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ABSTRACT: Nontoxic bioresorbable polymersomes have
been developed that efficiently and site-selectively tether
targeting peptides under mild conditions with no toxic
catalysts. The binding and release properties of these
polymersomes have been evaluated when targeting DLD-1
human colon cancer cells overexpressing the a3, integrin. The
delivery efficacy to these cells is markedly improved over
commonly used RGD targeting peptides by use of an asf;-
specific targeting peptide, PR_b. Release profiles in buffered
solution from pH 7.4 to 4.5 were evaluated and compared to
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release after binding to cells, and enzymatic degradation was identified as a major cause of rapid payload release in the cell.
Intracellular trafficking and release were imaged via confocal microscopy in live cells and colocalization with organelles was
evaluated quantitatively over time. Finally, the anticancer drug cisplatin was encapsulated in the PR b functionalized
polymersomes and the presence of PR_b greatly improved delivery efficacy, with increased cisplatin-induced losses to targeted
DLD-1 colon cancer cell viability. When delivered to CACO-2 model human epithelial cells expressing low levels of af,
integrin, low toxicity was maintained, suggesting that targeting was specific to asff; overexpressing cells. These results
demonstrate that PR_b-functionalized bioresorbable polymersomes may be an attractive route to minimizing the dose-limiting
side effects associated with existing approaches to cisplatin chemotherapy.

B INTRODUCTION

Chemotherapy today is often limited by deleterious side effects
from drug toxicity to healthy tissue encountered en route to
cancer cells. A wide range of carriers have been developed to
deliver more active agents to cancer cells while minimizing drug
concentrations elsewhere in the body.'™* Like many carriers,
polymersomes’ densely packed surface of hydrophilic polymer
and facile size adjustment via techniques such as extrusion to
100—200 nm allow long circulation in vivo and enhanced
intratumoral accumulation via the enhanced permeability and
retention (EPR) effect.”™” Uniquely, polymersomes’ combina-
tion of thick hydrophobic shell and aqueous lumen allows
simultaneous encapsulation of large quantities of both hydro-
philic and hydrophobic drugs, positioning them among the
most versatile drug delivery vehicles.*"!

Early polymersomes were assembled from nondegradable
polymers with no clear mechanism for releasing cargo or
clearance from the body following delivery.**'> More recently,
several groups have developed polymersomes with biodegrad-
able or stimulus-responsive properties.">”'* We have focused
our attention on the block polymer poly(ethylene oxide)-b-
poly(y-methyl-e-caprolactone) (PEO-PMCL)—a low T, amor-
phous polyester that forms polymersomes with simple stirring
in water at room temperature—and its reactive vinyl sulfone-
functionalized analog (VS-PEO-PMCL), which can site-
specifically tether targeting peptides with high yield in mild
conditions after self-assembly.””>* In many cases, the release
profile and mechanism of release for both degradable and
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nondegradable polymersomes have not been compared
between simple solution release experiments and the conditions
encountered following cellular uptake, resulting in ambiguity
regarding the performance of these carriers.

One of the most appealing drugs for encapsulation in a
polymersome is the water-soluble drug cisplatin, as it is limited
clinically by side effects including damage to the kidneys,
nervous system, auditory system, bone marrow, and digestive
system.>>** Further, cisplatin-resistant cancers are well-
documented, markedly diminishing the effectiveness of treat-
ment via decreased drug uptake, increased drug efflux,
intracellular inactivation, or enhanced DNA repair, among
others.>>*® Many approaches to cisplatin using delivery vehicles
have been investigated to diminish the side effects associated
with nonspecific delivery.””*®* One of the most promising,
cisplatin encapsulated in “stealth” liposomes, increased the
amount of the drug that could be administered without major
side effects and significantly increased platinum concentration
in the tumor.””">* Despite these promising inroads, therapy
using the system proved to be ineffective due to the lack of a
route for sufficient drug to reach the interior of target cells for
effective therapy; though liposomes and encapsulated drug had
accumulated in the vicinity of cancer cells there was no way for
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drug to be delivered to the interior of cells, a crucial final step
for administered drug to be effective.*>>’

To surmount this barrier, active targeting techniques have
been explored to deliver cisplatin to the cell interior using a
variety of targeting ligands to bind cancer cells and deliver drug.
These also have the advantage of potentially circumventing
some modes of drug resistance by leveraging alternate routes to
internalization.”>?***~* Perhaps the most commonly used
ligand for targeted drug delivery is the RGD peptide sequence,
which is derived from the extracellular matrix protein
fibronectin and capable of binding several integrins overex-
pressed on certain cancer cells.**™*

