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a b s t r a c t

The long-term fate of biomedical nanoparticles after endocytosis is often only sparsely addressed in vitro
and in vivo, while this is a crucial parameter to conclude on their utility. In this study, dual-fluorescent
polyisobutylene-polyethylene glycol (PiB-PEG) polymersomes were studied for several days in vitro and
in vivo. In order to optically track the vesicles' integrity, one fluorescent probe was located in the
membrane and the other in the aqueous interior compartment. These non-toxic nanovesicles were
quickly endocytosed in living A549 lung carcinoma cells but unusually slowly transported to perinuclear
lysosomal compartments, where they remained intact and luminescent for at least 90 h without being
exocytosed. Fluorescence-assisted flow cytometry indicated that after endocytosis, the nanovesicles were
eventually degraded within 7e11 days. In zebrafish embryos, the polymersomes caused no lethality and
were quickly taken up by the endothelial cells, where they remained fully intact for as long as 96 h post-
injection. This work represents a novel case-study of the remarkable potential of PiB-PEG polymersomes
as an in vivo bio-imaging and slow drug delivery platform.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Like liposomes, polymersomes are spherical nanovesicles with a
self-assembled membrane composed of synthetic amphiphilic
block copolymers, of which the simplest form has one hydrophilic
block and one hydrophobic block [1e5]. The synthetic nature of
polymersomes allows for tuning the vesicle parameters, for
example to reach higher membrane thickness than liposomes (up
to 21 nm), 5e50 times higher mechanical resistance, lower mem-
brane permeability of encapsulated compounds, and/or higher
long-term stability in aqueous media [6]. As a consequence, poly-
mersomes are exceptional encapsulating nanosystems that have
attractedmuch attention for drug delivery and as optical markers in
9500, 2300 RA Leiden, The
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bio-imaging [3,7e15]. In principle, the thickness of their membrane
and their large aqueous interior allows for loading them with high
amounts of hydrophilic, hydrophobic, or amphiphilic luminescent
probes, while the encapsulated dyes should remain protected from
cellular degradation and exocytosis. Likewise, cells should be pro-
tected from the potential cytotoxic effects of the probes, provided
the block copolymer molecules do not disassemble in a biological
environment. As for liposomes and polymer nanoparticles, poly-
mersomes allow for passive targeting of cancer tissues in vivo due
to the enhanced permeation and retention effect (EPR) of tumors
[16e18], possibly combined with active targeting by surface func-
tionalization with cancer cell-targeting moieties [9,19,20]. Tuning
of the nanovesicles' zeta-potential is an additional important factor
that determines their fate in biological systems [21]. Polymersomes
that are slowly degraded by the cell are useful for studying the
uptake and trafficking of nanoparticles in the endo-lysosomal
pathways [22e25]. The potential of polymersomes for bio-
imaging and drug delivery has been investigated
[3,9,10,12,21,26e34], but very few studies have paid attention to
their uptake dynamics, long-term imaging, and breakdown in vitro
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and in vivo, although these parameters are critical to conclude on
the usability of polymersomes for biomedical applications.

In this study, we use a polyisobutylene-monomethyl poly-
ethylene glycol (PiB-PEG-Me) block copolymer for the construction
of nanometer-sized polymersomes [35]. Polyisobutylene (PiB) was
chosen as hydrophobic block because it is a highly biocompatible
polymer with high hydrophobicity, low permeability for small
molecules (e.g. water), and high chemical resistance [36]. More-
over, it is approved by the FDA for food-related applications [36].
Polyethylene glycol (PEG) was chosen as hydrophilic block as it is
the established standard for the surface functionalization of bio-
imaging systems. It is also recognized that polymersomes with
polyethylene glycol-containing (PEG) block copolymers feature a
maximum-density PEG brush on their surface, which in turn
maximizes the in vivo stealthiness by evading the immune system
[3,37]. Apart from our previous study [35], PiB-PEG based poly-
mersomes in particular have not yet been investigated for lumi-
nescence bio-imaging.

Here we label PiB-PEG polymersomes with two different dyes
emitting at two different wavelengths: on the one hand the
membrane was labelled with a lipophilic blue-fluorescent probe
(2,5,8,11-tetra(tert-butyl)perylene; TBP) and on the other hand the
aqueous interior was labelled with a water-soluble orange-fluo-
rescent probe (sulforhodamine B; SRB), see Fig. 1a. This double-
doping with two different dyes allows to optically differentiate
the membrane from the aqueous interior, and to study whether the
Fig. 1. Physical characterization of dual fluorescent polymersomes. a) Schematic representat
block-monomethyl polyethylene glycol copolymer (PiB-PEG-Me), 2,5,8,11-tetra(tert-butyl)pe
rescence spectra with lexc¼ 405 (blue curve) and 532 nm (red curve). c) Cryo-TEM microgra
(For interpretation of the references to color in this figure legend, the reader is referred to
vesicles remain intact after cellular uptake. In this case, SRB was
selected as hydrophilic fluorescent probe because it is known to be
rapidly cleared from the cell when it is released from liposomes
[38]. TBP was selected because it is more securely incorporated
inside the bilayer of liposomes and polymersomes compared to
unsubstituted perylene [35,39]. Also, the absorption spectra of TBP
and SRB do not overlap significantly, which allows for optical
distinction between the location of the two chromophores. Addi-
tionally, both probes are cheap and easy to integrate into the pol-
ymersome. First, the dual-fluorescent polymersomes were
physically characterized and their uptake and cytotoxicity in A549
lung carcinoma cells were investigated to screen the polymersomes
for potential in cancer cell drug delivery and imaging. Second, the
polymersomes were continuously imaged for multiple days to
examine their transport inside the cells after endocytosis. Third, the
long-term polymersome breakdown by the cells was investigated
using fluorescence imaging and flow cytometry for two weeks.
Finally, because the zebrafish embryo is an emerging standard to
screen the in vivo behavior of nanoparticles [40e42], we followed
the nanovesicles in this model for 96 h after intravenous injection.
2. Results and discussion

