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By combining experimental and modelling, this study provides a first evidence of macromolecular 

preferential retention (over small molecules) inside POPC vesicles during vesicle fragmentation 

(division) by mechanical extrusion. The true heterogeneous nature of vesicles originated by 

spontaneous self-assembly (“vesicle diversity”) is also highlighted.  

Its relevance is twofold. First, when lipid vesicles are intended as primitive cell models, this result 

suggest how and why macromolecules are entrapped, stored, and transmitted over protocell 

division, allowing the emergence of living cells. Second, this work contributes to the ongoing 

research on lipid vesicles used as synthetic cell-like structures in bottom-up synthetic biology, by a 

detailed characterization of giant vesicle extrusion (which can be a viable route to prepare solute-

filled conventional vesicles otherwise difficult to obtain). 
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Do protocells preferentially retain macromolecular so-
lutes upon division/fragmentation? A study based on
the extrusion of POPC giant vesicles.

Alessio Fanti,†a Leandro Gammuto,†a Fabio Mavelli,b Pasquale Stano,‡c∗ and Roberto
Marangonia,d∗

A key process of protocell behaviour is their recursive growth and division. In order to be sus-
tainable, the latter must be characterized by an even and homogeneous partition of the solute
molecules initially present in the parent protocell among the daughter ones. Here we have in-
vestigate, by means of an artificial division model (extrusion of giant lipid vesicles) and confocal
microscopy, the fate of solutes when a large vesicle fragments into many smaller vesicles. Solutes
of low- and high-molecular weight such as pyranine, calcein, albumin-FITC, dextran-FITC and car-
bonic anhydrase have been employed. Although the vesicle extrusion brings about a release of
their inner content in the environment, the results shown in this initial report indicate that macro-
molecules can be partially retained when compared with low-molecular weight ones. Results are
discussed from the viewpoint of the life cycle of primitive cells. In particular, the findings suggest
that a similar mechanism operating during the critical step of vesicle growth-division could have
contributed to primitive evolution.

1 Introduction
One of the major goals of synthetic biology is the creation of syn-
thetic minimal cell models for addressing open questions in the bi-
ology domain and for developing new tools for biotechnology1–3.
Ongoing research on primitive cells models and artificial proto-
type cells (here both indicated as ‘protocells’) benefits from a syn-
thetic biology approach. It adopts the constructive paradigm (un-
derstanding by building) and integrates quantitative analysis with
mathematical tools. Lipid vesicles (liposomes) are often used to
build cellular models of various complexity. These models range
from ‘empty’ fatty acid vesicles, for instance those that are able
undergoing spontaneous self-reproduction4–6, up to much more
complex systems, such as those hosting in the vesicle lumen the
whole transcription-translation biomachinery7–11.

When protocells are studied for deciphering some physical as-
pect of primitive cells formation and proliferation, the capture
and the retention of molecular solutes are two fundamental fea-

a Biology Department, University of Pisa; Via Derna 1, I-56126 Pisa, Italy. Tel: (+39)
050 2211525; Fax: (+39) 050 2211527; e-mail: roberto.marangoni@unipi.it
b Chemistry Department, University of Bari; Via E. Orabona 4, I-70125, Bari, Italy.
c Science Department, Roma Tre University; Viale G. Marconi 446, I-00146 Rome, Italy.
d CNR – Institute of Biophysics; Via G. Moruzzi 1, I-56124 Pisa, Italy.
† These authors contributed equally to this work
‡ Current address: DiSTeBA, University of Salento; Ecotekne, I-73100 Lecce, Italy. Tel.
(+39) 0832 298709; Fax: (+39) 0832 298732 e-mail: pasquale.stano@unisalento.it
∗ Joint Corresponding-Authors

tures to consider. With respect to solute capture, it has been
shown that when vesicles formation occurs in a protein- or nu-
cleic acid- solution, vesicles easily entrap these solutes in their
lumen12–14. Recent observations have revealed that under cer-
tain conditions, a small number of vesicles results filled with a
very high number of solute molecules15–18.