While the RGD sequence has proven quite effective in
enhancing delivery, it has the potential to bind a variety of
integrins, hindering delivery specificity. To address this
concern, we instead have aimed to target the a8, integrin
specifically. Highly expressed in embryos but only minimally
expressed in healthy adult vasculature,* specific targeting of the
asf3, integrin is promising due to the integrin’s overexpression
in cancers of the breast, prostate, colon, skin, lung, and rectum
and low levels of expression elsewhere.’*™>* As a result, specific
targeting to this integrin using a high-affinity ligand has the
potential to enhance treatment outcomes by binding specifically
to diseased cells. To achieve this goal, the PR_b peptide was
developed by mimicking the cell adhesion domain of
fibronectin, the native ligand of integrin asf,. This peptide
was designed to include fibronectin’s RGD binding and
PHSRN synergy sites while separating the two by an (SG)s
linker mimicking the hydrophobicity/hydrophilicity and
separation between these two domains on native fibronec-
tin.>* "> Blocking experiments with antibodies have demon-
strated that PR_b is a specific ligand for the asf; integrinéz’63
and with a dissociation constant of 76.3 + 6.3 nM®* PR b
enhances binding and payload delivery when tethered to a
delivery vehicle."”**~7" The development of such a specific and
high-affinity ligand suggests a role for a versatile carrier capable
of enhanced tumor accumulation via the EPR effect, specific
internalization to the interior of cancer cells via binding
between PR_b and the asf, integrin, and a clear means of
release from nanoparticles such as the PEO-PMCL polymer-
somes described here.

Herein the characterization and use of targeting PEO-PMCL
polymersomes is reported as a delivery system for cisplatin. The
role of the targeting ligand was investigated, demonstrating that
compared to simple RGD peptides, the PR b peptide
promoted enhanced binding to asf;-overexpressing cancer
cells, such as DLD-1, with no binding to CACO-2 cells
(CACO-2 is an intestinal epithelial cell line that is known to
express low levels of a3, integrin).63’72_77 Release of a model
drug from these peptide-functionalized polymersomes was then
tracked and release profiles were compared between simple
buffered solutions and after binding and internalization into
cells, exploring the effects of hydrolases on intracellular release.
Intracellular trafficking and release of polymersomes in live cells
were then observed via confocal microscopy to quantitatively
study payload colocalization with intracellular organelles.”®
Finally, treatment efficacy was compared between free cisplatin
and polymersomes encapsulating the drug to determine the
effect of targeting using a conventional RGD-based targeting
peptide and the PR_b ligand. Results indicate that targeted
delivery using PR_b dramatically enhanced specific delivery of
cisplatin to asf;-overexpressing DLD-1 human colon cancer
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cells but not to CACO-2 cells relative to nontargeted
formulations.

B EXPERIMENTAL SECTION

Materials. All chemicals were obtained from Sigma-Aldrich
(St. Louis, MO) and used as received unless otherwise noted.
Polymers were synthesized according to previously described
procedures and were composed of a poly(ethylene oxide)
(PEO) block with a number average molecular weight of 2 kg
mol™ and a poly(y-methyl-e-caprolactone) (PMCL) block
with a number average molecular weight of 9 kg mol™" for both
the nonreactive polymer (PEO-PMCL) and the vinyl-sulfone
modified reactive polymer (VS-PEO-PMCL).>**"”® Water was
obtained from a Milli-Q water system purified to a resistivity of
18.2 M€ cm. Unless otherwise specified, all phosphate buffered
saline (PBS) was 100 mM and pH 7.4. Phosphate-citrate
buffers were prepared using appropriate combinations of
dibasic sodium phosphate and citric acid for the desired pH
and ionic strength adjusted to match the polymersome interior
using sodium chloride. Peptides ¢PR b (CKSSPHSRNS-
GSGSGSGSGRGDSP) and cGRGDSP (CGRGDSP) were
synthesized by the Oligonucleotide and Peptide Synthesis
Facility at the University of Minnesota. Antibodies were
purchased from Millipore (Billerica, MA). Fluorescence
readings were acquired using a Beckman Coulter DTX 880
spectrophotometer. Hoechst 33342 nucleic acid stain, Cell-
Lights Early Endosome-GFP (RabS-GFP), and CellLights
Lysosome-RFP (LAMP1-RFP) were obtained from Invitrogen
(Carlsbad, CA). Fetal bovine serum (FBS) was purchased from
Atlas Biologicals (Fort Collins, CO).

Polymersome Preparation and Characterization. Poly-
mersomes were prepared at 1 wt/vol% polymer in water using
thin-film hydration followed by peptide conjugation as
described previously.”® All targeting polymersomes were
formulated to incorporate 10 mol % VS-PEO-PMCL polymer
and 90% PEO-PMCL, resulting in a final peptide concentration
of 9 mol % on the vesicle exterior. The disparity between
incorporated reactive polymer and final peptide concentration
was attributed primarily to vinyl sulfone hydrolysis during
polymer purification and vesicle formation. Cisplatin, sulfo-
rhodamine B, and calcein blue were encapsulated by dissolution
at the desired concentration in the suspension media during
polymersome formation. After at least 7 days of stirring,
samples were subjected to 10 freeze—thaw cycles using liquid
nitrogen and a water bath at ~65 °C and unincorporated drug
and peptide removed via filtration through a Sepharose CL-4B
column using an Amersham Acta Fast Protein Liquid
Chromatograph at 0.85 mL s™'. To ensure that the same
amount of encapsulated payload was delivered in experiments
testing binding, release, and toxicity, encapsulated dye was
quantified by lysing a known volume of purified polymersomes
and measuring fluorescence. Platinum concentrations were
determined using o-phenylenediamine.*® Encapsulation effi-
ciency for cisplatin ranged from 3% to 5%, which is on the
lower side of the efliciencies reported for other polymersomal
systems.'”*"** The size of the nanoparticles was characterized
by Nanoparticle Tracking Analysis (NTA) using a NanoSight
LM10-HSBT14 Nanoparticle Characterization System with a
640 nm laser and a high resolution CCD camera. Each of the
three polymersome formulations used for the measurements
was diluted approximately 1000-fold into pH 7.4 phosphate
buffered saline and injected into the sample flow cell
maintained at 23.3 °C using clean syringes. Measurements
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were performed for 60 s five times for each sample using a
detection threshold of 5 and automatic shutter and gain
adjustment. Size and standard deviation were determined from
these pooled results assuming spherical particles.

