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Characterization and Optimization of Vesicle Properties in
bioPISA: from Size Distribution to Post-Assembly Loading

Andrea Belluati,* Adrian Bloch, Kaloian Koynov, Mariana Müller Nieva,
Mohadeseh Bagherabadi, Annette Andrieu-Brunsen, Harald Kolmar, and Nico Bruns*

This study investigates the formation and properties of vesicles produced via
biocatalytic Polymerization-Induced Self-Assembly (bioPISA) as artificial cells.
Methods for achieving size uniformity, including gentle centrifugation and
sucrose gradient centrifugation, are explored, and the effects of stirring speed
on vesicle morphology is investigated. The internal structure of the vesicles,
characterized by a polymer-rich matrix, is analyzed using fluorescence
correlation spectroscopy (FCS). Additionally, the feasibility of loading
macromolecules into pre-formed vesicles is demonstrated using
electroporation, and a fluorescent protein as well as enzymes for a cascade
reaction were sucesfully incorporated into the fully assembled polymersomes.
These findings provide a foundation for developing enzyme-synthesized
polymeric vesicles with controlled morphologies for various applications, e.g.,
in synthetic biology.

1. Introduction

The pursuit of mimicking life’s formation processes offers valu-
able insights into understanding biological mechanisms and
the origins of life. Moreover, it is essential for advancing our
ability to manipulate biological systems and develop synthetic
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biology tools, namely artificial cells.[1]

Block copolymer vesicles, i.e., polymer-
somes, in particular, have garnered atten-
tion as artificial cell materials, due to their
stability and chemical versatility. These
synthetic vesicles can emulate cellular
properties, including selective permeabil-
ity, responsiveness to stimuli, and con-
trolled degradation, making them ideal
candidates for constructing robust and
adaptable artificial cell models.[2]

A key technique in developing these
biomimetic structures is Polymerization-
Induced Self-Assembly (PISA).[3] PISA
involves the synthesis of amphiphilic
block copolymers in aqueous environ-
ments, resulting in various structures
like micelles and vesicles. This method
is highly efficient at encapsulating

biomolecules, making it an attractive option for creating cell-like
systems.[4]

Recognizing the potential of PISA, our group has investigated
and developed a novel biocatalytic PISA (bioPISA), which uses
enzymes (e.g., myoglobin, Mb) to initiate and control radical poly-
merizations that generate amphiphilic block copolymers which
self-assemble into vesicles during the polymerization reaction.[5]

This method uses biocompatible conditions, enhancing the pro-
cess’s compatibility with biological molecules and facilitating the
encapsulation of these molecules under mild conditions. The
ability to create more complex and functional structures through
bioPISA marks a significant advancement in bottom-up synthetic
biology. Our initial study had already revealed a high degree of
heterogeneity in the size and shape of the vesicles,[5a] prompting
further examination into this phenomenon, as size and shape
are recognized to be important parameters in how vesicles, both
nano- and microsized, interact with their environment.[6]

Here, we focus on understanding and optimizing vesicle prop-
erties using bioPISA. Motivated by the need to develop more ef-
ficient and functional artificial cells, we investigated both the ex-
ternal morphology and the internal composition of these vesicles.
The size and shape of vesicles are critical parameters that deter-
mine their interaction with the environment,[6a] and we observed
that sampling the vesicle suspension at different heights yielded
distinct size populations. This vertical size distribution suggested
that vesicles of varying sizes settled or floated within the suspen-
sion medium. By refining our sampling techniques, we aimed
to enhance the selectivity and uniformity of the vesicle popula-
tions, which was also possible via the alternative route of using
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Figure 1. CLSM micrographs of bioPISA vesicles, sampled from a) the bottom section, b) the middle section, and c) the top section of a vesicle
suspension. Red: CPC membrane label. Scalebars: 100 μm.

different stirring speeds. This approach allowed us to produce
vesicles with narrower size and shape distributions. In addition,
we characterized the inner phase of the vesicles to better under-
stand how the polymer-rich interior influences their overall prop-
erties. Finally, we also explored the possibility of post-assembly
loading using electroporation, a technique that allows for the in-
troduction of additional cargo into pre-formed vesicles without
disrupting their structural integrity. This dual focus on both the
external and internal characteristics of the vesicles ensures they
can be optimized for a variety of applications, enhancing their
utility as functional artificial cells. Thus, we aim to provide a
deeper understanding of how to optimize bioPISA vesicles for
specific applications of novel hybrid systems that combine syn-
thetic polymers with the complexity of natural molecules.

