the headgroups of surfactants,
copolymer with cell membranes? Addressing such questionsstabilizing micelle$’ The weak tethering that develops here
of carrier interactions with cell systems by molecular
simulation can be challenging for computation. However, (56) Zeno, E.; Beneventi, D.; Carre, B. Interactions between poly-
rational methods of coarse graining the atomistic interactions (ethylene oxide) and fatty acids sodium salts studied by surface
have recently reproduced not only the self-assembly of large ~ tension measurements. Colloid Interface Sci2004 277 (1),
patches of phospholipid membrafié8but also the membrane- 215-220.

. . (57) Zanette, D.; Soldi, V.; Romani, A. P.; Gehlen, M. H. The Role
through-micelle phase behavior of PEG-based copolymers of the Carboxylate Head Group in the Interaction of Sodium

o . o ‘
used herét Increasing the .CQpOIVmer hydrophilic fraction, Dodecanoate with Poly(ethylene oxide) Investigated by Electrical
feo, by @ mere 10% is sufficient to transform a membrane- Conductivity, Viscosity, and Aggregation Number Measurements.
forming block copolymer in water into a micelle former. The J. Colloid Interface Sci2002 246 (2), 387-392.

VOL. 3, NO. 3 MOLECULAR PHARMACEUTICS 349



articles Ahmed et al.

fuo=0.36

Jop s
lipid bilayér poration

Figure 7. Molecular dynamics of block copolymer interactions with lipid membranes. Hydrophilic and hydrophobic blocks of
copolymer are represented as red and yellow spheres, while the lipid heads are violet and the tails are pale yellow. Water is
light blue. Copolymers with fzo0 = 0.36 form stable bilayers and do not interact with lipid bilayers. Copolymers having larger fzo
self-assemble into micelles, which can interact with a lipid bilayer over time. Pore formation due to copolymer insertion into lipid
bilayer is shown in top view (at 7.5 ns) without the copolymers and, in side view, just for water.
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The simulations fit our experiments and may help clarify
a controversial mechanism of drug delivery reported recently ~ Supporting Information Available: Figures depicting
with micelles of PEG-PCES5! Our simulations show that DOX and TAX loading capabilities of polymersomes,
while self-assembled membranes of copolymer and self- degradation kinetics of PEG-PLA blended formulations, and
assembled membranes of lipid interact very little, very similar spatial correlations between the density of PEG and water
copolymers assembled into spherical micelles will fuse, miX, molecules in the lipid membrane: table of data from
and porate a lipid membrar)e. If the micelles are generatedsimulations offo-dependent copolymedlipid bilayer in-
by polymersome degradation, the same process app“esteractions; details of materials and methods. This material

Given that the membrane of an endolysosome is the cell’s. . . )
. ) . is available free of charge via the Internet at http:/pubs.acs.org.
last barrier to cytoplasmic entry, the copolymer-mediated

poration seen here clearly creates a new pathway for drug
escape and delivery to cellular targets. MP050103U

350 MOLECULAR PHARMACEUTICS VOL. 3, NO. 3