2.1. Polymersome preparation and characterization

A polyisobutylene-monomethyl polyethylene glycol (PiB-PEG-
ion of the dual fluorescent polymersomes and chemical structures of polyisobutylene-
rylene (TBP) and sulforhodamine B (SRB). b) Normalized absorption (black) and fluo-
phs (d) and size distribution of the particle diameter based on 186 individual vesicles.
the Web version of this article.)
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Me) block copolymer was synthesized according to literature pro-
cedure with PiB and PEG block molecular weights of 1.0 and
0.75 kgmol-1, respectively [35]. Dual-fluorescent polymersomes
were then constructed by hydrating a dried polymer film con-
taining 4wt% blue-fluorescent 2,5,8,11-tetra(t-butyl)perylene (TBP)
with phosphate buffered saline (PBS) containing 1.0mM orange-
fluorescent sulforhodamine-B (SRB). The polymersomes were
subsequently sized by extrusion through a 0.1 mm pore filter
membrane, and purified by removing the excess SRB using size-
exclusion chromatography. The UVeVis absorption spectrum of
the resulting dispersion (Fig. 1b) showed the superposition of the
individual absorption spectra of TBP (labs¼ 350e460 nm) and SRB
(labs¼ 500e580 nm) [35], thereby confirming the presence of both
chromophores in the nanovesicles. Interestingly, after three weeks
of storage at room temperature neither SRB had escaped the
aqueous interior nor TBP had escaped the membrane, as size-
exclusion chromatography showed no free SRB or TBP elution
band (data not shown). The fluorescence spectrum of freshly pre-
pared polymersomes was then acquired with violet (405 nm) and
green light excitation (532 nm). Under violet light excitation, the
typical structured emission spectrum of TBP was observed between
450 and 550 nm. Only a small fluorescence signal of SRB was
detected between 550 and 650 nm (4% of the total signal) due to the
low absorbance of SRB at 405 nm. Under green light excitation, only
SRB emission was observed, because TBP does not absorb above
450 nm. Thus, depending on excitation wavelength these poly-
mersomes emit light either in the blue or in the orange region of
the visible spectrum.

The average hydrodynamic diameter was determined using
dynamic light scattering (DLS) in bulk solution, revealing a typical
particle diameter of 97 nm with a polydispersity index of 0.19.
These values did not change during 3 months of storage at 4 �C,
representing exceptional stability in PBS. The zeta-potential was
found to be negative (�39± 9mV) due to the carboxylic acid at the
block copolymer junctionwhich is likely to be deprotonated in PBS.
The individual particles were also visualized with cryo-TEM (Fig. 1c
and d); the micrographs showed exclusively unilamellar polymer-
somes [43] with an average diameter of 65± 19 nm and a mem-
brane thickness of 9± 1 nm, which is notably thicker than the
3e5 nm thick phospholipid bilayer of liposomes [44]. Considering
that PEG chains are poorly visible in cryo-TEM images due to poor
contrast with the vitrified water, and that the extended chain
length of the PiB-block is approximately 4.5 nm (~36 CeC bonds,
109� bond angle), this result suggests that the opposing PiB chains
in the membrane are organized end-to-end. Altogether, the ease of
nanovesicle formation and dye doping, as well as the cost-
effectiveness of the materials, make PiB-PEG-Me polymersomes
excellent candidates as dual-fluorescent nanoprobes.

2.2. Endocytosis and cytotoxicity

Uptake of dual-fluorescent polymersomes by 2D cell mono-
layers was investigated. The A549 human lung carcinoma cell was
selected because it is well-studied and frequently used for
screening drugs and drug delivery systems [45e49]. A549 cells
were incubated with polymersomes (5 mgmL-1) for 2 h (without
medium refreshment) and subsequently imaged with a confocal
microscope in bright field mode and with 405 nm and 561 nm
excitation (Fig. 2). The images showed colocalization of TBP and SRB
fluorescence in localized spots throughout the cytoplasm, remi-
niscent of endo-lysosomal compartments of A549 cells [38,50e52].
Staining of lysosomes with Lysotracker Red revealed that the pol-
ymersomes indeed accumulated in lysosomes (Fig. S1), confirming
uptake via the usual endocytosis pathways [53e55]. The colocali-
zation of TBP and SRB fluorescence (Fig. 2d) clearly indicates that
the encapsulated SRB had not leaked out and thus the nanovesicles
remained intact inside the cells once they have been endocytosed.
In repeated experiments at lower magnification and thus a bigger
field of view, not all cells took up the particles in equal amounts,
which possibly results from differences in cell cycle phase (Fig. S2)
[50].

