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FLUORESCENT POLYMERSOMES IN

LIVING CELLS

Fluorescent nanoparticles are becoming a broadly used tool in bio-imaging and medical
research. Here, the intracellular fate of novel dual-fluorescent polyisobutylene-polyethylene
glycol (PiB-PEG) polymersomes was investigated using confocal microscopy. Short-interval
time-lapse imaging visualized fast endocytosis of the nanovesicles by A549 lung carcinoma
cells and an active transport within the endolysosomal network. Long-term time-lapse
imaging showed that the polymersomes remained intact and fluorescent for at least 90h
and were approximately equal distributed during mitosis. The cells were followed for up
to 11 days confirming the biocompatibility of the polymersomes and showing their full
degradation between day 7 to 11.

This chapter is based on the publication: S.H.C. Askes, N. Bossert, J. Bussmann, V. Saez Talens, M.S., Meijer, R.
E. Kieltyka, A. Kros, S. Bonnet, D. Heinrich, Dynamics of dual-fluorescent polymersomes with durable integrity
in living cancer cells and zebrafish embryos, Biomaterials (168) (2018) 54-63. Here we focus on the results
obtained by optical imaging.
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3.1. INTRODUCTION
Over the last decades, fluorescence imaging and functionalized nanomaterials be-

came crucial tools in the fields of biological and medical research [1, 2]. For acquisition
of good imaging data and low phototoxicity, suitable equipment along with appropriate
fluorescent materials are required [3]. The employed fluorescent materials need to fulfill
a range of criteria, including easy uptake by cells and biocompatibility, high signal inten-
sity and high resistance; particularly when detection over a prolonged time is required.
Thus, in an attempt to meet these requirements, numerous nanoparticles have been de-
signed with polymersomes being a popular member of this array [4, 5].

Polymersomes are synthetic amphiphilic block copolymers which self-assemble into
nanovesicles. Their basic form consists of one hydrophilic block and one hydropho-
bic block mimicking the composition of natural phospholipids [6, 7]. Due to their syn-
thetic nature, all parameters like polymer combination, size and membrane thickness,
are tuneable [8, 9]. This provides an ample palette of possible creations adaptable to any
application requirements.

In addition to their versatility, polymersomes show remarkable properties including
fast endocytosis by cells and biocompatibility, high resilience and low permeability (For
a more detailed description of polymersomes see chapter 1). These properties make
them attractive candidates for drug delivery [10, 11] and as optical markers for in vivo
imaging applications [12–14]. Loading fluorescent materials into polymersomes often
helps to reduce the innate cytotoxicity of the labels [15].

Among the numerous studies only very few have focused on the dynamics of poly-
mersome uptake, their long-term imaging potential or their degradation in vitro and
in vivo. Gathering information on these aspects is crucial when considering polymer-
somes for bioimaging and medical applications. For this study, polymersome synthesis
was performed using the block copolymer Polyisobutylene-monomethyl polyethylene
glycol (PIB-PEG-Me), see Figure 3.1 (design and preparation of polymersomes was done
by Dr. Sven Askes, Leiden). Polyisobutylene (PiB) was chosen as a hydrophobic block
as it is known for its high hydrophobicity and is approved by the FDA for its great bio-
compatibility. Further, it exhibits low permeability for small molecules (e.g., water), as
well as high chemical resistance [16]. As a hydrophilic block Polyethylene glycol (PEG)
was used. PEG became a standard for surface functionalization and is widely applied
in bio-imaging applications. Additionally, PEG forms a maximum-density brush on the
surface of polymersomes, providing them with in vivo stealthiness to evade the immune
system [17, 18]. Lastly, the application of PiB-PEG based polymersomes for bio-imaging
applications is still limited [19], thus providing novelty to this study.

