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Abstract

Introduction—Intracellular delivery is a key step for many
applications in medicine and for investigations into cellular
function. This is particularly true for immunotherapy, which
often requires controlled delivery of antigen and adjuvants to
the cytoplasm of immune cells. Due to the complex responses
generated by the stimulation of diverse immune cell popula-
tions, it is critical to monitor which cells are targeted during
treatment. To address this issue, we have engineered an
immunotheranostic polymersome delivery system that fluores-
cently marks immune cells following intracellular delivery.
Methods—Amine functionalized poly(ethylene glycol)-bl-
poly(propylene sulfide) (PEG-PPS-NH2) was synthesized by
anionic ring opening polymerization and bridged via perylene
bisimide (PBI) to form a tetrablock copolymer (PEG-PPS-
PBI-PPS-PEG). Block copolymers were assembled into
polymersomes by thin film hydration in phosphate buffered

saline and characterized by dynamic light scattering, cryo-
genic electron microscopy and fluorescence spectroscopy.
Polymersomes were injected subcutaneously into the backs of
mice, and draining lymph nodes were extracted for flow
cytometric analysis of cellular uptake and disassembly.
Results—Modular self-assembly of tetrablock/diblock
copolymers in aqueous solutions induced p–p stacking of
the PBI linker that both red-shifted and quenched the PBI
fluorescence. Reactive oxygen species within the endosomes
of phagocytic immune cell populations oxidized the PPS
blocks, which disassembled the polymersomes for dequench-
ing and shifting of the PBI fluorescence from 640 to 550 nm
emission. Lymph node resident macrophages and dendritic
cells were found to increase in 550 nm emission over the
course of 3 days by flow cytometry.
Conclusions—Immunotheranostic polymersomes present a
versatile platform to probe the contributions of specific cell
populations during the elicitation of controlled immune
responses. Flanking PBI with two oxidation-sensitive
hydrophobic PPS blocks enhanced p stacking and introduced
a mechanism for disrupting p–p interactions to shift PBI
fluorescence in response to oxidative conditions. Shifts from
red (640 nm) to green (550 nm) fluorescence occurred in
the presence of physiologically relevant concentrations of
reactive oxygen species and could be observed within
phagocytic cells both in vitro and in vivo.
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ABBREVIATIONS

APCs Antigen presenting cells
CryoTEM Cryogenic transmission electron mi-

croscopy
DCs Dendritic cells
DLS Dynamic light scattering
FBS Fetal bovine serum
GPC Gel permeation chromatography
MHCI Major histocompatibility complex I
MW Molecular weight
NK Natural killer
PBI Perylene bisimides
PTCDA Perylene-3,4,9,10-tetracarboxylic

dianhydride
PBS Phosphate-buffered saline
PDI Polydispersity index
PEG-bl-PPS Poly(ethylene glycol)-bl-poly(propy-

lene sulfide)
PITC Polymer-bound isothiocyanate
ROS Reactive oxygen species
SC Subcutaneous
TLRs Toll like receptors

INTRODUCTION

Theranostic strategies combine the ability of
nanocarriers to package and transport both thera-
peutic and diagnostic payloads for simultaneous
treatment of disease and assessment of targeted cells
and tissues. Such methods have proved useful for
understanding the mechanisms of action and sources
of off-target effects for nanotherapies and have ex-
panded the capabilities of diagnostic imaging tech-
niques such as magnetic resonance imaging (MRI) and
positron emission tomography (PET).20,26 Personal-
ized medicine may benefit extensively from the con-
tinued development of theranostic nanocarrier
formulations by providing real time and individual
assessment of therapeutic regimens. This is particularly
true in the areas of cancer and immunotherapy, where
variability between tumors and patient-specific im-
mune history can significantly impact clinical out-
comes of treatment.8,32,33

Here, we present an immunotheranostic (i.e., com-
bining immunotherapy and diagnostics) platform,
which specifically assesses nanocarrier targeting and
intracellular disassembly within key cell populations
that are critical to the initiation and understanding of