Cell Culture. DLD-1 human colon cancer cells were grown
in growth media (GM: RPMI 1640 supplemented with 10%
FBS and 1% penicillin/streptomycin) in an incubator
maintained at 37 °C and 5% CO,. Cells were kept in T-75
flasks and fed every 2 days. When cells reached approximately
90% confluence they were washed twice with PBS, trypsinized
(I mL 0.25% trypsin with 0.1% ethylenediaminetetraacetic
acid), resuspended in GM, and seeded at 10° cells per flask. For
CACO-2 cells the same procedure was used with GM
containing 20% FBS.

Flow Cytometry. DLD-1 cells were grown to 90%
confluence, trypsinized, and 10° cells suspended in three
microcentrifuge tubes each containing 1 mL fluorescence buffer
(FB: PBS with 0.02% sodium azide and 2.5% FBS) at 0 °C.
Mouse IgG was added to one tube for isotype control and
mouse antihuman integrin a5f};was added to a second tube. All
three tubes were placed on a rotary shaker for 35 min at 4 °C.
All three were pelleted, washed twice with FB, and resuspended
in 1 mL FB. Secondary antibody (S yL donkey antimouse IgG-
FITC) was added to the isotype control and ayf3; tubes and
mixed by rotary shaker at 4 °C for an additional 40 min. All
tubes were again washed twice in FB and resuspended in 1 mL
FB. Flow cytometry was performed using a FACSCalibur flow
cytometer at the Flow Cytometry Core facility in the Cancer
Research Center at the University of Minnesota. 1.5 X 10* cells
were counted for each curve.

Viability Assays. Cells were seeded onto polystyrene plates
at 2 X 10° cells per well and allowed to attach overnight in GM.
The media was then removed, fresh GM added, and
polymersomes containing either PBS or cisplatin were added
at the desired concentrations. Plates were returned to the
incubator for 24 h. Following this incubation, GM and
polymersomes were removed, plates were washed twice with
warm PBS, fresh GM was added, and plates were returned to
the incubator for 2 days. After 2 days the MTT assay was
performed according to the recommendations of the
manufacturer (Sigma-Aldrich), with measurements of optical
density taken using a Molecular Devices Spectramax Plus 384
spectrophotometer. Viability curves were fit to a sigmoidal
curve to determine 50% inhibition concentrations (ICs,) using
untreated cells to establish 0% inhibition. Representative curves
can be found in the Supporting Information, Figure SS5.

Binding Assay. Cells were plated at 10° cells per well in a
white-bottomed 96-well plate and allowed to adhere for 18 h.
The media was then exchanged for 100 uL of fresh GM. Free
peptide was added at various concentrations and GM was
added so all wells were 125 pL. 15 uL of polymersomes
containing 2 mM sulforhodamine B was added and plates were
returned to the incubator for 1 h. Polymersome solutions were
diluted as necessary using isotonic PBS to ensure equal dye
concentrations were delivered to all wells. Plates were washed 3
times with PBS to remove unbound polymersomes and 100 yL
fresh GM was added to each well. Fluorescence measurements
were taken at 37 °C using an excitation wavelength of 535 nm
and an emission wavelength of 595 nm. Wells that contained
approximately the same number of cells but to which no dye
had been added were used to account for autofluorescence.

Solution Release Assay. To evaluate release as a function
of pH, polymersomes containing 100 mM sulforhodamine B
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were formed and purified as described above. Phosphate-citrate
buffer was formulated to pH 7.4, 6.5, 5.5 and 4.5. 150 uL of
each buffer was added to separate wells of a 96 well plate and to
these 1 uL of purified polymersome solution was added.
Fluorescence was then measured over time. After 24 h, wells
were frozen at —80 °C for 2 h, thawed at 37 °C for 2 h, and
final fluorescence measured. Wells to which no polymersomes
were added were used to account for background fluorescence.