With respect to the second issue (solute retention), the starting,
and perhaps obvious, consideration is that in order to prolifer-
ate, protocells have to grow and divide. The self-reproduction
of fatty acid vesicles have been reported4–6, but with few
exceptions5,19–22 not much interest has been devoted to un-
derstand what happens to the encapsulated molecules during
growth/division. Starting from a functional ‘mother’ protocell,
similarly functional ‘daughter’ protocells can be obtained only if
the molecules initially contained in the mother are evenly redis-
tributed among the daughters. Protocell proliferation can be se-
riously hampered by solute loss or unpaired solute redistribution.
In other words, while solute capture is a fundamental step for
protocell emergence from separated components, protocells self-
reproduction (growth/division) must be especially robust with re-
spect to the retention and partition of the entrapped molecules23.

Here we present an experimental and computational study on
vesicle formation and solute capture, followed by vesicle frag-
mentation and solute partition. The study has been carried out
to mimic the formation of protocells from another protocell, fol-
lowing a process of growth-division. Our experimental model is
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based on (i) the spontaneous formation of solute-filled phospho-
lipid giant vesicles (GVs) (Fig.1a), and (ii) their fragmentation in
several small daughter vesicles via a mechanical process24 that
simulates protocell self-reproduction21 (Fig.1b). In other words,
we have simply applied the extrusion method as a way to create
many small daughter vesicles from large ones (the mothers). Al-
though it has been suggested that such an approach could model
protocell division in porous rocks21, it should be recalled that
operating under conditions favouring spontaneous vesicle divi-
sion, i.e., by addition or production of membrane-forming com-
pounds6,25–27, would be a better model for addressing the solute
retention problem.

Based on the experimentally obtained GVs populations, we
constructed in silico vesicles undergoing the same transforma-
tions than real vesicles (Fig.1c). In silico vesicle populations
strictly obey to physico-chemical rules and follow purely random
stochastic paths. The in silico vesicles can be useful for hypothesis
testing, just by contrasting their behaviour with the experimen-
tal outcomes. By combining wet-lab experiments and numerical
modelling, here we provide novel evidences on the retention and
partition of solutes, in particular with respect to their molecular
weight (MW). Larger molecules are retained much better than
small molecules. This might suggest that a basic physical mecha-
nisms (based on solute size) could have been a source of selective
pressure in prebiotic times, favouring the transition from small to
large molecules, as the latter one are better retained during vesi-
cle division. Such a mechanism could operate before the onset
of sophisticated control mechanism of solute partition during the
key event of cell reproduction.

2 Results
We have applied a combination of bottom-up synthetic biology
and systems biology, blending experimental approaches and the-
oretical modelling (Fig. 1). The experimental model is based
on the preparation of giant lipid vesicles (GVs) by the natural
swelling method (Fig. 1a), followed by a mechanical GVs divi-
sion to give conventional sub-micron vesicles by the extrusion
technique (VETs) (Fig. 1b). GVs contained solutes with differ-
ent MW (from 0.5 to 150 kDa) and different chemical structures.
We have measured size and content of vesicles before and after
extrusion and compared with the null hypotheses:

• before extrusion: H0,I, the mean intra-GVs solute concentra-
tion, 〈CGVs〉, is equal to the bulk concentration, Cbulk, of the
solute in the solution, which has been used to prepare the
GVs; i.e., 〈CGVs〉=Cbulk;

• after extrusion: H0,II, the mean intra-VETs and the mean
intra-GVs solute concentrations are equal; i.e. 〈CVETs〉 =
〈CGVs〉.

In addition to H0,I and H0,II, we have also checked additional
less-restrictive hypotheses (h0,I and h0,II) based on the likelihood
that a certain concentration value belongs or not – in a statistical
sense – to a certain ‘parent’ distribution (see Section 5.4 for de-
tails). No statistical tests were carried out to compare the GVs size
distributions, because they derive from a fractionation procedure

Fig. 1 Experimental and numerical approaches. (a) Giant vesicles
(GVs) are formed by the natural swelling of stratified lipid layers in the
presence of a solute of interest. Part of the solutes will be encapsulated,
other will be free. (b) After free-solute removal, GVs are extruded in
order to simulate vesicle division. Vesicles obtained by the extrusion
technique (VETs) are produced. Solutes initially present inside ‘mother’
GVs will be partitioned among ‘daughters’ VETs, while some solutes will
be lost in the environment. (c) Based on experimentally determined GVs
parameters (size distribution, mean solute content) an in silico GVs
population has been simulated by computational methods, then
transformed in smaller vesicles. The solutes initially included in each
large GV have been stochastically redistributed among the smaller
VETs. In silico GVs and VETs have the same size distribution of the
experimental samples.
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Fig. 2 Confocal fluorescence images of calcein-filled GVs (left) and
VETs (right). GVs have been purified by centrifugation and extruded
through polycarbonate membrane with pores diameter of 800 nm.
Similar images have been recorded for the other solutes.

which likely introduces both a size bias and a variance contribu-
tion that cannot be easily estimated.