immune responses. The balance between the oxidative
and reductive potential within the endosomes of
phagocytic cells is highly dependent on the specific cell
subset and pathway of endocytosis.34 Phagocytes are
primarily comprised of neutrophils, macrophages and
dendritic cells (DCs), the latter two being essential
antigen presenting cells (APCs) that process foreign
molecules for presentation to and activation of T cells.
In addition to their innate immune functions, macro-
phages are essential scavengers that remove and de-
stroy foreign pathogens and dead cells. To carry out
these activities, macrophages trigger a respiratory
burst during phagocytosis, rapidly generating reactive
oxygen species (ROS) mainly at the plasma mem-
brane.2,44 Rapid degradation of engulfed materials is
further enhanced by massive recruitment of V-ATPase,
which acidifies their phagosomes within minutes to
activate a host of proteolytic enzymes.27,28 DCs on the
contrary, demonstrate a more subtle oxidation within
their phagosomes over the course of several hours and
a lower potency for degradation relative to
macrophages.7,24 Sustained low levels of ROS during
this time result in a gentler proteolysis that has been
linked to their ability to generate the larger peptides
required for MHCI presentation and enhanced cross
presentation.35 Furthermore, both macrophages and
DCs express a wide range of phagocytic surface
receptors that can route antigen into heterogeneous
endosomal pathways with distinct mechanisms of
degradation and antigen presentation.1,6,13 In the case
of DCs, activation of specific innate receptors, such as
toll like receptors (TLRs), can significantly increase the
oxidative and proteolytic capacity of their phago-
somes.3,40 Diagnostic methods that allow identification
and mapping of how phagocytes are processing
nanomaterials can therefore aid in understanding the
complexity of the elicited immune responses.

Cell-dependent endosomal oxidation for enhanced
MHCI presentation by dendritic cells has been previ-
ously achieved using poly(ethylene glycol)-bl-
poly(propylene sulfide) (PEG-bl-PPS) copolymers.
PEG-bl-PPS block copolymers are versatile redox-
sensitive amphiphiles amenable to a diverse range of
methods for self-assembly and characterization.30,36,38

The molecular weight (MW) ratio of the hydrophilic
PEG to hydrophobic PPS components can be specified
by either ring-opening living polymerization or re-
versible addition-fragmentation chain-transfer poly-
merization.14,30,36,38 The hydrophobic PPS block
initiates the self-assembly and is responsible for
aggregate stability, providing a critical micelle con-
centration bellow 10�7 M.31 Depending on the indi-
vidual block lengths, these copolymers can be
engineered into a variety of different nanostructures,
including solid-core spherical micelles (PEG44-bl-
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PPS29, MCs), vesicular polymersomes (PEG17-bl-
PPS30, PSs), and cylindrical filomicelles (PEG45-bl-
PPS44, FMs).4,36–38,45 Each nanostructure achieves a
distinct biodistribution and accommodates the loading
of small molecules, biologics, fluorophores and con-
trast agents for multimodality imaging.9,37,38 The
polymersome morphology is particularly versatile in
that both hydrophobic and hydrophilic payloads can
be retained within its lipophilic membrane and aque-
ous lumen, respectively, for diverse theranostic and
imaging strategies.9,37,38,45 This permits incorporation
of redox- and photo-sensitive mechanisms of degra-
dation to promote spatiotemporally controlled intra-
cellular delivery of antigen and immunostimulatory
adjuvants of diverse solubilities and chemical proper-
ties.9,30,36,38 In addition to block length, the nanos-
tructure morphology can also be determined by the
method of assembly. Several different methods are
available for controlled assembly of PEG-bl-PPS,
including solvent extraction and thin film hydra-
tion.31,36 PEG-bl-PPS is non-immunogenic, allowing
our nanocarriers to function as ‘‘blank slates’’ with an
immunostimulatory potential based solely upon the
selected molecules loaded inside.36 PEG-bl-PPS block
copolymers are therefore a unique tool for designing
and engineering immunotheranostic delivery systems
and incorporation of an innate sensor of disassembly
into the copolymer chemistry could further enhance
these capabilities.

Perylene bisimides (PBI) have been utilized as flu-
orescent dyes for a wide range of applications owing to
their high quantum yield and photostability.15,16,29,42

In biology, their chemical stability and low toxicity
have proven advantageous for conjugation to nano-
material probes and delivery systems.10,42 The ability
of these dyes to undergo p–p stacking has been em-
ployed for both supramolecular self-assembly and
switchable concentration-dependent fluorescence
emission.5 Packing of PBI molecules has been well
documented, with crystal structures of the investigated
dyes exhibiting planar geometry and stacked into a
parallel orientation at a distance between 3.34 and 3.55
Å.21,42 This stacking has proven advantageous for
supramolecular self-assembly of PBI-based nanopar-
ticles.22,23,42 Although free form solubilized PBI can
generate green channel fluorescence, weakly interacting
p-stacked PBI molecules can be excited to generate red
emissions while stacking within aggregated PBI quen-
ches emissions.10,19,42,43 A red shift can be observed
due to energy transfer to low-energy sites in packed
PBI moieties.46 Here, we use a perylene dianhydride to
bridge two PEG-bl-PPS diblocks for the synthesis of a
PEG-PPS-PBI-PPS-PEG tetrablock of the appropriate
block lengths for polymersome assembly in aqueous
solution. Spectral changes due to p–p stacking were
used to generate oxidation switchable fluorescence for
identification of PEG-bl-PPS polymersome intracellu-
lar disassembly (Fig. 1). Weak p–p stacking was pro-