Intracellular Release Assay. DLD-1 cells were plated at
10° per well in a 96-well plate and allowed to adhere for 18 h in
GM. The media was then exchanged for 100 yL of fresh GM
with or without 500 uM chloroquine. Polymersomes were
immediately added, diluting as necessary to ensure equal dye
concentrations were added, and after gentle shaking plates were
returned to the incubator for 30 min. Wells were then washed
twice with warm GM and 150 uL fresh GM was added to each
well, with those wells previously containing chloroquine again
supplemented with the drug to 500 uM. Fluorescence was
measured immediately and again at 2 h, 8 h, and 24 h as
described above. Plates were then placed in a —80 °C freezer
for 2 h then thawed for 2 h at 37 °C. Final fluorescence was
then measured. To control for autofluorescence, wells with
polymersomes without fluorescent dye were included. Non-
specific adhesion of polymersomes to the plate was not found
to result in significant fluorescence. Chloroquine was verified to
not affect cell viability in the concentration ranges used in this
experiment (Supporting Information, Figure S4).

Confocal Microscopy. DLD-1 cells were seeded onto a
glass-bottomed 24-well plate at 5 X 10* cells per well in 200 uL
GM per well and allowed to attach overnight in an incubator.
Media was then exchanged for 200 yL fresh GM in each well.
Wells to be used for imaging received 2.5 uL of CellLights early
endosomes-GFP and 7.5 uL CellLights lysosome-RFP, the
media mixed, and the cells returned to the incubator for 18 h.
Following incubation, 25 uL purified c¢PR_b-functionalized
polymersomes containing either nonquenching (5 mM) or
quenching (100 mM) concentrations of calcein blue were
added. After 2 h incubation at 37 °C, media was removed and
each well washed twice with warm GM. 2 h wells were
immediately nuclear stained while 150 4L GM was added to 24
h wells. Immediately prior to imaging, media was replaced with
100 uL warm GM containing diluted Hoechst 33342 at 1 uM,
which was allowed to stain nuclei for 5 min at 37 °C. These
wells were washed twice with warm GM and finally filled with
150 uL GM prior to imaging.

Imaging was performed on a Zeiss Cell Observer SD
spinning disk confocal microscope at 37 °C and 5% CO, at the
University of Minnesota Biomedical Image Processing Lab. A
100X objective was used, using the green channel for GFP-
tagged early endosomes, the red channel for RFP-tagged
lysosomes, and the blue channel for both nuclei and calcein
blue. Slices were taken every 0.25 pm from the bottom to the
top of cells, collecting each channel in series for each slice. A
slice at the center of the cell was used for analysis and the
Manders coeflicients between blue-green and blue-red
determined accounting for background fluorescence, according
to the Costes technique in NIH Image] and gating out nuclei so
as to consider only polymersomes.**** Sample movies of cells
interacting with polymersomes can be found in the Supporting
Information, Movies S1 and S2.
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B RESULTS AND DISCUSSION

Particle size and prolonged circulation are vital for enhancing
the carrier concentration in tumors; however, the EPR effect is
only effective for localizing the delivery vehicle to the tumor
interstitium, not for achieving internalization. This last step has
proven to be a major stumbling block for past attempts to
deliver cisplatin.>>~*’ To achieve internalization, active
targeting groups show great promise, using ligands tethered
to the delivery vehicle to take advantage of the cell’s existing
uptake pathways and overexpression of cell-surface receptors,
affording a route for selective internalization and potentially
circumventing some modes of cisplatin resistance and allowing
selective binding and uptake of several nanoparticle-based
cisplatin carriers,”>>®3%7 4485

Active targeting was incorporated into PEO-PMCL polymer-
somes using a vinyl sulfone moiety capable of site-specifically
tethering a targeting peptide following self-assembly (Figure 1).
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Figure 1. Schematic of the block copolymers PEO-PMCL and VS-
PEO-PMCL that self-assemble in water into polymersomes capable of
encapsulating both hydrophilic and hydrophobic payloads. The vinyl
sulfone moiety allows selective conjugation, after self-assembly, to
thiol-containing targeting ligands. Numbers outside of brackets
indicate the number-average degree of polymerization as determined
by 'H NMR.

Due to compatibility between PEO-PMCL and VS-PEO-
PMCL and the high reactivity between vinyl sulfone and thiol-
containing peptides, the amount of targeting peptide
incorporated into the corona can be easily controlled, here
using either 0 or 9 mol % peptide by mixing appropriate ratios
of the two polymers prior to self-assembly. The critical
aggregation concentration (CAC) for PEO-PMCL was found
to be 0.38 = 0.06 uM (Supporting Information, Figure S2).
The size of the nanoparticles was characterized by Nanoparticle
Tracking Analysis, NTA, (representative histograms are shown
in Supporting Information, Figure S3). Results are shown in
Table 1 and are in agreement with cryo-TEM images taken
previously.>