The dependence of cell viability on polymersome concentration
was determined using a well-established cytotoxicity assay based
on cell fixation and stoichiometric staining of cellular proteins
(Fig. 2e) [45,56]. After incubation for 48 h, 50% cell viability was
observed at a concentration of 0.5mg/mL polymersomes,
compared to untreated cells (Fig. 2e). No significant toxicity dif-
ferencewas observed between dual-fluorescent polymersomes and
polymersomes that contained no dyes, thereby excluding toxic ef-
fects from the dyes themselves. Notably, although this assay yields
a highly accurate quantification of the abundance of living cells, it
does not incorporate numbers of dead cells. Microscopic screening
of the cells in wells just before cell fixation showed that in each
condition the cells displayed similar healthy states. However, it was
obvious that a lower number of cells was observed when the pol-
ymersome concentration was increased, with no observation of
varying cell death numbers. This leads to the conclusion that
instead of causing cell death, the polymersomes rather exhibit a
partially anti-proliferative effect. Overall, these initial results report
fast uptake of the particles and low cytotoxicity, and prompted
additional investigations in uptake dynamics and cellular tracking.

Polymersome endocytosis and transport within living cells was
visualized during the first 2 h of incubation by confocal fluores-
cence microscopy. Additionally, the cells were stained with car-
boxyfluorescein succinimidyl ester (CFSE; lexc¼ 488 nm) to
visualize the cell volume. Imaging was performed in bright field,
and with 561 nm and 488 nm excitation every 5 s with 4 z-slices at
each time point (Fig. 3 and Video V1). For these experiments,
excitation with 405 nm was omitted because preliminary experi-
ments indicated that the cells were quickly damaged by the near-
UV light, consistent with reports that already blue light can be
toxic to this cell line (50% cell death at 30 J cm�2 455 nm irradiation)
[45]. The polymersomes were added after 5min of image acquisi-
tion. Within minutes after the start of incubation, the outer cell
membrane was covered with numerous particles, randomly
distributed across the membrane. After this initial docking, the
particles began to move slowly and steadily towards the peri-
nuclear area of the cell, thereby strongly suggesting the involve-
ment of an active transport mechanism along the cytoskeleton. To
further investigate the particles' motion in the first 2 h, the video
was analyzed by single particle tracking (SPT) with ImageJ and the
TrackMate plugin [57,58], to yield the particle trajectories and thus
their tracking duration, distance, and mean particle velocity dis-
tributions (Figs. 3b and S3). The majority of the trajectories clearly
directed towards the perinuclear area with a constant mean ve-
locity of 2.4± 1.4 nm/s with trajectory distances up to 19 mm (based
on 346 individually tracked particles, see Fig. S4). These results are
rather curious, considering that early endosome motility in
A549 cells is usually characterized by directional movements to-
wards the nucleus with much higher average velocities (1e2 mm/s)
and short speed bursts (4e6 mm/s) [59e63]. In our experiments, we
observed only very few endocytosed particles exhibiting such
highly dynamic behavior (Video V1). The slow intracellular traf-
fickingmay be caused by intracellular crowding, which slows down
the active transport along the cytoskeleton. The directed move-
ment towards the perinuclear area completed after about 1.5 h for
the initial wave of endocytosed particles, after which the poly-
mersomes were stationary. No subsequent movements towards the
cell exterior were observed, indicating no exocytosis of the parti-
cles. After 2 h of incubation, the same cells were imaged with 405,



Fig. 2. Uptake and cytotoxicity of dual-fluorescent polymersomes. a,b,c) Confocal microscopy imaging of dual-fluorescent polymersomes in A549 cells after 2 h of incubation ([PiB-
PEG-Me]¼ 5 mg/mL) in bright field mode and with lexc¼ 405 (blue; b) and lexc¼ 561 nm (red; c). The excess of polymersomes was not removed before imaging, hence free-floating
vesicles are visible outside the cells. Each fluorescence channel constitutes a maximum intensity projection of the central 2 z-slices with 2 mm distance. d) Pixel intensities along the
red arrow in (a) for lexc¼ 405 (blue) and lexc¼ 561 nm (red). e) Relative cell viability versus polymersome concentration (expressed as [PiB-PEG-Me] in mg/mL) of dyed (red circles)
and non-dyed polymersomes (black diamonds) after 4 h incubation with polymersomes, medium refreshment, and a 48 h rest period. Error bars represent standard deviation based
on three biological replications. Lines represent Hill-slope fits to the data. Uptake and transport dynamics visualized during the first 2 h of incubation. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. a) Selected images from 2-h confocal fluorescence imaging of dual-fluorescent polymersomes (red, lexc¼ 561 nm) in living A549 cells that were stained with CFSE (green,
lexc¼ 488 nm). The entire experiment is shown in Video V1. The vesicles were added at t¼ 5min (50 mg/mL final concentration) and were not removed at any point. Each image
constitutes a maximum intensity projection of 4 z-slices with 1.5 mm distance. b) Cells at 120min (green) with single particle traces of 46 individual particles with the most long-
lasting trajectories plotted. The traces are color-coded for the incubation time of the experiment as indicated next to the image. A larger dataset and the statistics are shown in the
ESI. c) The circular region of interest in panel “a” was used for a detailed z-stack acquisition (0.3 mm z-slice distance) after 2 h of incubation with lexc¼ 405, 488, and 561 nm (blue,
green, and red colors, respectively). One z-plane is shown, including the orthogonal xz and yz projections at the yellow lines. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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488, and 561 nm excitation in a detailed z-stack (Fig. 3c). The
colocalized fluorescence of TBP and SRB confirmed the presence of
the intact dual-fluorescent polymersomes near the nucleus. Over-
all, the results show that the dual-fluorescent polymersomes are
endocytosed by A549 cancer cells within the first minutes, followed
by active but slow transport to the perinuclear area within 1.5 h.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.03.037.
2.3. Time-lapse imaging for 86 h