FIGURE 1. Schematic illustrations of (a) polymersomes encapsulating water soluble payloads formed from PEG17-PPS28-PBI-
PPS28-PEG17 tetrablock copolymers, and (b) their uptake and degradation by phagocytes. PEG17-PPS28 copolymers were bridged
by perylene bisimide (PBI), a hydrophobic dye that emits a red fluorescence when p-stacked within self-assembled membranes.
Following endocytosis, disassembly of polymersomes by phagosomal reactive oxygen species (ROS) and pH-activated enzymes
disrupts p–p stacking to shift the PBI emission spectrum to a green fluorescence.
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moted within assemblies to provide a detectable red
emission at 640 nm, and disassembly was detected by
green emissions generated by free form solubilized
tetrablock at 550 nm. In vivo degradation of PEG-PPS-
PBI-PPS-PEG polymersomes within lymph node-resi-
dent phagocytes was observed following subcutaneous
(SC) injection into mice.

MATERIALS AND METHODS

Materials

All reagents and solvents were obtained from com-
mercial sources and used as received without further
purification. N-(3-bromopropyl)phthalimide end-cap-
ped PEG-PPS block copolymers (PEG-PPS-PI) were
synthesized by anionic ring opening polymerization of
propylene sulfide, initiated by PEG thioacetate and
terminated by addition of N-(3-bromopropyl)phthal-
imide, as previously described.4 The removal of the
phthaloyl group from PEG-PPS-PI to form amino
end-functionalized PEG-PPS block copolymer (PEG-
PPS-NH2) was accomplished following a previously
described method.4 Polymer-bound isothiocyanate
(PITC, 100–200 mesh, extent of labeling: 1.0–
2.0 mmol/g loading, 1% crosslinked with divinylben-
zene) and perylene-3,4,9,10-tetracarboxylic dianhy-
dride (PTCDA) were purchased from Aldrich.

Synthesis of PEG17-PPS28-PBI-PPS28-PEG17

Perylene bisimide-bridged amphiphilic block
copolymers PEG-PPS-PBI-PPS-PEG were synthesized
by reaction of PTCDA with PEG-PPS-NH2

(Scheme 1). PTCDA (80 g, 0.2 mmol), PEG17-PPS28-
NH2 (1.2 g, ~0.4 mmol) and pyridine (20 mL) were
placed into a 35-mL pressure tube containing a mag-
netic stirring bar. The sealed reaction mixture was
heated with stirring in an oil bath at 150 �C for 50 h.
As the mixture cooled, 0.4 g of PITC was added and
the mixture was stirred overnight at room temperature.
After diluting the mixture with 30 mL of tetrahydro-
furan, the solution was first filtered with filter paper
and then filtered again with a 200 nm nylon mem-
brane. The filtrate was concentrated and precipitated
in cold diethyl ether to yield 0.66 g of PEG17-PPS28-
PBI-PPS28-PEG17. Purity was verified by gel perme-
ation chromatography (GPC) using Waters Styragel
THF columns with a tetrahydrofuran mobile phase
(0.6 mL/min) via both refractive index and UV/vis
detectors (ThermoFisher Scientific). Structure was
characterized by 1H NMR on a Bruker-400 NMR
spectrometer (400 MHz) using tetramethylsilane as an

internal standard. 1H NMR in CDCl3: d (ppm) =
8.69-8.66 (d, CHaromat, PBI), 3.81–3.43 (m, CH2,
PEG), 3.36 (s, OCH3, PEG), 3.06–2.83 (m, CH2, PPS),
2.68–2.55 (m, CH, PPS), 1.39–1.30 (m, CH3, PPS).

Polymersome Preparation and Characterization

Polymersomes were formed by the self-assembly
of PEG17-PPS28-PBI-PPS28-PEG17/PEG17-PPS28 (1/1
molar ratio) using the thin-film hydration method as
previously described.36,38,45 Briefly, 50 mg of block
copolymer was dissolved in 0.5 mL dichloromethane
within a 1.8 mL clear glass vial. After desiccation to
remove the solvent, the resulting thin films were hy-
drated in 1.0 mL of phosphate-buffered saline (PBS)
under shaking at 1500 rpm overnight. Single-layer
polymersomes were obtained by extrusion through a
200 nm nylon membrane. The size distribution and
zeta potential of the polymersomes were analyzed by
dynamic light scattering (DLS) using Zetasizer Nano
(Malvern Instruments) with a 4 mW He�Ne 633 nm
laser at 1 mg/mL in PBS. The polydispersity index
(PDI) was calculated using a two-parameter fit to the
DLS correlation data. The morphology was deter-
mined by cryogenic transmission electron microscopy
(cryoTEM).