The amphiphilic nature of polymersomes allows it to encapsulate hydrophobic molecules
in the membrane and hydrophilic molecules in the vesicle interior [20]. Thus, to inves-
tigate the long-term stability of the nanovesicles, two fluorescent dyes with distinct flu-
orescence spectra were incorporated (Figure 3.1). The aqueous interior was loaded with
sulforhodamine B (SRB). This dye has its excitation maxima at λ(ex)= 532 nm and is well
suited for frequent and long-term exposure imaging. Additionally, it is quickly removed
by the cells when released from liposomes reducing any toxicity [21].
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Figure 3.1: Schematic representation of the dual fluorescent polymersomes. The representation shows the
localization of the fluorophores 2,5,8,11-tetra(tert-butyl)perylene (TBP) and sulforhodamine B (SRB), and the
polyethylene glycol (PEG-) brush (adapted from Askes et al. (2018)).

The membrane was labelled with lipophilic 2,5,8,11-tetra(tert-butyl)perylene (TBP)
which absorbs at 360-450 nm and fluoresces at 450-550 nm [22]. The TBP fluorescence
signal was excited with at λ(ex) = 405 nm and used to check for colocalization with the
SRB signal at different time points. In this way, we were able to examine whether the
polymersomes remained fully intact. In the case of a membrane rupture, the SRB would
leak out while TBP would still provide information about the localization of the ruptured
remains of the particle. Further, the fluorescence spectra of both dyes are not spectrally
overlapping and SRB is not efficiently excited using 405 nm light. Thus, these dyes qual-
ify well as a double label.

To study uptake dynamics and intracellular long-term fate of the dual-labelled PiB-
PEG-Me polymersomes, we utilized a Spinning Disc Confocal Microscope (Nikon) and
employed a well-studied human lung carcinoma cell line (A-549). This cell line is fre-
quently used as a tool for biomedical research as well as drug screening [23, 24].

3.2. RESULTS AND DISCUSSION

3.2.1. ENDOCYTOSIS AND INTRACELLULAR TRANSPORT
To visualize the endocytosis and transport of polymersomes by A-549 cells, time-

lapse with an imaging period of 2h was performed (Figure 3.2). Image acquisition started
5 min before adding the polymersomes (t = 0 min) to catch the docking moment of the
particles at the cell membrane. The frame rate was one image every 5 s including four
z-slices with a spacing of 1.5 µm. The z-slices were used for a maximum intensity pro-
jection of the signal.

For a better cell volume resolution and fast imaging settings, carboxyfluorescein suc-
cinimidyl ester (CFSE; λ(ex) = 488 nm ) was used as a fluorescent cytoplasmic label. Due



3

46 3. FLUORESCENT POLYMERSOMES IN LIVING CELLS

to the flat structure of A-549 cells, the voluminous nucleus can be easily distinguished
using this cytoplasmic label. Microscopy of polymersomes was performed using only
561 nm laser as frequent exposure with 405 nm damages cells [25].

Hardly minutes after introducing polymersomes, an initial docking of numerous par-
ticles at the outer cell membrane was observed. Then the particles lining the membrane
were taken inside, moving steadily towards the nucleus (Figure 3.2 a; Video 1 at Askes et
al. (2018) [26]). The persistency of their movement strongly indicates an active transport
mechanism along the cytoskeleton [27, 28].

Figure 3.2: Two-hour time-lapse confocal fluorescence imaging of dual-fluorescent polymersomes (red,
λ(ex) = 561nm) in living A549 cells (labeled with CFSE; green, λ(ex) = 488nm). a) Selected frames at 0 min,
45 min, 90 min, and 120 min. Polymersomes were added at t = 5 min. Each image is created using a maxi-
mum intensity projection of 4 z-slices with 1.5 µm distance. b) Detailed z-stack (0.3 µm distance) showing a xz
and yz projection at the yellow lines. Collected after 2h of incubation with λ(ex) = 405,488, and561nm (blue,
green, and red, respectively). The full experiment is shown online in Video V1 of Askes et al. (2018).