2. Results and Discussion

Vesicles were produced by grafting 2-hydroxypropyl methacry-
late (HPMA) on a poly(ethylene glycol) methyl ether (mPEG)
ATRP macroinitiator (characterized by NMR and ATR-FTIR
spectroscopy, Figures S1 and S2, Supporting Information) us-
ing myoglobin, obtaining mPEG-b-PHPMA polymers that self-
assembled in vesicles, with a monomer conversion of 97%, in line
with our previous report.[5a] The observed prolate vesicle shape
is likely due to several factors, including moderate shear forces
during polymerization, variations in polymer concentration and
chain length, kinetic trapping effects, and curvature influences
from PEG orientation at the water interface.[7] These conditions
can favor elongated morphologies rather than perfectly spherical
forms in PISA systems. In the original experimental setup, vesi-
cles would be diluted 10× in the buffer in a 20 mL scintillation
vial, and sampled from roughly the middle of the vial after quick
mixing, then imaged by labeling their membrane with the probe
Cy5-PEG-cholesterol (CPC).[8] However, we observed via confo-
cal laser scanning microscopy (CLSM) that sampling the vesicle
mixture at different heights in 15 mL Falcon tubes yielded dis-
tinct shape and size populations: vesicles from the bottom ap-
peared very large (>100 μm in diameter) (Figure 1a) and slightly
elongated: from the middle section (at ≈10 mL), vesicles were
smaller, mainly ≈10–30 μm in diameter, with some smaller ones
also present, and tendentially more elongated (Figure 1b). At the
very top, vesicles were way below 10 μm in diameter and barely
sedimented on the bottom of the chamber slide. This vertical
size distribution suggested that vesicles of varying sizes settled

or floated within the suspension medium and prompted us to
further improve the spatial separation of these populations.

2.1. Characterization of the Vertical Vesicle Shape and Size
Gradient

To characterize the vesicles produced by bioPISA, we further di-
luted the original mix (4 mL in 8 mL PBS) inside a 15 mL Falcon
tube, in order to further increase the vertical resolution. We then
centrifuged it at a slow speed (50 RCF, 5 min) and, via CLSM, re-
marked no evident change in the shape of the vesicles once fully
resuspended (Figure S3, Supporting Information). This demon-
strates that mild centrifugation could be applied to select our
vesicles by size. Thus, we chose to compare vesicles after thor-
ough mixing as the benchmark, vesicles after simple centrifuga-
tion (three different fractions: top, middle, and bottom), and vesi-
cles centrifuged with a step sucrose gradient, from 0 to 40 w/v%
(Figure 2).

2.1.1. Simple Centrifugation

Due to the size heterogeneity of the vesicles, many would not
have their mid-section on the same confocal plane, thus we used
z-stack 2D projections of samples in order to have a full represen-
tation. Additionally, as many vesicles had a non-circular shape,
the vesicle size was characterized by the surface area calculated
for each object.

The original mix, sampled at its middle level, showed a broad
size distribution, with very large and very small vesicles (1–
10 000 μm2) (Figure 3a). The aspect ratio, expressed as the ra-
tio between minimum and maximum diameters, was broadly
distributed as well, with larger vesicles tendentially being less
round. Summarizing both parameters (Table S1, Supporting In-
formation), we could remark a median area of 17 μm2, a mean
of 560 μm2 (coefficient of variation CV: 1024%), and a skewness
of 21, indicating a strongly right-tailed distribution, whereas the
aspect ratio has a mean of 0.64 and CV 26%. With simple cen-
trifugation and fractionation, we can observe the mean decreas-
ing to 208 μm2, with CV 1027%, and skewness 21, for the bottom
fraction (Figure 3b; Table S1, Supporting Information). The mid-
dle fraction has a similar (197 μm2) and much lower CV, 281%,
whereas the top fraction has a mean of 77 μm2 and CV 334%, in-
dicating generally smaller but, most importantly, more uniformly
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Figure 2. Sampling strategies of bioPISA vesicles, without centrifugation (original mix), simple centrifugation, and sucrose gradient centrifugation.

Figure 3. Z-stack projections and analyses of various bioPISA vesicle populations. a) Original mix. b) Simple centrifugation, bottom fraction. c) Simple
centrifugation, middle fraction. d) Simple centrifugation, top fraction. N = 500. The additional line at 100 μm2 indicates an arbitrary delimitation be-
tween smaller and larger vesicles; the line at aspect ratio 0.5 indicates an arbitrary delimitation between circular and more elongated shapes. Red: CPC
membrane label. Scale bars = 100 μm.
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Figure 4. Z-stack projections and analyses of various bioPISA vesicle populations after sucrose gradient centrifugation. a) Bottom fraction. b) 40%
sucrose. c) 30% sucrose. d) 20% sucrose. e) 10% sucrose. f) 0% sucrose. N = 500, except for a) N = 326. The additional line at 100 μm2 indicates
an arbitrary delimitation between smaller and larger vesicles; the line at aspect ratio 0.5 indicates an arbitrary delimitation between circular and more
elongated shapes. Red: CPC membrane label. Scale bars = 100 μm.

sized vesicles (Figure 3c,d; Table S1, Supporting Information). In
all cases, the mean aspect ratio did not go above 0.71.

2.1.2. Sucrose Gradient

When the vesicles were fractionated using sucrose gradient cen-
trifugation, CLSM analysis showed that the vesicles distributed
along the gradient with a sharper size distribution compared to
the original and simple centrifugation methods. At the very bot-
tom, sinking even in 40% sucrose, the mean size of the vesicles
was 809 μm2 with a CV of 586% (Figure 4a; Table S2, Supporting
Information). In 40% sucrose, the mean size dropped to 146 μm2

and tended to decrease with the sucrose concentration (Figure 4b;
Table S2, Supporting Information). Below 20%, only very small
vesicles could be detected (Figure 4c–f; Table S2, Supporting In-
formation). The mean aspect ratio did not increase dramatically,
staying between 0.6 and 0.7, indicating that several non-spherical

structures are still present. Summarizing, the sucrose gradient
effectively separated the vesicles into more distinct-sized popu-
lations, with smaller vesicles concentrated in the lower-density
regions and larger vesicles in the higher-density regions.