Cell Culture

Cells from the murine macrophage cell line RAW
264.7 were obtained from the American Type Culture
Collection (ATCC, Rockville, MD, USA) and cultured
in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), 100 IU/mL penicillin and 100 lg/
mL streptomycin in 5% CO2, 95% air and humidified
atmosphere at 37 �C.

MTT Assay for Cell Viability

RAW 264.7 cells were seeded with 3000 cells in
100 lL for each well of a 96-well plate. 10 lL of
polymersomes at various concentrations (0, 1, 5, 10,
20, and 50 mg/mL in PBS, respectively) was added.
After incubation for 48 h, 10 lL of 5 mg/mL MTT
was added, then incubated for another 4 h. Samples
were washed twice with PBS and 200 lL of dimethyl-
sulfoxide was added into each well to dissolve for-
mazan that precipitated on the plate. The cell viability
was calculated according to the absorbance determined
using a microplate reader at 570 nm.
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Cellular Uptake

RAW 264.7 cells were seeded in 1 mL of medium on
a 12-well plate at 2 9 105 cells per well and cultured
for 24 h. 20 lL of polymersomes with different con-
centrations (0, 5, 10, and 25 mg/mL in PBS, respec-
tively) were added for each well. After incubation for
3 h, cell media was discarded. The cells were washed
with PBS three times, then harvested in 0.5 mL PBS.
Samples were analyzed by flow cytometry with
FACSDiva on a LSRII flow cytometer (BD Bio-
sciences), and data were analyzed with FlowJo soft-
ware.

Cell Fluorescence Measurements

RAW 264.7 cells were seeded in 1 mL of medium on
a 12-well plate at 2 9 105 cells per well and cultured
for 24 h. 10 lL of polymersomes (5 mg/mL in PBS)
per well were added at desired time points (8, 24, 48
and 72 h before harvest). After incubation, cell media

was discarded. The cells were washed with PBS three
times, then harvested in 0.5 mL PBS. Samples were
analyzed by Flow cytometry. Control cells were cul-
tured in medium alone.

Animals

C57BL/6 male mice, 6–8 weeks old, were purchased
from Jackson Laboratories. All mice were housed and
maintained in the Center for Comparative Medicine at
Northwestern University. All animal experimental
procedures were performed according to protocols
approved by the Northwestern University Institutional
Animal Care and Use Committee (IACUC).

Subcutaneous Injections of Polymersomes in C57BL/6
Mice

Polymersomes composed of PEG17-PPS28-PBI-
PPS28-PEG17 and PEG17-PPS28 (1/1) were prepared in

SCHEME 1. Synthesis of PEG17-PPS28-PBI-PPS28-PEG17 tetrablock copolymer.
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PBS at 10 mg/mL. C57BL/6 mice (n = 3) were in-
jected subcutaneously on both sides of their back with
75 lL of polymersomes. Control mice were injected
with PBS. At different time points (24, 48 and 72 h
post-injection), animals were anesthetized by
intraperitoneal (i.p.) injection of a mixture of Keta-
mine/Xylazine followed by exsanguination. Blood was
collected by retro-orbital puncture with BD Micro-
tainer tubes and dipotassium EDTA (BD Biosciences).
Serum was separated by centrifugation at 3000 rpm at
4 �C for 25 min. To prepare white blood cell suspen-
sions, blood cells were washed twice with 10 ml PBS
and treated 39 with ammonium-chloride-potassium
(ACK) lysis buffer (Invitrogen) to eliminate red blood
cells. Brachial lymph nodes, spleen, and liver were
harvested, gently dissociated and incubated in 2 ml of
Collagenase D (2 mg/mL) on a 12-well plate for
45 min at 37 �C and 5% CO2. Single-cell suspensions
were prepared by mechanical dissociation and passing
through a 70 lm cell strainer. Anti-mouse CD16/
CD32 was used to block FcRs and Zombie Aqua fix-
able viability dye was used to determine live/dead cells.
For flow cytometric analysis, cells were stained using
cocktails of fluorophore-conjugated anti-mouse anti-
bodies (Biolegend): panel 1: CD45-APC, CD3-APC/
Cy7, CD49b- PerCP-Cy5.5, CD8a-PE/Cy7, CD19-
Pacific Blue; panel 2: CD11c-Pacific Blue, CD8a-PE-
Cy7, CD11b-PerCP-Cy5.5, CD45RB/B220-APC, Gr-
1-APC-Cy7; and panel 3: F4/80-Pacific Blue, CD11c-
APC, CD11b-PerCP-Cy5.5, Ly6C-APC/Cy7, Ly6G-
PE/Cy7. After washes, cells were fixed by IC cell fix-
ation buffer (Biosciences). Flow cytometry was per-
formed with FACSDiva on a LSRII flow cytometer
(BD Biosciences) and data were analyzed with FlowJo
software.