What is the fate of the nanovesicles after endocytosis and
transport to the degradative environment of lysosomes? To answer
this question, cells were incubated with a high dose of dual-
fluorescent polymersomes for 4 h (0.5mgml-1 polymer), after
which the cell mediumwas refreshed. Then, the cells were imaged
every 2min for 86 h in bright field and with 561 nm excitation

https://doi.org/10.1016/j.biomaterials.2018.03.037
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(Fig. 4 and Video V2), after which full cell confluency was reached.
At the start of the experiment, most of the polymersomes were
located nearby the nucleus, similar to the situation after 2 h incu-
bation. During the next 86 h, the cells exhibited locomotion and
mitosis, with no indications that the polymersomes caused cell
death. This is consistent with our previous hypothesis that the
polymersomes only slow down the cell division (see above). Each
time a cell divided, the polymersomes were equally distributed
among the two daughter cells (Video V2, Fig. S5). On this timescale,
it was observed how polymersomes were dynamically shuttled
throughout the cytosol, while most fluorescencewas observed near
the nucleus. No free-floating polymersomes were observed in so-
lution directly above and near the cells. Moreover, the total SRB
fluorescence did not decrease with time (based on data at 5
different locations, Fig. S6). These observations indicate that (i) SRB
did not photobleach, (ii) the polymersomes were not exocytosed,
(iii) and stayed intact inside the cells. To fully confirm this hy-
pothesis, the cells were imaged after 90 h in bright field and with
405 and 561 nm excitation (Fig. 4b). Here again complete colocal-
ization of TBP and SRB fluorescence was obtained, indicative of
intact nanovesicles.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.biomaterials.2018.03.037.

According to these experiments, these polymersomes were still
completely intact after 90 h after uptake, which indicates that they
are highly resistant towards cellular breakdown in the lysosomal
pathway. We attribute this resistance to the high chemical inert-
ness of the PiB polymer block [36]. On top of that, we have reported
before that related PiB-PEG-Me polymersomes are mechanically
tough, as they do not even burst in the high vacuum of a trans-
mission electron microscope [35]. Altogether, we hypothesize that
after endocytosis the polymersomes remain trapped in the endo-
lysosomal pathways and are shuttled back and forth in these
compartments. The unusually long dwelling time of the particles in
the cells may originate from the fully PEGylated surface of the
nanovesicles, which may obstruct the recognition of the particles
and allows them to be present inside the lysosomes as camouflaged
Fig. 4. Long-term time-lapse imaging. a) Selected images from 86 h confocal fluorescence im
to imaging, the cells were incubated for 4 h with 0.5mg/mL polymersomes, washed twice w
the entire experiment is shown in Video V2. Time is indicated in hour:minute format. b) Con
a maximum intensity projection of 3 z-slices with 2 mm distance. (For interpretation of the r
article.)
objects.

2.4. Long-term monitoring of polymersomes in cells during 11 days
after incubation

The exceptional stability of these polymersomes in a 90 h
experiment encouraged us to investigate how long the polymer-
somes would remain intact during a still longer experiment of 11
days. However, as cancer cells have a high proliferation rate, it was
necessary to split the cell population several times within these 11
days to prevent over-confluency and concomitant cell death.
Splitting of the population decreases the fluorescence signal per
cell significantly in time, but the relative fluorescence intensity of
one probe compared to the other provides information about the
integrity of the particles. A549 cells were hence seeded 24 h before
the experiment. On the starting day (day 0) a microscopy dish with
the cells was incubated with 0.5mg/mL dual-fluorescent poly-
mersomes for 4 h, washed twice with PBS, and resupplied with
growth medium. Directly afterwards, the cells were imaged with
confocal microscopy. Subsequently, the cells were detached, in part
reseeded in a new microscopy dish, and the excess of cells was
analyzed by fluorescence flow cytometry (Fig. 5 and Fig. S7). This
was repeated on days 3, 7, and 11.