2.1.3. Concentration of Vesicles

We then proceeded to quantify the vesicles per fraction to un-
derstand which populations tended to be produced the most via
bioPISA. Using flow cytometry, we estimated ≈1.8 × 109 vesicles
in the original mix, i.e., 9 × 108 vesicles mL−1. This remarkably
high concentration is obtained thanks to the high polymer con-
centration of bioPISA. In contrast, other techniques can achieve,
at most, 107 vesicles mL−1 (via shaking[9]), whereas microfluidic
vesicle formation can reach 105–106 vesicles mL−1.[10]

The fractions derived from simple centrifugation were then
measured, showing that 40% of the vesicles were in the middle
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Figure 5. Relative population of bioPISA vesicles separated via simple cen-
trifugation or sucrose gradient centrifugation.

phase, with the others evenly distributed between the top and bot-
tom (Figure 5). Similarly, with sucrose, the majority of the vesi-
cles fell between 20 and 40%. These results show that bioPISA
produces mainly slightly elongated vesicles with mid-section sur-
faces roughly between 20 and 150 μm2 which, assuming a per-
fectly spherical object, means diameters between 5 and 14 μm.

2.2. Impact of Stirring Speed on Vesicle Formation

As the size and shape of vesicles could also be affected by the
stirring speed during bioPISA,[11] we investigated its impact on
the process. Slow stirring at 50 rpm resulted in the formation of
smaller and more monodisperse vesicles (Figure 6; Table S3 and
Figure S4, Supporting Information), with a mean size of 50 μm2.
In contrast, fast stirring at 400 rpm produced vesicles with irregu-
lar shapes and sizes, indicating that excessive agitation negatively
affected vesicle formation, leading to poorly defined structures
(Figure S5, Supporting Information).

2.3. Characterization of Vesicle Lumen

During the characterization of the vesicls’ size and shape, we
noticed that CPC would not only stain the membrane but

Figure 6. Z-stack projection and analyses of vesicles produced with slow
stirring during bioPISA. N = 500. The additional line at 100 μm2 indicates
an arbitrary delimitation between smaller and larger vesicles; the line at
aspect ratio 0.5 indicates an arbitrary delimitation between circular and
more elongated shapes. Red: CPC membrane label. Scale bar = 20 μm.

Figure 7. Characterization of the internal phase of bioPISA vesicles. a)
CLSM micrograph (in reflection mode) of a “hollow” vesicle (vesicle 1).
b) CLSM micrograph of a “filled” vesicle (vesicle 2). c) Normalized FCS
autocorrelation curves of AF 488 diffusing outside and inside vesicles. The
solid lines represent the corresponding fits with Equation 2. Scale bars:
5 μm.

would also partially diffuse into the lumen and stain relatively
well-defined internal structures. In our previous study, we had
already observed that 10%–20% of the vesicles had a polymer-
rich internal phase (Figure S6, Supporting Information),[5a] and
that the internal fluorescence was unlikely to derive from an
internal partition of the probe, as it had not been observed with
Pluronic L121 vesicles.[12] Observing the vesicles via CLSM in
reflection mode, with no fluorescent probe, yielded the same re-
sults: some of the vesicles appeared essentially empty (Figure 7a;
Figure S7a, Supporting Information), and others showed a dense
polymer filling (Figure 7b; Figure S7, Supporting Information).
To characterize the internal phase of this system, we employed
fluorescence correlation spectroscopy (FCS), which allows us to
probe the density of a macromolecular phase by measuring the
diffusion time of a fluorescent molecule, which would increase
by the interactions of the fluorphore with the polymer within the
vesicle.[13] As a probe molecule, we used Alexa Fluor 488 (AF 488,
643 Da) to diffuse into the vesicles, and measured its diffusion
time (reverse proportional to its diffusion coefficient, see Ex-
perimental Section) outside and inside two vesicles (Figure 7c):
vesicle 1 (no dense polymer phase) and vesicle 2 (dense polymer
phase). AF 488 outside of the vesicles had an average diffusion
time of 24 ± 2 μs, which is identical to that measured in reference
experiments without any vesicles. Inside both kinds of vesicles,
we observed more complex, two-component diffusion behavior
and the corresponding autocorrelation curves (Figure 7c) have
to be fitted using Equation 2 with m = 2. For both kinds of
vesicles, the first, fast diffusing population has a fraction f1
≈80% and a diffusion time tD1 ≈60 μs. This value is ≈2.5 times
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bigger than the diffusion time of the AF 488 tracer in pure water.
As discussed in earlier studies[13a,14] such crowding-induced
slowdown is caused by excluded volume interactions, which only
depend on the polymer concentration. The 2.5 fold slowdown
suggests a polymer concentration of ≈15–20 w/v%.[13a,14]

The diffusion time 𝜏D2 of the second, slow diffusing AF488
population was ≈4000 μs in vesicle 1 and ≈13 000 μs in vesicle
2. These much lower diffusion times originate from tracers that
temporarily adsorb to the polymer chains and consequently ei-
ther diffuse together with them[13a] or become temporarily im-
mobile (until desorption) if the polymer chains are two crowded
or crosslinked and cannot diffuse on the length scale of the FCS
observation volume (≈300 nm).[14]

In summary, a dense polymer interior in both types of vesi-
cles notably retard the diffusion of the AF 488 probe through ex-
cluded volume interactions and transient adsorption onto poly-
mer chains. This underscores the significant impact of internal
polymer structure on probe mobility within vesicular systems.