Table 1. Hydrodynamic Diameter of the Polymersomes as
Determined Using NTA (n = 3)

sample size + SD (Dy,, nm)
Nontargeted 217 + 63
cGRGDSP 214 + 62
PR b 234 + 45

The chemical similarity of PEO-PMCL to the more
commonly studied and biocompatible PEO-poly(e-caprolac-
tone)**% suggests PEO-PMCL would also be nontoxic. The
effect of both nontargeted and targeted PEO-PMCL polymer-
somes on the viability of DLD-1 human colon cancer cells was
determined. As shown in Figure 2, neither targeted nor
nontargeted PEO-PMCL polymersomes impacted cell viability
following a 24 h incubation period with unloaded polymer-
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Figure 2. Toxicity of empty polymersomes to the DLD-1 human
colon cancer cells was evaluated with an MTT viability assay after 24 h
of incubation at 37 °C. While in the rest of this work polymer
concentrations never exceeded 0.8 mg/mlL, no significant decrease in
viability was observed even at much higher concentrations. Data is the
mean =+ standard error of 4 separate experiments (n = 4), with each
experiment performed in triplicate.

somes. High viability was observed even at concentrations
much greater than the 0.8 mg/mL maximum concentration of
polymersomes used in this work, indicating that the polymer
should have no impact on cellular viability.

To evaluate binding specificity DLD-1 and CACO-2 human
colon cancer cells with different levels of asf3; expression were
used and evaluated via flow cytometry with an antihuman a,f3,
antibody (Figure 3). While some expression was observed in
CACO-2 (Figure 3B), the pronounced shift toward higher
fluorescence in DLD-1 (Figure 3A) indicated that asf,
expression was much greater in the latter cell line.

To minimize the negative side effects of chemotherapy it is
essential that binding of the delivery vehicle occurs with high
specificity for the target cells. To determine if employing a
high-affinity targeting peptide such as cPR b would yield
improved binding to asf,-overexpressing cancer cells, the effect
of the targeting ligand on the binding of polymersomes to
DLD-1 cells was evaluated (Figure 4A). Here, minimal binding
occurred in the absence of a targeting peptide, a pronounced
increase when the cGRGDSP peptide was used, and a
maximum effect using the cPR_b peptide. Further, this binding
could be inhibited by including free c<GRGDSP peptide in
media, which hindered the interaction between the peptides
and integrins. Across all experiments using nontargeted
polymersomes the peptide concentration of the free cGRGDSP
in the media was not found to have a statistically significant
effect on fluorescence. To determine if the binding to cells with
lower expression of asf; integrin would be significant, the same
experiment was performed using low-a;f3;-expressing CACO-2
cells, a cell line often used as a model of intestinal
epithelia.®*”>””7 Little or no binding enhancement was
observed using targeted polymersomes compared to non-
targeted regardless of the concentration of the blocking peptide.
These results suggest that polymersomes functionalized with
the cPR b sequence can promote delivery to the cancer cells of
interest that overexpress the s}, integrin with minimal delivery
to bystander cells even if they express low levels of the integrin.

To evaluate the release properties of PEO-PMCL polymer-
somes, studies were first conducted in simple buffered solution
at pH values from 7.4 to 4.5 (Figure SA), levels commonly used
to simulate the decreasing pH level encountered by a drug
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Figure 3. Histograms of flow cytometry used to determine expression
of af; integrin, the target of cPR_b peptide, on (A) DLD-1 and (B)
CACO-2 cell lines. Untreated cells were used to measure cell
autofluorescence and an isotype control was included to verify that
binding was specific. The pronounced shift to higher fluorescence
values in DLD-1 cells—but not in CACO-2—following incubation
with an antibody specific to asf| integrin is indicative of much higher
expression of the integrin on DLD-1 cells. These data are from a single
experiment but are representative of n = 2.

delivery vehicle as it is trafficked from outside the cell to
different organelles following endocytosis.** ™' Fluorescent
sulforhodamine B was loaded into polymersomes at self-
quenching (100 mM) concentrations, unencapsulated dye was
removed, and fluorescence was tracked for 24 h by monitoring
increasing fluorescence as dye escaped polymersomes. The
remainder of the dye was then released to determine the
fluorescence corresponding to 100% escape. After 24 h, release
was nearly complete in all cases with little influence of pH on
release kinetics. The release profile was well-described by first-
order release kinetics over the entirety of the experiment.
Consistent with previous reports, no polymer degradation was
observed spectroscopically or chromatographically (Supporting
Information, Figure S1), suggesting that the release mechanism
in this pH range is not polymer degradation and that dye
release is likely due to difftusion of the dye through the
polymersome membrane.”>*?

While simple buffered solutions can simulate the pH
encountered following uptake, the absence of digestive enzymes
limits the conclusions that can be drawn.”*"* To address this
limitation, release was monitored for 24 h from PEO-PMCL
polymersomes following binding to DLD-1 human colon
cancer cells (Figure SB). As in binding studies (Figure 4), the
total amount of delivered dye was enhanced with targeted
polymersomes and cPR b peptide outperformed cGRGDSP.
After 24 h most of the dye had been released, consistent with
the solution release study (Figure SA). However, in the absence
of chloroquine, release in cells is much more rapid, with >75%
of the dye released within 2 h.
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Figure 4. Specificity of targeting to the o f, integrin was evaluated
using polymersomes encapsulating 2 mM sulforhodamine B without a
targeting group, with 9 mol % cGRGDSP, or with 9 mol % cPR_b
incubated with either (A) high asf},-expressing DLD-1 cells or (B) low
asp-expressing CACO-2 cells. Increasing concentrations of free
cGRGDSP peptide were added prior to incubation to determine if
binding between integrins and fluorescent polymersomes could be
blocked. Following 1 h incubation at 37 °C, unbound polymersomes
were washed away and the fluorescence of bound polymersomes was
measured. Autofluorescence of cells was measured using untreated
cells. Data are the mean =+ standard error of 3 separate experiments (1
= 3), with each experiment performed in quadruplicate.