The confocal microscopy images and their quantified fluores-
cence of TBP and SRB (Fig. 5a and b; N¼ 10 probing positions)
showed that in the first 3 days after treatment, the polymersomes
stayed inside the cells and that the fluorescence of both TBP and
SRB remained unaffected. This is in accordance with our observa-
tions in Fig. 4. Between day 3 and 7, the fluorescence intensities of
SRB and TBP greatly decreased per cell area, with only few intact
polymersomes remaining. Many cells contained only TBP fluores-
cence, indicating that SRB had been degraded or had been exocy-
tosed by the cell (close-ups in Fig. S8). On day 11, no fluorescence in
either channel was observed anymore. Notably, at each imaging
day, no fluorescent particles were observed that were moving
around in the supernatant, i.e. directly above the cells, which sug-
gests that exocytosis did not occur. The fluorescence flow
aging of dual-fluorescent polymersomes (red, lexc¼ 561 nm) in living A549 cells. Prior
ith PBS prior, and resupplied with Opti-MEM medium. Images were taken each 2min;
focal images at 90 h after incubation. In all images the fluorescence channel constitutes
eferences to color in this figure legend, the reader is referred to the Web version of this

https://doi.org/10.1016/j.biomaterials.2018.03.037


Fig. 5. Monitoring of A549 cells with endocytosed polymersomes for 11 days by
fluorescence imaging and flow cytometry. a) Merged confocal bright field and fluo-
rescence images of dual-fluorescent polymersomes (red, lexc¼ 561 nm; blue,
lexc¼ 405 nm; purple showing colocalization) in living A549 cells at day 0 (directly
after incubation and medium refreshment) and at day 3, 7, and 11. Each fluorescence
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cytometry results followed the same trend as the imaging results:
the fluorescence of TBP and SRB in the cell population evolved
relatively little between day 0 and 3 (Fig. 5c). After 7 days, the signal
of SRB was completely gone, while the TBP fluorescence remained.
After 11 days, no more fluorescence was observed, comparable to
untreated control cells. The fact that the SRB fluorescence dis-
appeared before the TBP fluorescence suggests that SRB leaks out of
the polymersomes between 3 and 7 days after incubation and that
at this time only a collapsed polymer membrane remains, evident
from the TBP fluorescence signal. This is further supported by the
fact that the TBP fluorescence still originates from localized spots in
the perinuclear area, i.e. lysosomes (Fig. S8). Further, the results
suggest that between 7 and 11 days the remains of the polymer
membrane are cleared by the cell and that TBP is degraded or
excreted.

In order to investigate the mechanism behind degradation, the
hydrodynamic size distribution of the polymersomes was
measured during 10 days of incubation in ex-vivo conditions that
mimic mammalian lysosomes, i.e. acidic environment (pH 4, 5, or
6), presence of digestive esterase enzymes [64], and human body
temperature (37 �C; Fig. S9). Whereas incubation in acidic condi-
tions alone did not result in any significant changes in size distri-
bution (Fig. S9a), the presence of esterase enzyme resulted in
agglomeration of the polymersomes, as observed by major in-
creases in hydrodynamic size (Fig. S9b). This agglomeration was
especially severe in combination with acidic conditions, e.g. from
100 nm on day 0e900 nm on day 10 for incubation at pH 4. The
agglomeration is most likely the result of the enzymatic cleavage of
the ester junction in the block copolymer, leading to dissociation of
PEG from the polymersomes, destabilization of the lipid bilayer,
and hydrophobic-hydrophobic attractions between “bare” PiB-rich
polymersome fragments. Intriguingly, this enzymatic cleavage
proceeds even in presence of the large steric hindrance of the PEG
brush on the polymersome surface. The higher degree of agglom-
eration in more acidic conditions (pH� 5; Fig. S9b) can be
explained by the neutralization of the resulting carboxylic acid
moieties that remain on the cleaved PiB block, thereby removing
any electrostatic repulsion between polymersome fragments. We
thus conclude that an enzymatic degradation mechanism is
responsible for the cellular degradation of dual-fluorescent poly-
mersomes in mammalian cells. At this point, the fate of the indi-
vidual polymer blocks after degradation remains unknown. Taken
altogether, the data shows that the polymersomes remain stable
inside the cells for up to 7 days without affecting cell survival.
Moreover, the results suggest that the polymersomes are enzy-
matically degradable by cells within 3e7 days, with complete
decomposition within 11 days. Such biocompatible properties are
highly beneficial for bio-imaging nanoparticles that can be used for
long-term imaging of cells and/or tissues: they can be introduced in
a biological system and used to monitor specific areas for multiple
days while in time they are naturally degraded. Alternatively, these
degradable polymersomes can be filled with drugs for intracellular
targeting, occurringwithin 3e7 days after uptake. In this scenario, a
image consists of a maximum intensity projection of 5 z-slices with 1.5 mm distance.
For comparison, the TBP and SRB fluorescence histograms were equalized between
datasets. b) Quantification of the fluorescence intensity per cell area (expressed in
mean pixel value) under 405 (left) and 561 nm excitation (right) of 10 separate imaging
areas (1 standard deviation error bar). Noise levels are indicated with blue and red
dotted lines. c) Top to bottom: flow cytometry of the cells at day 0, directly after
polymersome treatment, and at day 3, 7, and 11, and untreated cells (bottom). TBP and
SRB fluorescence were collected with lexc¼ 405/lem¼ 450± 45 nm and lexc¼ 488/
lem¼ 583 ± 26 nm, respectively. Cell population was selected by forward and side
scatter (Fig. S7). The relative population (in %) is indicated per quadrant. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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water-soluble drug is initially trapped inside the vesicles due to the
impermeability of the rubbery PiB bilayer, but enzymatic degra-
dation of the block copolymer in time results in destabilization of
the membrane and subsequent drug release.
2.5. Imaging of polymersomes in zebrafish embryos