In light of these results, we propose that our previously-named
giant unilamellar vesicles (GUVs) should rather be simply called
Giant Vesicles (GVs) to account for the internal complexity, not
necessarily resulting in a single lamella, but neither in easily dis-
cernible multiple ones.

2.4. Electroporation for Loading Macromolecules

The densely packed polymer lumen is a result of the self-
assembly process and can be seen as a loading of the GV
with excess polymer. Similarly, until now, in bioPISA, macro-
molecules have been loaded directly during the self-assembly
process. However, encapsulation of macromolecules at this
stage limits flexibility and control over the loading process.
Recognizing this limitation, we explored electroporation as a
method for loading macromolecules into pre-formed vesicles,
allowing control over the timing and quantity of the encapsula-
tion, which was already successfully applied to nanometre-sized
polymersomes[15] and lipid vesicles.[16]

We successfully loaded the model protein enhanced green flu-
orescent protein (eGFP) into the GVs via electroporation and
then washed them. CLSM confirmed the presence of eGFP in-
side the vesicles (Figure 8a,b; Figure S8 and Table S4, Supporting
Information), and the significantly different ratio between fluo-
rescence inside and outside the vesicles demonstrated that it is
possible to introduce large molecules into pre-formed vesicles
without compromising the vesicles’ structural integrity. We could
observe, in several electroporated vesicles, regions of higher fluo-
rescence, further suggesting that the internal polymer produces
discrete compartments, in which the protein tends to concen-
trate (Figure 8c), but without any discernible influence on en-
capsulation (Table S5, Supporting Information). We calculated
the encapsulation efficiency to be above 50% (Figure 8d). Sim-
ilarly, fluorescently labeled enzymes such as glucose oxidase
(GOX-488) and 𝛽-galactosidase (𝛽gal-647) could be encapsulated
at the same time with high efficiency. No difference in encap-
sulation efficiency was observed, and no preferential encapsula-
tion could be observed for “filled” or “hollow” vesicles. Moreover,
myoglobin that got encapsulated during bioPISA appeared not
to leach out of the vesicles during the electroporation process,

Figure 8. Electroporation of bioPISA vesicles to load them with eGFP and
enzymes. a) CLSM micrograph of an electroporated vesicle with eGFP;
scale bar: 5 μm. b) CLSM micrograph of non-electroporated vesicles, scale
bar: 100 μm. c) Fluorescence ratios (inside:outside) of electroporated
eGFP-loaded vesicles and of non-electroporated vesicles. n = 15 vesicles,
± SD. ****: p < 0.0001 after Welch’s t-test. d) Encapsulation efficiency of
eGFP and fluorescently labelled enzymes, n = 3 replicates, ± SD (one-way
ANOVA, p > 0.9). Some of the eGFP can be seen agglomerated outside of
the vesicles, both with and without electroporation.

possibly due to the polymer-dense lumen (Figure S9, Supporting
Information).

Finally, non-fluorescent enzymes were successfully co-
encapsulated, enabling a cascade reaction inside of the vesicles
where lactose is converted to glucose and galactose by 𝛽-
galactosidase, glucose oxidase produces hydrogen peroxidase
by glucose oxidation, and the peroxidase activity of myo-
globin converts 3,3’,5,5’-tetramethylbenzidine (TMB) into a
colored product.[17] The colored product only formed when
both enzymes (𝛽-galactosidase and glucose oxidase) had been
electroporated into the vesicles. Otherwise, the washing step
removed the enzymes from the GV suspension (Figure S10,
Supporting Information). This demonstrates the functional
versatility of the vesicles in hosting enzymatic cascade reactions.
In further investigations we will study the loading of multiple
biomacromolecules, aiming, for instance, at highly concentrated
cell-free expression systems within the vesicle.

3. Conclusion

This study provides an in-depth analysis of the factors influ-
encing the formation and properties of vesicles produced via
bioPISA. We systematically investigated the effects of gentle
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centrifugation and sucrose gradient centrifugation, revealing
these methods as effective for achieving size separation among
vesicles and size selection of the vesicles. Furthermore, we
demonstrated that varying the stirring speed during vesicle
formation significantly impacts the vesicle morphology. Besides
the outer membrane, we could also characterize and modify
the internal phase of the vesicles: FCS revealed the densely-
packed lumen of vesicles, which could then be further loaded
post-assembly via electroporation with eGFP and enzymes.