Dye release was also tracked in the presence of 500 uM
chloroquine, a concentration verified to be nontoxic to DLD-1
cells (Supporting Information, Figure S4). This small-molecule
drug is membrane-permeable at neutral pH, yet upon entering
an acidic cellular compartment is protonated, rendering it
membrane-impermeable and resulting in rapid accumulation of
drug. This protonation raises compartment pH, decreasing the
activity of hydrolases in acidic organelles such as the late
endosome and lysosome.”” %

As shown in Figure 5B, if enzymes are not inhibited, release
rates in the presence of cells are substantially faster than release
rates observed in solution (Figure SA). For example, in the case
of cPR_b-targeted polymersomes, after 2 h approximately 80%
release has occurred in the presence of uninhibited (0 ym
chloroquine) DLD-1 cells while approximately 30% release has
occurred in simple buffered solution. However, when digestive
enzymes are inhibited (500 ym chloroquine) during delivery of
the same polymersome formulation to DLD-1 cells approx-
imately 35% of dye has been released after 2 h, nearly
recovering solution release rates. Similar trends in relative
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Figure S. To measure release, polymersomes were loaded with self-
quenching (100 mM) concentrations of sulforhodamine B. Release
was first evaluated (A) in isotonic phosphate-citrate buffer at 37 °C
with pH 7.4, typical of circulating blood, to 4.5, typical of lysosomes.
No significant difference was observed in release rate at different pHs.
(B) To determine if release rates changed following cell binding and
uptake, polymersomes containing 100 mM sulforhodamine B were
incubated for 1 h at 37 °C with DLD-1 cells with or without
chloroquine. Cells were washed with 37 °C PBS and sulforhodamine B
release was monitored for up to 24 h. Release in the first 2 h was much
faster than observed in solution release experiments in (A) but could
be inhibited by chloroquine. After 24 h nearly complete release of dye
had occurred with or without chloroquine, consistent with results
observed in simple buffered solutions (A). Total dye delivery was
enhanced by the presence of targeting peptides, particularly cPR_b,
and chloroquine had no significant effect on total dye delivered, as
total fluorescence following lysis were not significantly different
between untreated samples and those treated with chloroquine. In
both figures, data is the mean + standard error of 3 separate
experiments (n = 3), with each experiment performed in
quadruplicate. * = statistically significant difference (p < 0.02), T =
no statistical significant difference (p > 0.10) via paired ¢ test.

release rates between inhibited and uninhibited cells can also be
observed for nontargeted and ¢cGRGDSP-targeted polymer-
somes.

The rapid dye release seen in uninhibited cells was
dramatically slowed upon inhibition, suggesting that acidic
conditions are necessary but not sufficient for rapid release and
that enzymatic hydrolases play a major role in compromising
polymersomes to rapidly release the encapsulated dye. By
hydrolyzing the labile ester linkages in the PMCL block,
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curvature is induced in the polymersome membrane resulting
in pore formation and payload release, a phenomenon observed
to be active in triggering payload release in other degradable
polymersomal delivery systems subject to hydrolysis.">"%'°"

To better understand the trafficking and release of dye from
polymersomes, live-cell confocal microscopy was used to
directly visualize trafficking and release in DLD-1 cells
transfected to express both Rab5-GFP and LAMPI1-RFP,
markers of early endosomes and lysosomes, respectively.
Labeling of organelles using these fusion proteins allowed
more selective labeling of organelles than is possible using more
conventional dyes that rely upon accumulation in acidic
organelles. Polymersomes encapsulating 5 mM calcein blue
were administered in growth media for 2 h, unbound
polymersomes washed away with warm growth media, and
cells imaged either immediately or 22 h later. The rapid image
collection allowed by spinning disc confocal microscopy
allowed visualization of trafficking in live cells in real time
(Movies S1 and S2, Supporting Information), but for analysis of
colocalization still frames were used.