RESULTS AND DISCUSSION

Synthesis and Characterization of PEG17-PPS28-PBI-
PPS28-PEG17

Aggregation behavior of PEG-PPS di- and triblock
copolymers has been reported previously.4 A wide
range of morphologies can be obtained by controlling
the molecular weight ratio of the hydrophilic PEG
fraction (fPEG). Here, a novel tetrablock copolymer
formed from two separate PEG-PPS diblock copoly-
mers linked by a PBI bridge was designed for assembly
into vesicular polymersome nanostructures. Our pre-
vious work has demonstrated that PEG17-PPS30 can
form uniform vesicle structures in aqueous solu-
tion,4,36,38 and we utilized the same fPEG to synthesize
the tetrablock copolymer PEG17-PPS28-PBI-PPS28-
PEG17. Scheme 1 illustrates the synthetic route for the

amphiphilic tetrablock copolymer. To introduce an
amino group at the end of the PEG17-PPS28 diblock
copolymer, N-(3-bromopropyl)phthalimide was used
to terminate the PEG thioacetate initiated anionic ring
opening polymerization of propylene sulfide. Then the
amino end-functionalized PEG-PPS block copolymer
(PEG-PPS-NH2) was obtained by the removal of the
phthaloyl group from N-(3-bromopropyl)phthalimide
end-capped PEG-PPS block copolymer (PEG-PPS-PI)
using a hydrazinolysis method in ethanol.4 Finally
PEG17-PPS28-PBI-PPS28-PEG17 block copolymer was
prepared by conjugation of PEG-PPS-NH2 with
PTCDA. The product of PEG-PPS-PBI-PPS-PEG was
characterized by 1H NMR spectroscopy and GPC, as
shown in Fig. 2. The NMR characteristic signal at
about 8.6 ppm was ascribed to the aromatic proton
peaks of PBI, demonstrating that the fluorescent PBI
group had been successfully conjugated to PEG-PPS.
The GPC peak of PEG17-PPS28-PBI-PPS28-PEG17

depicts a monomodal distribution of polymeric species
and a clear shift to higher molecular weight compared
with PEG17-PPS28 diblock copolymer.

All subsequent experiments were performed using
modular mixtures of the diblock and tetrablock
copolymers. The copolymer mixture resulted in a
shoulder peak on the GPC curve with an elution time
identical to the pure diblock copolymer (Fig. 2b).
There are two reasons why we used mixtures of the
diblock and tetrablock for subsequent experiments.
First, at high aggregate concentrations, p–p stacking of
PBI results in fluorescence quenching.42 Incorporation
of the diblock therefore permits a detectable red
emission to allow imaging of the intact assembled
polymersomes. Second, since both the copolymers
contain the same fPEG, they will both assemble into
vesicular nanostructures, which allows a modular
approach to the formation of polymersome nanocar-
riers. While the tetrablock module imparts useful flu-
orescent properties, additional diblock modules may
be used for the incorporation of targeting ligands or
supplemental imaging modalities such as MRI contrast
agents for multimodal imaging strategies.

Assembly and Characterization of Modular Tetrablock/
Diblock Polymersomes

Stable polymersome solutions of PEG17-PPS28-PBI-
PPS28-PEG17/PEG17-PPS28 in PBS were successfully
prepared using the thin film hydration method fol-
lowed by extrusion through a 200 nm nylon filter. The
cryoTEM image in Fig. 2c shows the representative
size and morphology of the aggregates, which revealed
that small polymersomes were formed with diameters
between 20–50 nm. Assembled morphologies appeared
to be greater than 99% vesicular, with an extremely
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small number (<1%) of micelles and filomicelles visi-
ble. The hydrodynamic size and size distributions of
polymersome were further characterized by dynamic
light scattering (DLS) (Fig. 2d). The intensity-average
hydrodynamic diameter was evaluated to be 60 nm
with a polydispersity index (PDI) of 0.22.