In parallel to experiments, all physical processes have been
simulated by stochastic numerical modelling (Fig. 1c) in order
to compare the observed and the simulated patterns. Stochas-
tic analysis is essential in vesicle population analysis, as vesi-
cles always display heterogeneity with respect to size and con-
tent18,28–33. A population of solute-filled GVs has been artificially
generated in silico and filled with solutes, based on parameters
obtained by experiments. Next, the transformation of GVs in VETs
is simulated by taking into account the initial and final size dis-
tributions, while the solutes have been partitioned by algorithms
that model physical stochastic effects as purely random ones.

2.1 Experimental model

POPC GVs have been produced by the natural swelling method,
which consists in the unperturbed swelling of a lipid film in the
presence of solutes of interest. Although POPC cannot be con-
sidered a primitive lipids for the construction of protocells, it
has been often used in studies when the focus is not on the
chemical nature of the bilayer, rather on the solute compart-
mentation.19,20,34,35 Pyranine (0.52 kDa) and calcein (0.62 kDa)
have been used as low molecular weight solutes, whereas bovine
serum albumin-FITC (BSA-FITC, 69 kDa), dextran-FITC (150
kDa), and carbonic anhydrase (CA, 30 kDa) as macromolecular
ones. Pyranine, calcein, BSA-FITC, and dextran-FITC are fluo-
rescent molecules, whose concentration can be easily measured.
CA has been quantified by probing its esterase activity36,37, with
the fluorogenic substrate 6-carboxyfluorescein diacetate (CFDA)
as discussed separately in Section 2.3.

2.1.1 GVs formation by natural swelling

Natural swelling produces GVs with a broad size distribution (up
to ca. 50 µm) that is not convenient for the purpose of this study.
Therefore, we firstly devise a method for isolating small GVs and
with a narrower size distribution. At this aim, we adopted a
centrifugation strategy that allows the fractionation of vesicles
according to their size. This pre-treatment also removes non-
entrapped solutes, so that GVs appear fluorescent over a dark
background (Fig. 2, left).

Solute-filled GVs have been easily prepared irrespective of the

Fig. 3 Comparison between GVs size distribution as obtained
experimentally (grey area) and by numerical modelling (Helfrich
distribution, red curve). Size distributions refer to GVs filled with (a)
pyranine; (b) calcein; (c) BSA-FITC; (d) dextran-FITC. Populations
statistics are reported in Table 1.

type and concentration of the solute (pyranine, calcein, albumine-
FITC, dextran-FITC, carbonic anhydrase). After fractionation,
GVs with average radius ranging between 2.6 and 4.4 µm are
obtained (Table 1), with a positively skewed size distribution
(Fig.3).

According to H0,I (a purely stochastic entrapment scenario),
when GVs form by natural swelling the expectation is that the
concentration of the solutes initially present in the solution is also
found inside the vesicles. This scenario purposely neglects, at
least on average, the potential attractive/repulsive solute-solute
and solute-lipid interactions which may play a role in the entrap-
ment process. It simply corresponds to a random sampling, with
the number of entrapped molecules only determined by the vesi-
cle volume. We expect that, due to the very large size of GVs,
intra-GVs solute concentration is equal (or very near) to the bulk
solute concentration.

The internal fluorescence of individual GVs was measured by
image analysis, and a distribution of concentration was obtained
for each population thanks to calibration curves. Figure 4 (top
line) shows the concentration-vs-radius dot-plots referring to the
four GVs populations, one for each fluorescent solute. Most of the
GVs containing pyranine, calcein, and BSA-FITC have internal so-
lute concentration near the expected bulk values of, respectively,
5, 10 and 10 µM (indicated by the dashed blue lines in Fig. 4).
The average intra-GVs concentrations of these solutes are, respec-
tively, 5.4 ± 0.7 µM, 8.9 ± 1.3 µM, and 8.5 ± 2.1 µM. Contrar-
ily, the average intra-vesicle dextran-FITC concentration is 0.79 ±
0.17 µM, quite less than the expected (1.75 µM). This might be
due to considerable high molecular weight of dextran (150 kDa)
which could lead to solute exclusion during lipid swelling and
vesicle closure.