In a broader context, these findings highlight the potential of
bioPISA as a versatile platform for creating complex vesicular
systems that host enzymatic cascade reactions. The ability to ma-
nipulate vesicle size, shape, and content opens new avenues for
the design of enzyme-synthesized synthetic biological systems
that can emulate natural cellular processes and structures. There-
fore, this work lays the foundation for the optimization of vesicle
characteristics, supporting future developments in hierarchically
structured and size-controlled synthetic cell systems.

4. Experimental Section
Materials: Wild-type eGFP was produced according to a published

protocol.[18] Unless otherwise specified, all compounds were supplied by
Sigma–Aldrich and used without further purification. Cy5-PEG-Cholesterol
(CPC) was synthesized using cholesterol-PEG4-N3 according to the pub-
lished protocol.[12]

Synthesis of the mPEG Macroinitiator (mPEG-BIB): Requiring a bro-
moacyl moiety on a PEG to obtain an ATRP macroinitiator, mPEG-
bromoisobutyrate was produced using a modified protocol.[5a] 182 μL
of triethylamine (TEA) and 161 μL of 2-bromoisobutyryl bromide (BIB)
were dissolved in 25 mL dichloromethane (DCM). The solution was de-
oxygenated with Ar for 30 min and brought to 0 °C in an ice bath. Similarly,
5 g of methyl ether PEG (mPEG, average molecular weight 5000 Da) were
separately dissolved in 25 mL DCM, deoxygenated, and cooled down. The
mPEG solution was added dropwise to the TEA + BIB solution, left to react
for 1 h at 0 °C, and then for 16 h at RT. The compound was then precip-
itated in ice-cold diethyl ether, and centrifuged at 4000 RCF, 0 °C for 10
min. The solvent was discarded, and the obtained solid was dried under
a vacuum for 2 days. The final mass yield was 72%. The compound was
characterized via NMR (Varian Unity 300 MHz spectrometer) and ATR-
FTIR (Bruker Alpha II) spectroscopy. 1H NMR (300 MHz, CDCl3, 𝛿): 1.92
(s, 6H, CCH3), 3.36 (s, 3H, OCH3), 3.40 (t, 2H, OCH2), 3.63 (OCH2), 4.31
(t, 2H, OCH2).

bioPISA Procedure: In a typical bioPISA procedure, HPMA (2 mL, fil-
tered on basic alumina) was measured in a 4 mL vial that was closed with
a septum. 50 mg of mPEG-BIB and 12 mg of sodium ascorbate (NaAsc)
were dissolved in 700 μL PBS-Br (PBS with 100 mM NaBr) buffer pH 7.4
spiked with 5 vol% DMSO in a 4 mL vial closed with a septum. 10 mg
Mb was dissolved in 1.3 mL PBS-Br in a 10 mL Schlenk flask. All the so-
lutions were degassed with Ar for 30 min. The mPEG-BiB/NaAsc solution
was added to the Schlenk flask, and the resulting solution was stirred for
5 min. The color of the reaction mixture changed from brown to red (Mb
reduction). Then, 400 μL of purified HPMA was added. The reaction mix-
ture was stirred (typically 120 rpm, tested at 50 (slow stirring) and 400 rpm
(fast stirring) as well) for 3 h at 37 °C before being opened to air to quench
the polymerization by atmospheric oxygen. The final suspension was di-
luted with 18 mL of PBS.

Sampling: 4 mL of the suspension was further diluted in 8 mL PBS in
a 15 mL Falcon tube.

For the original mix, the vesicle suspension was thoroughly mixed via
vortex, and then sampled at the 7 mL mark of the Falcon tube.

For the simple centrifugation, the sample was centrifuged for 5 min at
50 x g (Megafuge 16R, Thermo Fisher). Then, fractions were collected until

the 8 mL mark (top fraction), 4 mL (middle fraction), and the remaining
suspension (bottom fraction).

For the sucrose gradient, sucrose was dissolved in PBS at 40, 30, 20,
and 10 w/v%. 2 mL of each solution were carefully layered on top of one
another in a 15 mL Falcon tube, then 4 mL of vesicle suspension were
added on top of them and then quickly centrifuged at 50 x g. Afterward,
fractions were collected, assigning the original sucrose concentration as
the name of each (0% corresponding to the top 2 mL). At the bottom,
a noticeable pellet of extra heavy vesicles could be isolated, which was
resuspended in 0.6 mL of additional PBS.

Imaging and Morphology Characterization via CLSM: 10 μL of each
sample were diluted in 200 μL PBS in Nunc Lab-Tek 8-well chamber slides
(Thermo Fisher). The imaging was performed on a Leica SP8 CLSM,
equipped with 20x and 63x water objectives (eGFP: ex. 488 nm, em. 505–
525 nm; CPC: ex. 635 nm, em. 660–690 nm). Z-stacks were taken and lay-
ered as 2D projections (average intensity) using ImageJ.[19] The analysis
of the vesicles was done using the particle analyzer function of ImageJ,
and 500 random vesicles (when possible) were selected for analysis. The
area was the area of the vesicles in their specific picture. The aspect ratio
was defined as the ratio between minimum and maximum Feret diameter
(i.e., the caliper diameters), where a non-perfectly isometric figure has an
aspect ratio <1.