With advancing imaging time, a growing number of particles localized at the perin-
uclear area. The first wave of docked polymersomes achieved their destination area by
the end of 1.5 h (Figure 3.2 a, t = 90 min). Once there, they remained stationary, thus
indicating that no exocytosis was taking place. A close-up and lateral view taken at the
end of the time-lapse imaging is shown in Figure 3.2 b. The 405 nm laser was included
to show the colocalization (violet) of TBP (blue) and SRB (red), confirming the presence
of intact polymersomes.

The uptake and intracellular sorting of nanoparticles depend on many factors. The
influencers are on the one hand particle parameters, and on the other hand the cell
type and state [29]. However, nanoparticles are typically endocytosed via a clathrin-
dependent pathway, transported actively by microtubule motors, and finally deposited
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Figure 3.3: Confocal imaging showing the localization of polymersomes, lysosomes and the composite in-
side A549 cells. a) Single-labelled TBP polymersomes (λ(ex) = 405nm; blue) after 30 min incubation in A549
cells (BF). SRB was excluded during preparation, i.e. polymersomes show no signal under 561 nm excitation.
b) Lysosomes labelled with LysoTracker Red (λ(ex) = 561nm; red) after 2h incubation. c) Composite of a&b
showing colocalization of polymersomes and lysosomes (purple).

in lysosomes [30, 31].
To confirm that the particles are enclosed by lysosomes, we employed LysoTracker

Red (λ(ex) = 561 nm ) and used single-labelled polymersomes loaded only with TBP (λ(ex)

= 405 nm ). Thus, polymersomes did not fluoresce when excited with 561 nm. Further,
the irradiation of LysoTracker with 405 nm was negligible, as verified by control experi-
ments (not shown). For this test, we incubated the polymersomes for 2 h with A-549 cells
(Figure 3.3 a), giving them sufficient time to be incorporated. Subsequently, we removed
the excess by washing and stained the living cells with the lysosomal label (Figure 3.3 b).
The composite in Figure 3.3 c shows a clear overlay of both signals, particularly in the
perinuclear area, confirming the assumed endo-lysosomal pathway. In summary, imag-
ing of the first 2 h shows that dual-fluorescent polymersomes are quickly endocytosed
by A549 cells, actively transported to the perinuclear area within 1.5 h and deposited in
lysosomes.

3.2.2. 86H TIME-LAPSE IMAGING AND MITOSIS

To investigate the intracellular fate of PiB-PEG-polymersomes on a longer time scale,
we performed a time-lapse with an imaging period of 86 h and images taken every 2 min.
Based on our prior observation that forerunner polymersomes needed about 1.5 h to be
fully incorporated, we incubated the cells and particles for 4h. This gave sufficient time
for a high number of polymersomes to be endocytosed and transported to the perinu-
clear area. Not (yet) incorporated nanovesicles were removed by washing. Cells were
visualized using brightfield and 561 nm laser excitation to track polymersome (Figure
3.4 a; Video 2 at Askes et al. 2018 [26]). Excitation with 405 nm was again omitted during
imaging to reduce phototoxicity.

At the start of the experiment the polymersomes were localized in the perinuclear
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area, as expected. Throughout the duration of the imaging period they were shuffled
around probably due to intracellular activity and cytoskeletal rearrangements, but they
remained located in the perinuclear area. The cells exhibited usual behaviour of locomo-
tion and mitosis, without any signs of polymersome-caused cell stress. Note that there
are no free-floating particles observed at any time indicating that cells did not exocytose
the nanovesicles.

Figure 3.4: 86-h time-lapse confocal imaging showing long-term fate of dual-fluorescent polymersomes
inside A549 cells. a) Selected frames at t = 0 h, t = 43 h, and t = 86 h. Polymersomes (λ(ex) = 561 nm; red)
remains inside the cells throughout the entire imaging duration. Cell number increases due to proliferation
and the fluorescence signal per cell decreases. b) Total fluorescence count (λ(ex) = 561 nm) per frame over 86
h (n = 5 positions) shows that the overall fluorescence signal of polymersomes remains quite stable over time.
Increase in signal can be due to additional cells migrating into the frame. c) Intact polymersomes after 90 h of
imaging confirmed by the presence and colocalization of TBR and SRB signal (λ(ex) = 561 nm (red) and λ(ex)
= 405 nm (blue), respectively). Time is shown in hour : minute format. The full experiment is shown online in
Video V1 in Askes et al. (2018).