Polymersomes assembled solely from PEG17-PPS28-
PBI-PPS28-PEG17 exhibited a weak, concentration
dependent and strongly quenched excimer-like red
emission at 640 nm under UV illumination in PBS
(Figs. 3a and S1a). As the percentage of the PEG17-
PPS28 diblock increased within modular assemblies,
the intensity of the red fluorescence increased, with a
maximum signal detected at a 1:1 ratio (Fig. 3a). The
intensity decreased after further increasing the diblock
percentage beyond 57%, but the fluorescence intensity
ratio at 550 nm and 640 nm (I550/640) remained con-
stant at approximately 0.5 regardless of the triblock/

diblock ratio (Fig. 3b). Micelles composed of PEG-
PBI that have a PBI hydrophobic core do not
demonstrate the red shift that we observed here.18 This
suggests that placing PBI between two highly
hydrophobic PPS blocks enhances the ability for PBI
to participate in p-stacking. But as the PEG-bl-PPS
diblock percentage increased, the density of PBI
decreased, potentially decreasing the opportunity for
PBI molecules to come into contact and participate in
p–p stacking.

Modular Polymersomes Containing PEG17-PPS28-PBI-
PPS28-PEG17 Tetrablocks Undergo a Red to Green
Emission Shift upon Oxidation with Biologically

Relevant Levels of ROS

If flanking PBI with two hydrophobic PPS blocks
enhances PBI p-stacking and red emission, we

FIGURE 2. Characterization of tetrablock copolymer and resulting self-assembled polymersomes in phosphate buffered saline
(PBS). (a) 1H NMR spectrum of PEG17-PPS28-PBI-PPS28-PEG17 in CDCl3. (b) GPC traces of PEG17-PPS28-PBI-PPS28-PEG17 and
PEG17-PPS28 copolymers. (c) CryoTEM image of 1:1 PEG17-PPS28-PBI-PPS28-PEG17 : PEG17-PPS28 polymersomes in PBS at a
concentration of 10 mg/mL (scale bar = 100 nm). (d) Dynamic light scattering (DLS) measurement of the polymersome size dis-
tribution in PBS (1 mg/mL). The averaged diameter is 60 nm with PDI = 0.220.

Immunotheranostic Tetrablock Copolymer Polymersomes 363



hypothesized that increasing the hydrophilicity of the
neighboring PPS blocks may disrupt PBI p-stacking
and shift the fluorescence towards a green emission.
PPS oxidizes into the progressively more hydrophilic

variants poly(propylene sulfoxide) and poly(propy-
lene sulfone).31,38 In consideration of this oxidation
sensitivity, we expected that polymersomes containing
PEG17-PPS28-PBI-PPS28-PEG17 tetrablocks would

FIGURE 3. Characterization of PEG17-PPS28-PBI-PPS28-PEG17 polymersome spectral properties. (a) Red fluorescence emission
and (b) red/green emission intensity ratio of polymersomes composed of different ratios of PEG17-PPS28-PBI-PPS28-PEG17 and
PEG17-PPS28. The percentage of tetrablock in each tested formulation is shown in the legend. (c) Fluorescence spectra of poly-
mersomes in PBS (2 mg/mL) before and after oxidation by H2O2. The emission in DCM (2 mg/mL) is inserted into the top right
corner of the image. (d) Plots of fluorescence intensity ratio at 550 nm and 640 nm as a function of the incubation time at various
H2O2 concentrations at 37 �C. RFU = relative fluorescence unit, kex = 485 nm. (e) Emission spectra and (f) vesicle-to-micelle
transition of 100% PEG17-PPS28-PBI-PPS28-PEG17 polymersomes after reaction with physiological concentrations of H2O2. Micelle
formation was monitored by DLS.
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exhibit a fluorescence shift during oxidation-depen-
dent disassembly by disrupting the p–p stacking of
PBI aggregates within their membranes. Oxidation of
PPS within PEG-bl-PPS polymersome by H2O2 re-
sults in reassembly of the vesicular nanostructure into
smaller solid core spherical micelles, which can be
monitored by decreases in both nanoparticle size as
detected by DLS and turbidity of the solution as
measured by optical absorbance.38 After oxidation of
the milky polymersome dispersion with H2O2 to form
an optically clear solution, the red fluorescence peak
at 640 nm shifted to a strong green emission at
550 nm (Fig. 3c). This green emission compared well
with the emission in organic solvent of the com-
pletely solubilized tetrablock copolymer (Fig. 3c in-
sert). We further investigated the response speed at
37 �C with various H2O2 concentrations (0.5, 1, 2,
and 5%) by evaluating the I550/640 ratio (Fig. 3d).
The results revealed a quantifiable response that was
sensitive to the concentration of H2O2. Disruption of
PBI p–p stacking to generate a shift in the I550/640
ratio occurred after 50 h using a 5% H2O2 concen-
tration. This minimalist in vitro experiment verifies
sensitivity of the polymersome fluorescence to ROS,
but it should be noted that in vivo these shifts in I550/
640 ratio may vary extensively by cell type, activation
state, and mechanism of endocytosis due to the dy-
namic and complex mixtures of ROS present in
endosomal compartments.1,2,7,34,35