Vesicle Counting: Vesicles were further diluted 100 times in PBS and
mixed 1:1 with Precision Count Beads (BioLegend) in order to have a ref-
erence sample for flow cytometry analysis, using a CytoFLEX S by Beck-
man Coulter (CytExpert Version 2.4.0.28). 50 000 events per sample were
recorded. No gating was applied to the (unlabelled) vesicles in order to de-
tect every event regardless of size, but the highly fluorescent cell counting
beads were instead gated in order to determine their number. According
to the supplier’s protocol, the absolute vesicle count was determined with
Equation 1.

Absolute vesicle count
(

vesicle
𝜇L

)
= Vesicle count

Precision Count Beads Count

× Precision Count Beads Concentration
(

Beads
𝜇L

)
(1)

The total number of vesicles was then calculated backward from the
known sample volume (measured with a micropipette) and its dilution
factor.

As the bottom fraction from sucrose gradient centrifugation was
strongly enriched with very large vesicles, it would clog the instrument’s
microfluidics. Instead, that fraction was measured by counting the vesi-
cles via CLSM and extrapolating that to the total volume. Small discrep-
ancies between the total amounts of vesicles from the different meth-
ods (5–10%) indicate that the method could provide an estimate of
the number, which is sufficient for the order of magnitude of vesicle
concentration.

Vesicle Inner Phase Characterization – Imaging and FCS: The sample
from the original mix was examined on an LSM 880 (Carl Zeiss). The ex-
citation was done with the 488 nm line of an Argon laser focused into the
studied samples through a C-Apochromat 40×/1.2 W water immersion ob-
jective (Carl Zeiss). The emission light was collected with the same objec-
tive and after passing through a confocal pinhole, directed to a spectral de-
tection unit (Quasar, Carl Zeiss) in which a detection range of 500–550 nm
was selected. Eight-well polystyrene chambered cover glasses (Nunc Lab-
Tek, Thermo Fisher Scientific) were used as sample cells for the studied
solutions. The vesicles were first imaged using reflection mode, which
does not require labeling if the material is dense enough. Then, the con-
focal volume was positioned in the center of a vesicle or in the space
between the vesicles and a series of 15 FCS measurements with a total
duration of 150 s were performed. The time-dependent fluctuations of
the fluorescent intensity 𝛿F(𝜏) were recorded and analyzed by an auto-
correlation function G(𝜏)= 1 + 〈𝛿F(t)∙𝛿F(t+ 𝜏)〉/〈F(t)〉2. The obtained ex-
perimental autocorrelation curves were fitted with the following analytical
expression:
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G (𝜏) = 1 +
[

1 +
fT

1 − fT
e−𝜏∕𝜏T

]
1
N

m∑
i=1

fi[
1 + 𝜏

𝜏Di

]√
1 + 𝜏

S2𝜏Di

(2)

Here, N is the average number of diffusing fluorescence species in the
observation volume, fT, and 𝜏T are the fraction and the decay time of the
triplet state, 𝜏Di is the diffusion time of the i-th diffusion component, fi is
its fraction, and S is the so-called structure parameter, S = z0/r0, where
z0 and r0 represent the axial and radial dimensions of the confocal vol-
ume, respectively. Furthermore, the diffusion time, 𝜏Di, is related to the

respective diffusion coefficient, Di, through: 𝜏Di =
r2
0

4Di
. The fits yielded the

corresponding diffusion times, and subsequently the diffusion coefficients
of the fluorescent species. As the value of r0 depends strongly on the spe-
cific characteristics of the optical setup, calibration experiments were per-
formed using a fluorescent tracer with a known diffusion coefficient, i.e.,
Alexa Fluor 488 in water.

The experimental autocorrelation curves were fitted with Equation 2
using the software package ZEN Black (Carl Zeiss). For experiments per-
formed outside of a vesicle, one-component model (m = 1 in Equation 2)
was used. For experiments performed in a vesicle, a two-component
model (m = 2 in Equation 2) was used.

Vesicle Electroporation: Vesicles (from the original mix) were diluted
1:1 with a 4 mg mL−1 eGFP, a 4 mg mL−1 (Alexa Fluor 488)-labeled GOX,
or a 10 mg mL−1 (Alexa Fluor 647)-labeled 𝛽-gal solution in PBS (enzymes
labeled according to a previous protocol[5a]). 100 μl of these solutions were
placed in ice-chilled 1 mm path electroporation cuvettes (VWR). The cu-
vette was inserted in an electroporator (Eppendorf 2510 electroporator)
and subjected to 5 × 2500 mV pulses (mean time: 3 ms). The cuvette was
then placed on ice for 3 h. Then, the content was diluted with 400 μL PBS,
centrifuged two times at 5000 x g, 5 min, washing the pellet to remove as
much unencapsulated protein as possible.

The fluorescence of eGFP, GOX-488, and 𝛽gal-647 in the supernatant
was measured, before and after electroporation, with a Clariostar Plus
plate reader, and the change in fluorescence was used as an indicator
of encapsulation. The presence of Mb in the supernatant was measured
with vesicles subjected to electroporation without additional cargo, mea-
suring the absorbance at 280 nm with a NanoDrop One/OneC UV–vis
spectrophotometer (Thermo Scientific).