The signal intensity of polymersomes remained relatively stable throughout the en-
tire acquisition time. This is revealed by the total fluorescence counts per frame using
five locations per time point (Figure 3.4 b). Naturally, during the 86 h single cells mi-
grate in and out of the frames thus influencing the overall fluorescence profile slightly.
Further, the incorporated number of polymersomes will vary from cell to cell. Besides
the particle concentration and incubation time, also cell cycle and endocytosis dynam-
ics determine the number of endocytosed nanoparticles per cell [32, 33]. This means,
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that the particle-binding kinetics at the cell membrane and the dynamics of endosome
formation regulate the final endosomal loading with nanoparticles [34].

At the end of time-lapse imaging , data including 405 nm excitation was obtained
(Figure 3.4 c). The colocalization (violet) of TBP (blue) and SRB (red) signal revealed the
prevailed integrity of PiB-PEG-polymersomes. This high long-term resistance is valu-
able for bioimaging, as an often-encountered problem is photobleaching of the probes
and thus a decrease in fluorescence signal. Consequently, decreasing signal-to-noise ra-
tio complicates the acquisition of usable data, particularly during a long-term imaging.
Thus, developing resistant fluorescent nanomaterials which allow a high frame rate dur-
ing imaging together with a high signal preservation is crucial to enable the observation
of intracellular dynamics in real time.

During the 86 h - imaging duration, cells undergo regular mitosis. During this pro-
cess, polymersomes are shuffled around in the mother cell and subsequently shared be-
tween two daughter cells. Partitioning of polymersomes occurs indirectly, as it is rather
loaded endosomes and lysosomes that are segregated as intact entities during cell divi-
sion [35]. Thus, despite nearly symmetrical vesicle inheritance, a variable vesicle loading
can result in an asymmetric particle partitioning among the daughter cells [36].

Figure 3.5: Distribution of polymersome inheritance between daughter cells after mitosis (n = 40 mitosis
events. Inheritance ranges from 50/50 to 40/60, with an average of 50%. Polymersome number was mea-
sured indirectly by counting pixel values within the cells using a region of interest (ROI) around the cell edges.
Daughter Cell ♯1 and ♯2 were defined randomly.
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Inheritance distribution of dual-labelled polymersomes for 80 cells (40 mitosis events)
is shown in Figure 3.5. The polymersome dose was measured indirectly using total flu-
orescence count within a ROI which drawn around cell edges. The fluorescence count
of both daughter cells was used as 100% and not the fluorescence count of the mother
cell. The reason is that the pixel count was found to vary slightly with the area which the
cell is occupying at the measured time point. A fully stretched out and flat cell displays a
higher number of polymersomes than a rounded cell, where polymersomes distribute in
the z-plane and thus are not well detectable. Thus, to reduce the impact of this variation,
the sum of the daughter cells was used as the overall polymersome value (= 100 %).

The segregation occurs slightly asymmetric between the daughter cells but shows a
clear average of 50 % (n = 40 mitosis events). These numbers agree with literature show-
ing a similar inheritance pattern [37–39] and indicate a relatively equal loading of en-
dosomes with polymersomes. The dual-labelled polymersomes could serve as a robust
optical tracer of the endo-lysosomal pathway without interfering with it. This can be a
useful tool in various studies, including deciphering the mechanism determining vesicle
inheritance.

Overall, these experiments show that the PiB-PEG-polymersomes remain intact when
exposed to intracellular environment for 86 h. Additionally, these polymersomes are well
tolerated by the cell long-term and are incorporated into the usual cell cycle. Although
the polymersomes accumulate in lysosomes, they are not degraded during 86 h. Their
resistance to lysosomal breakdown might be attributed to the high chemical inertness
of the PiB polymer block. Meanwhile the fully PEGylated surface may serve as a reason
why the polymersomes are not interfering with cellular activity.