To study trafficking, calcein blue was encapsulated at a
nonquenching concentration (5 mM, Figure 6), allowing
visualization of concentrated dye regardless of release. The
Manders coefficients were calculated after 2 and 24 h (Table 2),
allowing a quantitative evaluation of colocalization.**** Here
M, describes the portion of blue from dye delivered in
polymersomes that overlaps with endosomes (green) or
lysosomes (red) while M, describes the portion of the green
or red channels that overlaps with blue. The values shown in
Table 2 indicate that at early time points polymersomes have
been trafficked to both the endosomes and the lysosomes.
However, after 24 h the dye is predominantly colocalized with
lysosomes. This result is consistent with previous reports of
intrg3c9e(l)l;111ar trafficking following binding to the ayf; integ-
rin. 7

By encapsulating a self-quenching concentration of calcein
blue into polymersomes (100 mM), it was possible to track
where the payload was released, as the dye will only be visible
when diluted by release from the polymersomes. As in
trafficking studies, colocalization was quantitatively determined
using the Manders coefficients at 2 and 24 h (Table 2). In
contrast to the nonquenching experiment shown in Figure 6
where some colocalization was observed between the early
endosomes and the dye at early time points, for the quenching
concentrations most colocalization of the dye was observed in
the lysosomes even at 2 h. This trend is especially pronounced
after 24 h, with very little colocalization between the early
endosomes and calcein blue and more pronounced accumu-
lations of blue dye within lysosomes. This release in the
lysosomes (and to a lesser extent in the early endosomes) after
2 h is in keeping with the release rates shown in Figure S and
further emphasizes the key role that digestive enzymes play in
release of encapsulated payloads from delivery vehicles.

The observed rapid release is in stark contrast to the much
slower release rate observed even at low pH in simple buffered
solution, underscoring the role of enzymatic activity on
intracellular payload release. Further, the fact that in Table 2
not all blue fluorescence from polymersomes overlaps with
endosomes or lysosomes, particularly at later time points,
suggests that the entire payload is not ultimately sequestered in
these organelles. Nonetheless, given the low expected
fluorescence of dye dispersed in the cytosol, definitively
establishing escape from the endosomal—lysosomal degradation
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Figure 6. Confocal microscopy was used to visualize polymersome trafficking in live DLD-1 cells. Early endosomes were labeled green, lysosomes
red, and nuclei stained using Hoechst 33342 (nuclei color removed to aid interpretation). Polymersomes were blue due to encapsulated calcein blue
dye at a nonquenching concentration (5 mM), allowing tracking of the carriers. The polymersomes were incubated with the cells for 2 h at 37 °C.
The cells were washed and images were collected immediately (A) or 22 h later (B). Scale bars indicate 10 ym and arrows are included to aid in

identifying some areas of colocalization.

Table 2. Manders Coefficients Were Determined for cPR_b-
Functionalized Polymersomes Delivered to DLD-1 Cells
(shown in Figures 6 and 7) to Quantitatively Describe
Colocalization between the Blue Channel (Polymersomes)
and Either the Green (Early Endosomes) or Red
(Lysosomes) Channels after 2 and 24 h.%%**

time channel M, M, dye
2h green 0.3792 0.0402 S mM
2h red 0.6405 0.0719 S mM
24 h green 0.0455 0.0211 S mM
24 h red 0.8452 0.1948 S mM
2h green 0.0824 0.0337 100 mM
2h red 0.8694 0.4686 100 mM
24 h green 0.0186 0.0902 100 mM
24 h red 0.9290 0.1886 100 mM

“M, describes the portion of the blue channel that overlaps with either
the red or the green channel while M, describes the portion of the red
or green channel that overlaps with the blue channel. Nonquenching
dye concentrations (S mM) were used to study trafficking while
quenching concentrations (100 mM) were used to determine the
location of intracellular dye release. In all calculations nuclei were
omitted.

pathway on the basis of this analysis alone is challenging. This
question was instead addressed by determining if a drug
delivered in the polymersomes that requires delivery to the
cytosol or nucleus inhibits cell growth, as only drug that is
released from organelles will inhibit growth and drug
sequestered in the endosomes or lysosomes would not be
expected to affect viability.

Cisplatin was encapsulated into polymersomes and delivered
to DLD-1 cells to determine if the enhanced binding of
targeted polymersomes observed in Figure 4 and Figure 5
would yield commensurate gains in treatment eflicacy. Cisplatin
interacts with nucleic acids of rapidly dividing cancer cells to
hinder their growth and is not exlpected to inhibit growth if
wholly sequestered in lysosomes."”>'** The well-established
MTT viability assay was used to determine the 50% inhibition
concentration (ICsy) of DLD-1 and CACO-2 cultures following
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treatment with free cisplatin or the drug encapsulated in non-,
cGRGDSP-, or cPR_b-targeted polymersomes (Figure 8). Prior
to cell studies polymersomes were verified to encapsulate
cisplatin, with encapsulation efficiencies (3—5%) on the lower
side of previous reports using polymersomes to encapsulate
drugs not amenable to so-called “active” loading.'®®"**
Following encapsulation, polymersomes were verified to release
the drug quite slowly in simple buffered media (Supporting
Information, Figure S6).