The TMB cascade reaction assay was performed by mixing in a PMMA
microcuvette: 50 μL of GV suspension, 50 μL of a 5 mg mL−1 TMB solution
in ddH2O, and 100 μL of 300 mM lactose in PBS, finally diluting it to 1 mL
with PBS. The cuvettes, in triplicate, were incubated at 37 °C for 30 min
before their absorbance at 420 nm was measured using a Cary 60 UV–vis
Spectrophotometer (Agilent).

Statistical Analysis: Data was not pre-processed for analysis, whereas
image brightness and contrast were optimized for the figures. All data
is presented as mean of n replicates, ± SD (see legends for n). Differ-
ences were tested between populations using two-tailed t-tests (or one-
way ANOVA for comparison of >2 populations), and p-values are shown.
For encapsulation studies with CLSM imaging, the proportions of “fluores-
cent” outcomes was compared between vesicle population groups using
a two-proportion Z-test. The proportions were calculated as the count of
“Yes” outcomes divided by the total counts for each group. Standard er-
rors (SE) for each group’s proportion were determined using the formula:

SE = p (1 − p) ∕n (3)

where p is the proportion and n is the group size. A pooled SE was then
computed to assess the difference in proportions, followed by a Z-score
and corresponding two-tailed p-value to test for statistical significance.
GraphPad Prism v 9.0.0. was used for statistical analysis.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
This research was supported by the European Union’s Horizon 2020 re-
search and innovation program under the Marie Skłodowska-Curie grant
agreement no. 101032493, the TU Darmstadt Athene Young Investigator
Program, and the CoM42Life Pathfinder funding.

Conflict of Interest
The authors declare no conflict of interest.

Author Contributions
A.B. performed conceptualization, methodology, investigation, validation,
data analysis, supervision, and funding acquisition. A.Bl. and K.K. per-
formed the investigation and methodology. M.M.N. performed investiga-
tion. M.B. performed investigation, methodology, supervision, and visu-
alization. A.A.B. and H.K. performed supervision. N.B. performed super-
vision, funding acquisition, and resources. All authors participated in the
writing of the manuscript.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
artificial cells, enzymatic polymerization, PISA, polymersomes

Received: August 14, 2024
Revised: November 10, 2024

Published online:

[1] a) B. C. Buddingh, J. C. M. van Hest, Acc. Chem. Res. 2017, 50, 769;
b) C. Guindani, L. C. da Silva, S. Cao, T. Ivanov, K. Landfester, Angew.
Chem., Int. Ed. 2022, 61, e202110855.

[2] a) F. H. Sobotta, M. T. Kuchenbrod, F. V. Gruschwitz, G. Festag, P.
Bellstedt, S. Hoeppener, J. C. Brendel, Angew. Chem., Int. Ed. Engl.
2021, 60, 24716; b) S. Matoori, J. C. Leroux, Mater. Horiz. 2020, 7,
1297; c) A. Belluati, S. Thamboo, A. Najer, V. Maffeis, C. von Planta, I.
Craciun, C. G. Palivan, W. Meier, Adv. Funct. Mater. 2020, 30, 2002949;
d) B. P. Bastakoti, J. Perez-Mercader, Angew Chem Int Ed Engl 2017,
56, 12086; e) A. Belluati, I. Craciun, C. E. Meyer, S. Rigo, C. G. Palivan,
Curr. Opin. Biotechnol. 2019, 60, 53.

[3] N. J. W. Penfold, J. Yeow, C. Boyer, S. P. Armes, ACS Macro Lett. 2019,
8, 1029.

[4] a) A. N. Albertsen, J. K. Szymanski, J. Perez-Mercader, Sci. Rep. 2017,
7, 41534; b) G. Cheng, J. Pérez-Mercader, Chem. Mater. 2019, 31,
5691; c) S. Pearce, J. Perez-Mercader, ACS Cent. Sci. 2021, 7, 1543.

[5] a) A. Belluati, S. Jimaja, R. J. Chadwick, C. Glynn, M. Chami, D.
Happel, C. Guo, H. Kolmar, N. Bruns, Nat. Chem. 2024, 16, 564; b)
J. Pollard, O. Rifaie-Graham, S. Raccio, A. Davey, S. Balog, N. Bruns,
Anal. Chem. 2020, 92, 1162; c) S. J. Sigg, F. Seidi, K. Renggli, T. B.
Silva, G. Kali, N. Bruns, Macromol. Rapid Commun. 2011, 32, 1710;
d) T. B. Silva, M. Spulber, M. K. Kocik, F. Seidi, H. Charan, M. Rother,
S. J. Sigg, K. Renggli, G. Kali, N. Bruns, Biomacromolecules 2013, 14,
2703; e) K. J. Rodriguez, B. Gajewska, J. Pollard, M. M. Pellizzoni, C.
Fodor, N. Bruns, ACS Macro Lett. 2018, 7, 1111.