GVs data in Fig. 4 (top line) also point to two other facts. First,
the solute concentration distribution is quite broad. This is a note-
worthy fact, not consistent with random fluctuations around an
average value. Fluctuations are proportional to

√
n, where n is

Journal Name, [year], [vol.],1–12 | 3
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Table 1 Average vesicle radius (µm), mean ± s.d., as obtained
experimentally. The number of measured vesicles is indicated in
parenthesis. Note that CA-containing VETs have been obtained by
extrusion through 1 µm (radius) pores, whereas the other cases refer to
extrusion through 0.4 µm (radius) pores.

Solutes GVs VETs
pyranine 4.4 ± 1.6 (496) 0.41 ± 0.07 (4394)
calcein 3.7 ± 1.5 (814) 0.42 ± 0.13 (7554)
BSA-FITC 3.6 ± 1.1 (265) 0.46 ± 0.13 (4440)
dextran-FITC 2.6 ± 0.9 (179) 0.41 ± 0.07 (9634)
CA 3.2 ± 1.8 (285) 0.76 ± 0.34 (233)

the expected average number of entrapped solutes, that scales
with the vesicle volume. In our conditions n is typically very large
(105−106), so that the relative variability

√
n/n should be below

1%. A much larger variation among intra-GVs solute concentra-
tion is observed, suggesting more complex (and heterogeneous)
mechanisms of GVs formation and solute capture. Second, there
is a weak dependence of inner solute concentration from the GVs
size (this is particular evident in the case of small GVs). Again,
this can be due to coexisting different mechanisms of vesicle for-
mation (larger and smaller GVs originating in different ways).
As the deeper investigation about these patterns lies outside the
scope of the present paper, we postpone it to future work.

2.1.2 GVs extrusion to produce VETs

GVs were extruded by repeated passages through a polycarbonate
membrane with 0.4 µm pores radius, in order to simulate in arti-
ficial way the process of vesicle division38. The resulting vesicles,
called VETs (Fig. 2, left), have a narrow size distributions, centred
as expected around a radius of 0.4 µm. Their mean sizes and the
size distributions are reported in Table 1 and Fig. 5. The average
VET radius of 0.41-0.42 µm is slightly larger than the nominal
pore radius (0.4 µm), probably because vesicles are flexible and
deform easily in such relatively large pores (this might not hold
for smaller extrusion pores), or it can be due to minor differences
between nominal and actual pore sizes. BSA-FITC-containing
VETs resulted to be slightly larger than the other population, but
this does not affect the overall conclusions of this study. VETs size
distributions are truncated to the left at around 270-380 nm due
to the combination of microscope resolution limit and reliability
of automated image analysis. Note that CA-containing GVs have
been instead extruded through polycarbonate membranes with
larger pores (radius 1 µm) in order to collect large-enough VETs
for a better determination of intra-vesicle fluorescence, which, in
contrary to the other cases, is time-dependent (see Sections 2.3
and 5.3 for details). CA-containing VETs resulted to be smaller
than the expected (and the population broader than expected) –
see Table 1, last line – probably due to the fact that small vesicles
can pass through the pores without being fragmented.

As in the GVs case, the internal solute concentration has been
measured for each vesicle and plotted in Fig. 4 (bottom line). The
distributions, in terms of solute concentration (y-axis) is again
quite broad, and the dispersion of concentration around the mean
increases as the size decreases (the average values are reported
as green dashed lines in Fig. 4). This qualitatively fits with the
expectations, as the smaller vesicles are expected to be highly

Fig. 5 Comparison between VETs size distribution as obtained
experimentally (grey area) and by numerical modelling (negative
exponential distribution, red curve). Size distributions refer to GVs filled
with (a) pyranine; (b) calcein; (c) BSA-FITC; (d) dextran-FITC.
Populations statistics are reported in Table 1. Note that both
experimental and simulated size distributions (the latter being based on
the exponential distribution) have been truncated at the resolution limit
of microscope (a red dashed line has been added to the simulated
exponential distribution just for the sake of comparison).

diverse with respect to the number of encapsulated solutes. In-
deed the term

√
n/n = 1/

√
n increases as the n decreases (n be-

ing proportional to the vesicle volume). From the quantitative
viewpoint, however, also these intra-VETs solute distributions are
broader than expected. The reason is that they originate from
GVs which are already quite dispersed in terms of internal solute
concentration.