3.2.3. LONG-TERM ANALYSIS FOR 11 DAYS
Based on the exceptional stability of the PiB-PEG-Me polymersomes during the first

90h, we set out to investigate their long-term integrity on a timescale of 11 days. Fol-
lowing the prior protocol, cells were incubated with dual-labelled polymersomes for 4 h
and not (yet) endocytosed particles were removed by washing (Day 0). Imaging data was
collected with brightfield exposure, and 405 nm and 561 nm excitation on Day 0, Day
3, Day 7, and Day 11 (Figure 3.6). To prevent over-confluency and cell stress, cells were
passaged every 2-3 days. As observed before, the polymersomes are split during mitosis
among the daughter cells and thus a subsequent decrease in the fluorescence signal per
cell was to be expected.

Visual analysis of polymersome fluorescence over time showed a strong signal on
day 3, consistent with our observations during the 86 h imaging period (Figure 3.6 a).
Between day 3 and 7 a strong signal decline was measured with many cells displaying
only TBP fluorescence, but barely SRB fluorescence. This indicates polymersome mem-
brane rupture and leakage of SRB dye. The localized TBP signals confirms the presence
of the collapsed PiB-PEG-membrane, and the absence of SRB signal confirms its excre-
tion by the cell. On day 11, there was hardly any detectable fluorescence for TBP and
SRB suggesting the full degradation or clearance of all polymersomes components.
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Figure 3.6: Observation of polymersomes fluorescence in A549 cells over 11 days. a) Representative com-
posites of confocal bright field showing living A549 cells and fluorescence signal of dual-fluorescencet poly-
mersomes (λ(ex) = 561nm (red) and λ(ex) = 405nm (blue); colocalization shown as purple). Polymersomes
are fully intact and present at Day 0 and Day 7, considerably reduced at Day 7, and hardly detectable at Day 11.
Each fluorescence shows a maximum intensity projection of 5 z-slices with 1.5 µm distance. b) Quantification
of TBR (blue) and SRB (red) fluorescence intensity inside cells showing a drop around noise levels by Day 7
and Day 11. Fluorescence signal is expressed in mean pixel value using a ROI around the cell edges. Error bars
showing standard deviation (n = 10 frames with several cells per measurement). Noise levels are indicated with
blue and red dotted lines.
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Additional ex vivo experiments (shown in corresponding publication Askes et al. (2018)
[26], Fig. S 8) confirm an enzymatic degradation of the polymersomes which seems to
occur due to a cleavage of the ester linker in the PiB-PEG block copolymer. Quantifica-
tion of the signal intensity per cell area (N = 10 positions) at the different days displays
the observed trend (Figure 3.6 b). It should be noted, that throughout the experiment
duration no free-floating particles were observed, thus indicating no exocytosis also on
a long-time scale.

The 11-day analysis confirmed the high resistance and biocompatibility of PiB-PEG-
polymersomes. Up to 7 days the polymersomes remain fully intact, retaining a high dual-
signal, withouth imparing cellular health. Even on Day 11, A-549 cells showed normal
behavior without any signs of cytotoxicity. Additional FACS data confirmed the poly-
mersomes signal and biocompatibility (Askes et al. (2018) [26], Figure 3.5). The polym-
sersomes are degraded slowly with a seeminlgy reaching full clearance after 11 days. The
slow degradation of these nanovesicles can serve as a great feature for long-term imaging
applications e.g. to investigate in more details the endo-lysosomal pathway.