Adv. Biology 2024, 2400483 2400483 (8 of 9) © 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH

 27010198, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adbi.202400483 by U

niversity O
f Strathclyde, W

iley O
nline L

ibrary on [18/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advanced-bio.com


www.advancedsciencenews.com www.advanced-bio.com

[6] a) F. Fanalista, A. Birnie, R. Maan, F. Burla, K. Charles, G.
Pawlik, S. Deshpande, G. H. Koenderink, M. Dogterom, C. Dekker,
ACS Nano 2019, 13, 5439; b) W. Phillips, E. Willms, A. F. Hill,
Proteomics 2021, 21, e2000118; c) V. Maffeis, L. Heuberger, A.
Nikoletíc, C. A. Schoenenberger, C. G. Palivan, Adv. Sci. 2024, 11,
2305837.

[7] a) S. D. P. Fielden, M. J. Derry, A. J. Miller, P. D. Topham, R.
K. O’Reilly, J. Am. Chem. Soc. 2023, 145, 5824; b) C. Grazon,
P. Salas-Ambrosio, E. Ibarboure, A. Buol, E. Garanger, M. W.
Grinstaff, S. Lecommandoux, C. Bonduelle, Angew. Chem., Int. Ed.
Engl. 2020, 59, 622; c) N. L’Amoreaux, A. Ali, S. Iqbal, J. Larsen,
Nanotechnology 2020, 31, 175103; d) J. Yeow, S. Shanmugam, N.
Corrigan, R. P. Kuchel, J. Xu, C. Boyer, Macromolecules 2016, 49,
7277; e) J. Yeow, J. Xu, C. Boyer, J. Visualized Exp. 2016, 112,
54269.

[8] A. Belluati, D. Happel, M. Erbe, N. Kirchner, A. Szelwicka, A. Bloch,
V. Berner, A. Christmann, B. Hertel, R. Pardehkhorram, A. Reyhani,
H. Kolmar, N. Bruns, Nanoscale 2023, 15, 19486.

[9] K. Gopfrich, B. Haller, O. Staufer, Y. Dreher, U. Mersdorf, I. Platzman,
J. P. Spatz, ACS Synth. Biol. 2019, 8, 937.

[10] a) P. Bao, D. A. Paterson, S. A. Peyman, J. C. Jones, J. A. T. Sandoe,
H. F. Gleeson, S. D. Evans, R. J. Bushby, Soft Matter 2021, 17, 2234;
b) E. Parigoris, D. L. Dunkelmann, A. Murphy, N. Wili, A. Kaech, C.
Dumrese, N. Jimenez-Rojo, U. Silvan, Sci. Rep. 2020, 10, 4824.

[11] H. J. Kim, F. Ishizuka, J. Li, R. P. Kuchel, S. Chatani, H. Niino, P. B.
Zetterlund, Polym. Chem. 2024, 15, 1102.

[12] A. Belluati, I. Harley, I. Lieberwirth, N. Bruns, Small 2023, 19,
2303384.

[13] a) A. Vagias, R. Raccis, K. Koynov, U. Jonas, H. J. Butt, G. Fytas, P.
Košovan, O. Lenz, C. Holm, Phys. Rev. Lett. 2013, 111, 088301; b)
R. Raccis, R. Roskamp, I. Hopp, B. Menges, K. Koynov, U. Jonas, W.
Knoll, H. J. Butt, G. Fytas, Soft Matter 2011, 7, 7042.

[14] A. Vagias, P. Košovan, K. Koynov, C. Holm, H. J. Butt, G. Fytas, Macro-
molecules 2014, 47, 5303.

[15] a) L. Wang, L. Chierico, D. Little, N. Patikarnmonthon, Z. Yang, M.
Azzouz, J. Madsen, S. P. Armes, G. Battaglia, Angew. Chem., Int.
Ed. 2012, 51, 11122; b) J. Bain, L. Ruiz-Perez, A. J. Kennerley, S. P.
Muench, R. Thompson, G. Battaglia, S. S. Staniland, Sci. Rep. 2015,
5, 14311.

[16] a) L. Caramazza, M. Nardoni, A. De Angelis, P. Paolicelli, M. Liberti,
F. Apollonio, S. Petralito, Front. Bioeng. Biotechnol. 2020, 8, 819; b) N.
M. Correa, Z. A. Schelly, J. Phys. Chem. B 1998, 102, 9319.

[17] a) E. C. Dos Santos, A. Belluati, D. Necula, D. Scherrer, C. E. Meyer,
R. P. Wehr, E. Lörtscher, C. G. Palivan, W. Meier, Adv. Mater. 2020, 32,
2004804; b) I. Eshkenazi, E. Maltz, B. Zion, J. Rishpon, J. Dairy Sci.
2000, 83, 1939.

[18] I. Bork, C. S. Dombrowsky, S. Bitsch, D. Happel, F. K. Geyer, O.
Avrutina, H. Kolmar, Biomacromolecules 2024, 25, 5300.

[19] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair, T.
Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid, J. Y. Tinevez,
D. J. White, V. Hartenstein, K. Eliceiri, P. Tomancak, A. Cardona, Nat.
Methods 2012, 9, 676.

Adv. Biology 2024, 2400483 2400483 (9 of 9) © 2024 The Author(s). Advanced Biology published by Wiley-VCH GmbH

 27010198, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adbi.202400483 by U

niversity O
f Strathclyde, W

iley O
nline L

ibrary on [18/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advanced-bio.com