When averaged over the whole VETs population, the mean so-
lute concentrations in the case of pyranine, calcein, BSA-FITC,
and dextran-FITC are 2.8 ± 0.7, 2.1 ± 1.4, 7.6 ± 1.0 and 0.55
± 0.1 µM, respectively (Table 2). The comparison between such
values and those referring to GVs (compare the dashed green and
red lines in Fig. 4), shows that for pyranine and calcein there is a
large concentration decrease, whereas for BSA-FITC and dextran-
FITC there is a minor decrease. Solutes have been lost during
extrusion. Note that the missing number of solute molecules men-
tioned here is not referring to the well-known volume loss when
a large vesicle fragment into many small ones. The intra-VETs
concentration is reduced because the local composition (per unit
of volume) changes during the membrane rupture-and-resealing
occurring during the vesicle extrusion.

2.2 Modelling

Intrigued by these observations, we set up a mathematical model
that reproduces in all details the processes under investigation,
asking whether the retention and the partition of solutes in the
crucial moment of vesicle division (here substituted by forced ex-
trusion through a narrow pore) follow theoretical expectations or
not.

4 | 1–12Journal Name, [year], [vol.],
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Fig. 4 Dependence of solute intra-vesicle concentration on vesicle radius given as bivariate dot-plots. GVs data are presented in the top line, VETs
data in the bottom line; each column refer to a solute (pyranine, calcein, BSA-FITC, dextran-FITC). Experimental data indicated as grey circles;
simulated data indicated as red crosses. In the four GVs plots on the top, the solute concentrations in bulk solution (referring to the solution used for
GVs formation) are indicated by dashed blue lines (corresponding to 5, 10, 10 and 1.75 µM for the four above-mentioned solutes). The measured
intra-GVs solute average concentration are instead reported as red dashed lines. For the four VETs plots on the bottom, the expected solute
concentrations inside VETs (obtained after an ‘ideal’ extrusion) are indicated as red dashed lines (corresponding to the value found inside GVs,
namely 5.4, 8.9, 8.5 and 0.79 µM). The average concentration values as obtained by the simulated extrusion are very close to these values (see Table
2). The measured intra-VETs average concentrations are indicated as green dashed lines (corresponding to 2.8, 2.1, 7.6 and 0.55 µM). The size
cut-off in the case of VETs is due to the optical resolution limit.

2.2.1 In silico GVs

The starting point for modeling GVs extrusion is a GVs population
generated in silico following a well-known model (the Helfrich
distribution)39 that fits rather well with the experimental data.
The Helfrich distribution has as unique parameter R which is the
average radius of the population. The resulting population ω(r),
where r is the radius of the single vesicle, is given by:

ω(r) =
9r3

2R4 exp
(
− 3r2

2R2

)
(1)

As shown in Fig. 3, there is an excellent agreement between the
theoretical and experimental size distributions. The so-obtained
in silico population of GVs was filled with solutes according to
a Poisson process. The filling is the result of a pure stochastic
process where the solute can accumulate randomly and without
cooperative effects15 or other kinds of inter-molecular interac-
tions. Like the Helfrich’s distribution, also the Poisson probability
(p(n) = e−λ λ n/n!) depends on a single parameter which is the
average value λ (n being the number of entrapped molecules).
In our simulation λ has been set as the number of molecules ex-
pected in the GVS volume, according to H0,I. The concentration
of solutes inside GVs is equal, at least on average, to the solute
concentration in the bulk (supposed uniform, as for a well-stirred
environment). In other words, this is a simple space partition,
that rules out any active contribution of the entrapment process.
The Poisson process generates a random variability between the
solute distribution in the in silico GVs (not shown). While this
is a satisfactory procedure for pyranine-, calcein-, and BSA-FITC-
containing GVs, it failed to model GVs prepared in the presence
of dextran-FITC-containing GVs. For this reason, a new in silico

GVs population has been produced by setting λ as the average
number of dextran-FITC actually found in the vesicle’s volume,
as determined experimentally (0.79 µM instead of 1.75 µM). This
was a mandatory change because in the next step (GVs extrusion)
the starting point should be a GVs population that closely mimics
the experimental data.