Free drug required the lowest dose to inhibit growth using
both a;f,-overexpressing DLD-1 cells and low asf3,-expressing
CACO-2 cells, which is attributed to the drug being able to
interact with the cell without first releasing from a polymer-
some. In contrast, when encapsulated in nontargeted polymer-
somes significantly more drug was necessary to inhibit growth.
Given the results of polymer toxicity studies (Figure 2), this
low toxicity from the cisplatin encapsulated in the nontargeted
formulations is probably the result of drug release following
limited delivery via the same nonspecific uptake pathway that
was responsible for delivery in Figure 4A and Figure 5B). When
a targeting peptide was used, the enhancements to binding and
payload delivery compared to the nontargeted formulations, as
observed in Figure 4A and Figure SB, resulted in decreased
viability for af3-overexpressing DLD-1 cells, while ICs, values
were not significantly affected for CACO-2 cells. For DLD-1
cells, the cGRGDSP peptide was effective relative to non-
targeted polymersomes while ¢cPR_b reduced the amount of
cisplatin required by more than 50% relative to the nontargeted
formulation. Statistical comparison indicated no significant
difference between the amounts of drug needed using cPR_b-
functionalized polymersomes and free drug in DLD-1 cells.
Taken together with the binding experiments shown in Figure
4 it can be seen that targeting with the cPR_b peptide not only
enhanced binding to asf;-overexpressing cells and delivery of
the encapsulated drug but it also left almost unaffected cells
with low levels of the targeted ayf; integrin receptor.

A substantial difference is apparent between relative binding,
as seen in Figure 4, and relative growth inhibition, as observed
in the ICyy results shown in Figure 8. This difference is
consistent with microscopy (Figure S and Figure 6) which
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Figure 7. Confocal microscopy was used to visualize polymersome release in live DLD-1 cells. Early endosomes were labeled green, lysosomes were
labeled red, and nuclei were lightly stained using Hoechst 33342 (nucleus color was removed to aid interpretation). Polymersomes were blue due to
encapsulating calcein blue at quenching concentrations (100 mM), allowing tracking of released dye. Cells were incubated with polymersomes for 2
h at 37 °C, unbound polymersomes washed away with warm GM, and images collected immediately (A) or after 22 h (B). Scale bars indicate 10 ym
and arrows are included to aid in identifying colocalization but are not the only regions of colocalization.

*
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Figure 8. The IC, value for free cisplatin, nontargeted polymersomes,
cGRGDSP-functionalized polymersomes (9 mol % cGRGDSP), and
cPR_b-functionalized polymersomes (9 mol % cPR_b) was
determined for DLD-1 cells following incubation for 24 h at 37 °C.
Free cisplatin had the lowest IC;, followed closely by cisplatin
encapsulated in targeted polymersomes using the cPR_b peptide.
Significantly more drug was necessary to inhibit cell growth when
encapsulated in ¢cGRGDSP-functionalized polymersomes, while
approximately three times more cisplatin was required to inhibit cell
growth when encapsulated in nontargeted polymersomes compared to
free drug. In contrast, delivery to the CACO-2 cell line showed no
significant difference from the nontargeted polymersomes regardless of
the targeting peptide. Results (mean + standard error) for the DLD-1
are from four separate experiments (n = 4) each conducted in triplicate
and results for the CACO-2 are from three separate experiments (n =
3) each conducted in triplicate. * statistically significant difference
from free drug (p < 0.05), T no statistical difference from free drug (p
> 0.10), § statistically significant difference from nontargeted
polymersomes (p < 0.05), ¥ no statistical difference from nontargeted
polymersomes (p > 0.10) via paired f test.

indicated that a substantial fraction of the polymersomes’
payload was delivered to the lysosomes, where it is physically
sequestered away from nuclear DNA to which it would
otherwise bind to inhibit cellular function and growth.*>'%*~'%7
Nonetheless, the effectiveness of cisplatin delivery using
targeted polymersomes suggests that the lysosome is not the
only site of their delivery and release, as sufficient quantities of
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the cisplatin drug must be escaping from polymersomes and
lysosomes following their uptake in order to see the observed
growth inhibition.

B CONCLUSIONS

Cisplatin therapy is often limited by major side effects and
resistance. By tethering the cPR_b targeting peptide to the
outside of PEO-PMCL polymersomes it was possible to obtain
specific binding and uptake into asf;-overexpressing human
colon cancer cells, greatly exceeding the amount of binding
seen with a c¢cGRGDSP ligand while maintaining minimal
binding to cells with low levels of s, expression. Intracellular
release was tracked and imaged by a combination of fluorescent
plate assays and live-cell confocal microscopy. The effect of pH
alone on polymer degradation and payload release rates was
found to be minimal from pH 7.4 to 4.5. Release occurred
much more rapidly following endocytosis and the slower
solution release rates could be recovered by inhibiting enzymes
in acidic organelles, implicating enzymatic hydrolysis as a key
mode of release for PEO-PMCL polymersomes. When cPR_b-
functionalized polymersomes were used to encapsulate
cisplatin, toxicity to asf-overexpressing cells outperformed
nontargeted and cGRGDSP-functionalized polymersomes, with
IC, values on par with those of the free drug, while
maintaining low levels of toxicity to cells expressing low levels
of the integrin. PEO-PMCL polymersomes with PR_b
targeting appear to be promising carriers for minimizing side
effects due to nonspecific delivery into asf,-overexpressing
cancer cells.
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