Finally, to demonstrate the relevance of our in-vitro results for
in vivowork, the dual-fluorescent polymersomes were imaged in a
zebrafish embryomodel, and their in-vivo toxicity was investigated.
Here, the zebrafish embryo model was chosen because it has been
recognized as emerging standard to screen the in vivo behavior of
nanoparticles, due to the embryo's optical transparency, ease of
fluorescence cell-labelling through genetic modification, and the
broad applicability of drug delivery studies in this vertebrate model
[40e42]. Transgenic zebrafish embryos, expressing green-
fluorescent protein (GFP) in endothelial cells, were cultivated in
order to allow fluorescence imaging of the vascular system.
Zebrafish embryos were injected with 1 nL dual-fluorescent poly-
mersomes (10mg/mL) and monitored at 1, 8, 24, 48, and 96 h after
injection using fluorescencemicroscopy, while the number of living
fish were counted at each time point (Fig. 6 and Figs. S10eS14). As
control, zebrafish embryos were injected with 1 nL PBS without
polymersomes. At 1 h post-injection, the polymersomes had been
endocytosed in endothelial cells, while no polymersomes were
observed in the bloodstream. This is in agreement with previous
results which show that particles with a negative zeta-potential are
rapidly taken up in the endothelial cells of zebrafish embryos [42].
At 8, 24, 48, and 96 h post-injection, the situation remained
completely unchanged: the colocalization of the fluorescence
signal of TBP and SRB indicated that the nanovesicles remained
completely intact and were neither excreted nor degraded. Mean-
while, none of the tested 92 zebrafish had died despite the rela-
tively high number of injected nanoparticles. Although the
nanovesicles should be rigorously tested for e.g. immunotoxicity
and inflammatory response in additional studies, these observa-
tions suggest high biocompatibility of the dual-fluorescent poly-
mersomes. Overall, these results demonstrate that PiB-PEG-Me
polymersomes are (i) readily taken up by cells without subsequent
exocytosis, (ii) not causing embryonic lethality within 96 h after
injection, (iii) highly resistant towards cellular breakdown in vivo
for at least 4 days, and (iv) a highly promising luminescent platform
Fig. 6. In vivo luminescence imaging of dual-fluorescent polymersomes in zebrafish embry
tation (red) of kdrl:GFP transgenic zebrafish embryos at 1 h after injection with 1 nL dual-fl
section (dashed red box) at 1, 8, 24, 48, and 96 h post-injection. Purple color indicates co-loc
post-injection (N¼ 92 at t¼ 0) with dual-fluorescent polymersomes (red) and PBS as control
referred to the Web version of this article.)
for long-term in vivo bio-imaging, which can be combined with
targeted intracellular drug delivery. We propose that in future
work, tuning the zeta-potential of the vesicles by (partial)
methylation of the carboxylate groups may help to target different
tissue types. For instance, vesicles with a longer blood circulation
time may be beneficial for targeting cancer cells due to the
enhanced permeability and retention effect (EPR). In addition, the
surface of the nanovesicles may be functionalized with cancer cell-
targeting moieties for long-term in vivo tumor imaging.
3. Conclusions

In conclusion, novel dual-fluorescent polyisobutylene-poly-
ethylene glycol (PiB-PEG) polymersomes were prepared and used
for long-term in vitro and in vivo bio-imaging. By doping both the
hydrophilic interior and the lipophilic membrane of the polymer-
somes with two different fluorophores, information could be ob-
tained regarding their integrity upon endocytosis. Polymersome
uptake and intracellular transport dynamics studies revealed their
quick endocytosis in less than 5min. The nanovesicles were
transported with a relatively slow velocity of about 2 nm s�1 along
the endo-lysosomal pathway directly from the membrane to the
perinuclear area, where they remained intact for at least 86 h. The
investigation of the intracellular breakdown of the polymersomes
showed the first effects on the integrity of the nanovesicles after
3e7 days and their absence and thus degradation by the cells after
7e11 days. Ex-vivo incubation in presence of esterase showed that
enzymatic cleavage of the ester linker in the PiB-PEG block copol-
ymer is most likely the initial step for intracellular breakdown of
the polymersomes. At last, the nanovesicles were imaged in
zebrafish embryos as in vivomodel for 96 h, which revealed that the
polymersomes showed no toxicity and are very suitable for long-
term bio-imaging. Overall, this work demonstrates the intriguing
interaction of PiB-PEG polymersomes with biological systems, and
shows that they are an excellent particle system to host both
lipophilic and hydrophilic chromophores while protecting these
dyes from degradation by the cell for several days. Finally, this work
is a novel study of the endocytosis and intracellular transport dy-
namics, biocompatibility, and breakdown of polymersomes in vitro
and in vivo, and paves the way for the broader use of PiB-PEG based
polymersomes in life science applications.
os. a) Fluorescence microscopy with 405 nm (blue), 488 nm (green) and 543 nm exci-
uorescent polymersomes ([PiB-PEG-Me]¼ 10mg/mL) and close-ups of the middle tail
alization of TBP and SRB. b) Number of alive zebra-fish embryos at 1, 8,24, 48, and 96 h
(black). (For interpretation of the references to color in this figure legend, the reader is
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4. Experimental