To investigate oxidation of PEG-bl-PPS copoly-
mers at intracellular ROS concentrations, which are
typically below 100 lM,25 we monitored the shift in
fluorescence for polymersomes incubated with H2O2

concentrations between 1 and 20 lM (Fig. 3e). The
emission spectrum of polymersomes at each con-
centration was measured until the fluorescence sta-
bilized to indicate that the maximum level of
oxidation had been achieved. The minimal H2O2

concentration required for sufficient oxidation to
disrupt PBI p–p stacking was found to be 20 lM,
which required 3 weeks to achieve. We additionally
used DLS to monitor the vesicle-to-micelle transition
that occurs during PEG-bl-PPS polymersome oxida-
tion at these same physiologically relevant ROS
concentrations (Fig. 3f). We observed micelles at
5 lM and above concentrations of H2O2. On a
molar basis, 5 lM would correspond to a theoretical
25% oxidation of all available PPS units, and this
corresponds well with previously published results
demonstrating that a 20% oxidation of PPS is
required for the vesicle-to-micelle transition.38 Fur-
thermore, 20 lM H2O2 was required for complete
conversion of all vesicles into micelles, and this
corresponded to the oxidation level necessary for the
red to green fluorescence shift (Fig. 3e).

In Vitro Toxicity and Cellular Uptake of Modular
Tetrablock/Diblock Polymersomes

Based on the demonstrated optimal fluorescence
emission discussed above, polymersomes composed of
a 1:1 ratio of tetrablock : diblock were selected for

FIGURE 4. In vitro characterization of PEG17-PPS28-PBI-
PPS28-PEG17 polymersomes with RAW 264.7 macrophages.
(a) Cytotoxicity of polymersomes after a 48 h incubation with
cells. (b) Cellular uptake of polymersomes after a 3 h incu-
bation with cells. (c) Intracellular fluorescence change of
polymersome positive (PS+) cells following endocytosis of
polymersomes at 50 lg/mL at different time points. PBS was
added to control (ctr) cells instead of polymersomes. Statis-
tical significance: *p £ 0.1; **p £ 0.05; ***p £ 0.001.
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subsequent in vitro and in vivo investigations. A cell
viability assay using RAW 264.7 macrophages incu-
bated for 48 h with a range of polymersome concen-
trations up to 0.5 mg/mL revealed no
detectable toxicity (Fig. 4a). Uptake of polymersomes
by RAW 264.7 macrophages increased with concen-
tration as measured by flow cytometry, and approxi-
mately 95% of cells were positive for polymersomes
(PS+) after a 3 h incubation at 0.5 mg/mL (Fig. 4b).
The percentages of cells that were positive for red
verses green fluorescence was monitored over the
course of 72 h (Fig. 4c). By 8 h, nearly 100% of
observed macrophages displayed a mixture of red and
green fluorescence. Over the next 60 h, the percentages
of cells that were positive only for green fluorescence
increased significantly, indicating a consistent intra-
cellular disassembly of polymersomes. At no time were
any cells found to be positive solely for the red chan-
nel, which reflected the rapid endosomal degradation
known to occur in macrophages at early stages of

phagocytosis. These results were further verified by
confocal microscopy (Fig. 5). Images revealed all vis-
ible cells to contain both red and green fluorescence
after 4 h of incubation with polymersomes, with most
endosomes displaying the red emission associated with
intact vesicles. By the 48 h time point, no endosomes
could be observed to possess only red fluorescence.
Instead, the vast majority displayed either a green
emission or a yellow color when the channels were
overlaid, which is indicative of endosomes containing
increasing amounts of disassembled polymersomes
lacking p-stacked PBI.

In Vivo Detection of Polymersome Disassembly Within
Lymph Node Resident Phagocytes

To assess the detection of polymersome disassem-
bly under oxidative conditions within phagocytic cells
in vivo, 1:1 tetrablock/diblock polymersomes were
injected SC into the backs of mice. The draining