3.2.4. CONCLUSIONS
This chapter introduced novel dual-fluorescent PiB-PEG-polymersomes and focused

on their short-term and long-term dynamics within living cells using time-lapse fluores-
cence microscopy. Short-term analysis showed that these nanovesicles were quickly en-
docytosed by human lung carcinoma cells (A549) within the first minutes of incubation.
Following, we observed directional transport of the polymersomes towards the perinu-
clear area and subsequent encapsulation by lysosomes.The SRB fluorescence signal was
retained during the fast 2 h time-lapse with a frame rate of one image every 5 sec as well
as a long-term 86 h time-lapse with images every 2 min, without compromising its inten-
sity too much. This attribute is highly important for imaging experiments as a degrading
signal complicates tracking of the particles and requires higher laser intensity for a bet-
ter signal, which in turn is damaging for living cells. Using two fluorescent dyes within
the membrane and within the intraluminal space, allowed to report on the integrity of
the polymersomes within the intracellular environment by simply using fluorescence
microscopy. Fluorescence time-lapse imaging also allowed to observe that the particles
were equally divided among daughter cells during mitosis and slowly degraded until a
full clearance between day 7-11.

In summary, these nanovesicles were highly biocompatible without impacting cel-
lular health over the entire experimental duration and showed stable long-term fluores-
cence signal. Thus, these highly resistant polymersomes can be a great tool for diverse in
vivo bio-imaging applications, serving either as an optical label for whole cells or mark-
ing the endolysosomal network.
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3.3. MATERIALS AND METHODS

For details regarding the preparation of dual-fluorescent PiB-PEG polymersomes
please find the publication Askes et al. (2018) (Biomaterials) [26].

3.3.1. GENERAL CELL CULTURE

A549 human lung carcinoma cells were cultured in 25 cm2 flasks in 8 mL Dulbecco’s
Modified Eagle Medium with phenol red (DMEM; Sigma Life Science, USA), supple-
mented with 8.2% v/v fetal calf serum (FCS; Hyclone), 200 mg/L penicillin and strepto-
mycin (Pen/Strep; Duchefa), and 1.8 mM glutamine S (GM; Gibco, USA), under standard
culturing conditions (humidified, 37 °C atmosphere containing 7.0% CO2). The cells
were split approximately once per week upon reaching 70-80% confluency, using seed-
ing densities of 2 x 105 cells, and the medium was refreshed once per week. Cells were
passaged for 4-8 weeks.

3.3.2. CELL IMAGING PREPARATION

For cell-imaging, after passing and centrifuging, the cells were suspended in Opti-
MEM (Life Technologies, USA), supplemented with 2.5% FCS, 200 mg/L Pen/Strep, and
1.8 mM GM. The cells were typically seeded in an IBIDI glass-bottom 8-well chamber
slide at 20-40 x 103 cells per well or in a 35 mm glass-bottom dish at 50-60 x 103 cells
and left in the incubator for 24 h before treatment. For experiments, cells were incu-
bated with a 1:1 v/v mixture of sterilized polymersomes and OptiMEM for 2 or 4 h at a
typical concentration of 0.5 mg/mL. Then, the cells were washed once with PBS and re-
supplied with OptiMEM. In case of staining with carboxy-fluorescein succinimidyl ester
(CFSE), the cells were incubated with 10 mM CFSE for 20 min, washed twice with PBS
and resupplied with OptiMEM before imaging.

3.3.3. 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 Ti-S-ER
motorized stage. The cells were imaged with either a 40x (Nikon Plan Fluor, numeri-
cal aperture (NA) 0.75), 60x (Nikon Plan Apo l, NA 1.4), or 100x 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
400-410, 486-491, 460-570, and 633-647 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 λ(ex) = 405 nm or a Semrock TR-F607- 036 for λ(ex) = 561 nm . All images were cap-
tured 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 100-200 ms.
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3.3.4. IMAGE ANALYSIS
All images and data were processed using Fiji ImageJ [40], and/or Microsoft Excel

software. For Figure 3.4, total fluorescence count was calculated using mean grey value
of whole frames for λ(ex) = 561 nm , and multiplied by the area in pixels (512 x 512). For
Figure 3.5, integrated density within the ROI of one cell was used. For Figure 3.6, mean
grey value within ROI of one cell was measured.
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