4.1. General

The chemical syntheses of PiB-PEG-Me and TBP are reported
elsewhere [35]. Sulforhodamine B (SRB), porcine liver esterase
(�50 U/mg; 1 U corresponds to the amount of enzyme which hy-
drolyzes 1 mmol ethyl valerate per minute at pH 8.0 and 25 �C), and
Dulbecco's phosphate buffered saline (PBS) were purchased from
Sigma-Aldrich. DPBS had a formulation of 8 g/L NaCl, 0.2 g/L KCl,
0.2 g/L KH2PO4, and 1.15 g/L K2HPO4 with a pH of 7.1e7.5. The
average hydrodynamic polymersome diameter and polydispersity
index were measured with Dynamic Light Scattering (DLS) using a
Zetasizer Nano S machine from Malvern Instruments Ltd., oper-
ating with a wavelength of 632 nm. The zeta potential measure-
ments were carried out in a DTS1070 folded capillary cell in 9:1
Milli-Q H2O:PBS at pH 7.1. All images and data were processed
using Fiji ImageJ [65], Origin Pro, and/or Microsoft Excel software.

4.2. Preparation of dual-fluorescent polymersomes

Aliquots of chloroform stock solutions containing the polymer-
some constituents were added together in a flask to obtain a so-
lution with 10mg PiB-PEG-Me and 0.80 mmol TBP. The solvent was
removed by rotary evaporation and subsequently under high vac-
uum for 15min to create a polymer film on the flask wall. 1.0mL
PBS buffer containing 1mM SRB was added and the polymer film
was hydrated by 3 cycles of freezing the flask in liquid nitrogen and
thawing in warm water (50 �C). The resulting clear dispersion was
extruded 11 times through a Whatman Nuclepore 0.1 mm poly-
carbonate filter at room temperature using a mini-extruder from
Avanti Polar Lipids, Inc. After extrusion, the SRB-loaded polymer-
someswere purified using an Illustra NAP-25 size exclusion column
with Sephadex G25 packing (GE Healthcare). 1mL sample was
loaded on the column and eluted with 2mL PBS. The yellow-purple
elution band (~2mL) was then collected and diluted with PBS to
10mL volume to obtain the polymersomes at 1mg/mL concentra-
tion. Finally, the polymersomes were sterilized by extrusion
through a 0.2 mm syringe filter and stored under sterilized condi-
tions before use in cell experiments.

4.3. Polymersome breakdown analysis in presence of acid and/or
esterase

2mL PBS dispersions were prepared that contained 0.1mg/mL
dual-fluorescent polymersomes and 0.13mg/mL porcine liver
esterase (�50 U/mg), and were titrated with 1M HCl to pH 4, 5, or
6, or left at pH 7. A second series of dispersions was made without
esterase. The dispersions were incubated at 37 �C for 10 days while
periodically measuring the hydrodynamic size distribution using
DLS.

4.4. Cryo-TEM

A few microliters of a concentrated polymersome solution
(10mg/mL) was applied to a freshly glow-discharged Lacey Carbon
Film Cu grid (300 mesh). The excess of liquid was blotted away for
2 s at room temperature at 95% humidity with a Whatman No. 4
filter paper and plunge-frozen in liquid ethane at �183 �C using a
Leica EM GP automatic plunge freezer. Images of the vitrified
samples were recorded under low dose conditions with a FEI Tecnai
F20 FEG transmission electron microscope, equipped with a field
emission gun at 200 kEV and a Gatan UltraScan camera, with a
defocus between �3 and �6 mm.
4.5. General cell culturing

A549 human lung carcinoma cells were cultured in 25 cm2

flasks in 8mL Dulbecco's Modified Eagle Medium with phenol red
(DMEM; Sigma Life Science, USA), supplemented with 8.2% v/v fetal
calf serum (FCS; Hyclone), 200mg/L penicillin and streptomycin (P/
S; Duchefa), and 1.8mM glutamine S (GM; Gibco, USA), under
standard culturing conditions (humidified, 37 �C atmosphere con-
taining 7.0% CO2). The cells were split approximately once per week
upon reaching 70e80% confluency, using seeding densities of
2� 105 cells, and the medium was refreshed once per week. Cells
were passaged for 4e8 weeks.

4.6. Cell imaging preparation

For cell-imaging, after cell splitting the cells were suspended in
OptiMEM (Life Technologies, USA), supplemented with 2.5% FCS,
200mg/L P/S, and 1.8mMGM. The cells were typically seeded in an
IBIDI glass-bottom 8-well chamber-slide at 20e40� 103 cells per
well or in a 35mm glass-bottom dish at 50e60� 103 cells and
incubated for 24 h before treatment. In the case of pre-incubation,
the cells were incubated with a 1:1 v/v mixture of sterilized poly-
mersomes and OptiMEM for 2 or 4 h at a typical concentration of
0.5mg/mL. Then, the cells were washed once with PBS and
resupplied with OptiMEM. In case of staining with carboxy-
fluorescein succinimidyl ester (CFSE), before imaging the cells were
incubated with 10 mM CFSE for 20min and washed twice with PBS,
and resupplied with OptiMEM.