FIGURE 5. Confocal microscopy of PEG17-PPS28-PBI-PPS28-PEG17 polymersomes within RAW 264.7 macrophages. Cells were
incubated with polymersomes for 4 h, washed with fresh media to remove polymersomes that had not been endocytosed and
subsequently imaged at timepoints of 4 h and 48 h. Control samples were incubated for 48 h in media without polymersomes.
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brachial lymph nodes were extracted at time points
ranging from 1 to 3 days, and resident cells were
analyzed by flow cytometry for red and green channel
emissions, which respectively corresponded to intact
and disassembled polymersomes (Figs. 6 and S2).
Natural killer (NK) cells and macrophages were
found to have a strong association with intact poly-
mersomes at all time points. NK cells are not highly
phagocytic, except under unique occasions,39 and this
is supported by their 550 emission. No detectable 550
emission was observed over the course of three days,
suggesting that polymersomes associating with NK
cells were not disassembling and likely not endocy-
tosed. It is possible that an NK cell surface receptor
was capable of binding to motifs within the adsorbed
protein corona of the polymersomes. Such association
would not result in polymersome disassembly, and
these results demonstrate the benefit of identifying
not just cells associating with nanocarriers, but
specifically which cells received intracellular delivery
of payloads. On the contrary, the number of macro-
phages displaying a strong 550 emission progressively
increased over time. This trend mirrored the fluores-
cence shift that was observed over the same time
course during the in vitro RAW 264.7 macrophage
experiments (Fig. 4c). The highest uptake of intact
polymersomes occurred on day 1, when approxi-
mately 15% of macrophages were positive for poly-
mersomes. A significant increase in 550 emission was
observed on day 2 and continued to increase into day

3 when over 10% of isolated macrophages contained
disassembled polymersomes. Surprisingly, DCs did
not display a significant increase in 640 emission on
any day, but did show significant increases in 550
emission on day 2. These green emissions appeared to
plateau on day 2, as day 3 did not reveal a further
significant increase in polymersome disassembly as
was observed for macrophages. Considered the most
potent professional APC, DCs have separate
immunological roles than macrophages as well as
distinct mechanisms of endosomal alkylation and
ROS generation.17,34,35 Furthermore, DCs have been
found to increase their ROS generation and proteol-
ysis phagocytosed materials following activation of
their toll-like-receptors (TLRs).40,41 PEG-bl-PPS
nanocarriers are nonimmunogenic and do not elicit
inflammatory responses unless transporting
immunostimulatory payloads.36,37 The lower levels of
polymersome degradation by DCs may therefore re-
flect their more selective mechanisms of ROS gener-
ation compared to macrophages, which are instead
constitutively collecting and destroying extracellular
debris to fulfil their role as the professional ‘‘garbage
collectors’’ of the immune system.11,12

CONCLUSIONS

An immunotheranostic nanocarrier system may
lead to improved understanding of how the immune
system functions as well as the rational design of

FIGURE 6. In vivo monitoring of PEG17-PPS28-PBI-PPS28-PEG17 polymersome disassembly within lymph node resident immune
cell populations. Polymersomes (10 mg/mL) or PBS controls (ctr) were injected subcutaneously into mice and brachial lymph
nodes were extracted at the indicated time points for analysis by flow cytometry. Histograms show the average percent-
ages 6 standard deviation of polymersome positive (PS+) cells for each indicated cell type. Macrophages: CD11b+F4/80+; dendritic
cells (DCs): CD11c+; mature DCs (mDCs): I-A/I-E+CD11c+; plasmacytoid DCs (pDCs): I-A/I-E+CD11c+Gr-1+B220+; B cells:
CD45+CD19+; natural killer (NK) cells: CD45+CD49b+; granulocytes: Gr-1+CD11b+. Statistical significance: *p £ 0.1; **p £ 0.05;
***p £ 0.001.
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immunotherapeutic strategies. Here, we have charac-
terized in vitro and in vivo a polymersome platform
that employs modularly assembled tetrablock/diblock
copolymers that allow fluorescence-based detection of
intracellular oxidation and nanocarrier disassembly.
Polymersomes assembled from a 1:1 ratio of
PEG17-PPS28-PBI-PPS28-PEG17 : PEG17-PPS28 allo-
wed assessment of the time course of their degradation
based upon the oxidation-induced disruption of PBI
p–p stacking. We verified that diblock and tetrablock
copolymers could be modularly assembled into
stable vesicles, as reflected by the continued disruption
of p–p stacking within assembled PEG17-PPS28-PBI-
PPS28-PEG17 membranes with increasing incorpora-
tion of PEG17-PPS28. A shift from red to green fluo-
rescence was observed at physiologically relevant
concentrations of ROS, and this was reproduced
within the endosomal compartments of macrophages
in vitro following uptake of modular polymersomes. In
vivo, non-specific membrane association of polymer-
somes with cell surfaces could be separated from
intracellular delivery, and both macrophages and DCs
were found to continue to process and degrade poly-
mersomes over 3 days after an initial subcutaneous
injection. Future applications of this nanocarrier sys-
tem include the identification of key cell populations
targeted and activated by different vaccine formula-
tions, the investigation of how specific combinations of
TLR stimulation enhance DC function, as well as a
wide range of strategies that may help unravel the
complexities of immune responses.
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