4.7. Live-cell imaging

Live-cell images were acquired on a Nikon Ti Eclipse inverted
microscope (Nikon Corporation, Japan) equipped with a Yokogawa
10,000 rpm spinning disc unit (Andor Technology Ltd., United
Kingdom) and a stage-top miniature incubation chamber (Tokai
Hit, Japan; INUG2E-TIZ) with a TIZ-D35 sample holder mounted on
a Nikon TieS-ER motorized stage. The cells were imaged with
either a 40� (Nikon Plan Fluor, numerical aperture (NA) 0.75),
60� (Nikon Plan Apo l, NA 1.4), or 100�objective (Nikon SR Apo
TIRF, NA 1.49). An Agilent MLC400B monolithic laser combiner
(Agilent Technologies, Netherlands) was used for excitation at
405 nm, 488 nm and 561 nm in combination with a Semrock
custom-made quad-band dichroic mirror for excitation wave-
lengths 400e410, 486e491, 460e570, and 633e647 nm. The
emission was filtered using a Semrock quad-band fluorescence
filter (TR-F440-521-607-700), which has specific transmission
bands at 440± 40 nm, 521± 21 nm, and 607± 34 nm, or otherwise
a Semrock TR-F447-060 for lexc¼ 405 nm or a Semrock TR-F607-
036 for lexc¼ 561 nm. All images were captured by an Andor
iXon Ultra 897 High-speed EM-CCD camera. Image acquisition was
automated using NisElements software (LIM, Czech Republic).
Typical exposure times per z-slice were 100e200m s.

4.8. Flow cytometry experiments

24 h before the start of the experiment (“day 0”), four micro-
scopy dishes were seeded with 60� 103 A549 cells in OptiMEM
complete medium. On day 0, the dishes were incubated with dual
fluorescent polymersomes with an end concentration of 0.5mg/mL
for 4 h. Subsequently, the dishes were washed twice with PBS and
resupplied with OptiMEM complete medium. One dish was used
for confocal microscopy, another for flow cytometry after treatment
with trypsin, and the remaining two were left in the incubator. On
day 3, the latter two dishes were used for confocal microscopy and
flow cytometry, while a part of the trypsinized cells was used for
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seeding two new microscopy dishes (50� 103 cells per dish). This
was repeated on day 7 and 11. Fluorescence-assisted flow cytom-
etry was performed on a Guava EasyCyte 12HT instrument equip-
ped with 405 and 488 nm lasers. The blue fluorescence detection
channel was 448± 50 nm and the orange fluorescence detection
channel was 583± 26 nm. Finally, the data were analyzed and
processed with FlowJo software. Cells and polymersomes were
gated based on their forward and side scatter pattern (Fig. S7).

4.9. Cell cytotoxicity assay

The cytotoxicity of dual-fluorescent and undyed polymersomes
was determined according to a reported protocol [45]. A549 lung
carcinoma cells were seeded in the central 60 wells of a 96-well
plate at 5 K cells per well in 100 mL Opti-MEM complete medium.
100 mL medium was added to every outer well. The plate was
incubated for 24 h, after which 100 mL of polymersomes in PBS at
different polymer concentrations (1.00, 0.500, 0.250, 0.125, 0.0625,
and 0.0313mg/mL) was added to the wells. Each condition was
tested in triplicate. The outer wells and control wells were mock-
treated with 100 mL PBS only. The plates were incubated for 4 h,
after which the medium was refreshed with 200 mL Opti-MEM
complete medium. After 48 h, the cells were fixed by adding
100 mL 10% wt./wt. trichloro acetic acid (TCA) in H2O to each well
and the plate was placed in a refrigerator at 4 �C for ca. 48 h. The
TCA was removed by rinsing the plate gently with H2O five times
and drying the plate overnight at room temperature. Then, the
inner 60 wells of the plate were stained with 100 mL sulforhod-
amine B (SRB, 0.6 wt% in 1 vol% acetic acid) for 30min, after which
the plate was washed five times in 1 vol% acetic acid. Once the plate
was dry (±3 h), the SRB staining was dissolved in 200 mL 10mM
tris-base solution and the plate was placed on an orbital shaker for
30min. Finally, the absorbance at 510 nm was measured with a
plate reader (Tecan Infinite M1000 Pro) and the absorbance was
converted to relative cell-viabilities using Microsoft Excel 2010 and
GraphPad Prism 7 software. The data was fitted with a two-
parameter Hill-slope equation which is used for obtaining the
polymersome concentration at 50% relative cell viability [45]. The
experimentwas performed three times in three differentweeks (i.e.
three biological replicates).

4.10. Zebrafish embryo experiments

Zebrafish (Danio rerio, strain AB/TL) were maintained and
handled according to the guidelines from the Zebrafish Model Or-
ganism Database (http://zfin.org) and in compliance with the di-
rectives of the local animal welfare committee of Leiden University.
Fertilization was performed by natural spawning at the beginning
of the light period and eggs were raised at 28.5 �C in egg water (60
mg/ml Instant Ocean sea salts). 1 nL polymersome solution (10mg/
mL) was injected into 2-day old Tg(kdrl:GFP)la116tg zebrafish em-
bryos (52e56hpf) using a modified microangraphy protocol [66].
Embryos were anesthetized in 0.01% tricaine and embedded in 0.4%
agarose containing tricaine before injection into the sinus venosus/
duct of Cuvier. Embryos were imaged 1, 8, 24, 48, and 96 h post-
injection using a Zeiss LSM5 Exciter/Axio Observer confocal mi-
croscope at 10� and 40�magnificationwith 405, 488, and 543 nm
excitation, while the viability of the embryos was assessed in a
separate batch. The experiment was performed twice. In total, 92
embryos were used for the viability assessment.
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