2.2.2 In silico VETs

In the next step, in silico solute-filled GVs were ‘extruded’ accord-
ing to a stochastic algorithm. The unique constraints were that
the emerging VETs size distribution should fit with the experi-
mentally determined one (exponential distribution, truncated at
the radius corresponding to the microscope resolution limit) and
that the overall VETs membrane surface should be equal to the
parent GVs membrane surface (i.e., the in silico extrusion process
has no loss of lipids). The solutes contained in the parent GV were
stochastically distributed in the daughter VETs (one GV generates
several VETs) using a Poisson process, as in the previous step, and
according to the second null hypothesis H0,II which simply states
that the number of solute molecules is proportional to the vesicle
volume.

The comparison between experimental and the simulated size
distribution reveals again an excellent agreement (Fig. 5). The
simulated intra-VETs solute concentrations are instead shown in
Fig. 4 (bottom line). Here the small red crosses represent
the expected concentrations of pyranine, calcein, BSA-FITC and
dextran-FITC inside VETs. Their mean values are 5.4 ± 0.7, 9.0
± 1.2, 8.6 ± 2.2, and 0.82 ± 0.20, respectively (Table 2). These
values correspond to the expected values, namely the intra-GVs
concentrations, in agreement with H0,II. In other words, the GVs
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Fig. 6 Comparison between VETs solute occupancy distribution as
obtained experimentally (grey area) and by numerical modelling (red
lines). The distributions refer to VETs filled with (a) pyranine; (b) calcein;
(c) BSA-FITC; (d) dextran-FITC. Note that the same concentration bins
have been used for all cases. Populations statistics are reported in Table
2.

fragmentation, when carried out in silico, gives ideal VETs popula-
tions where the VETs have the same internal solute concentration
of the parent GVs. However, intriguing discrepancies are found
when the experimental and simulates values are compared (Ta-
ble 2, Fig. 4 and Fig. 6). Low- and high-MW solutes behaves dif-
ferently. The stochastic model has generated in silico populations
of VETs that can be compared quantitatively with experimentally
determined distributions and provides more information that a
mere comparison among means. Fig. 6 shows such a compari-
son. It is evident that low-MW solutes (pyranine and calcein) are
mainly lost during extrusion. In contrary, high molecular weight
ones (BSA-FITC, dextran-FITC) are essentially retained.

2.3 The case of carbonic anhydrase
In addition to the four fluorescent solutes, we have studied the
case of an enzyme entrapped in liposomes, aiming at modelling
simple reactions occurring inside protocells. Carbonic anhy-
drase (CA) was employed, taking advantage of its esterase ac-
tivity36,37. The non-fluorescent 6-carboxyfluorescein diacetate
(CFDA) is a substrate of CA, which converts it in the fluores-
cent 6-carboxyfluorescein (CF), whose concentration can be mon-
itored by confocal microscopy. CA-containing GVs were prepared
as described; external CA is removed during GVs fractionation
by centrifugation. GVs are then extruded in order to obtain CA-
containing VETs. To start the reaction, CFDA is added to GVs or
to VETs and the course of the enzymatic reaction is followed by
measuring the green fluorescence which develops with time in-
side vesicles. Non-fluorescent CFDA penetrates into the vesicles’
lumen by passive diffusion through the lipid membrane. Once in-
side, it is hydrolysed by CA to give the fluorescent product CF and
acetate (Fig. 7).

The size distribution of CA-containing GVs resembles those ob-
tained with the other solutes, but CA-containing VETs, being ex-
truded through larger pores (radius 1 µm), are larger than the

Fig. 7 Schematic drawing of CA-containing vesicles and their reaction
with externally added CFDA. Fluorescent CF is produced after
hydrolysis.

other cases, and their distribution is broader (see the bottom line
of Table 1). The reason for this choice is that if the VETs are too
small, it is difficult to measure the very weak intra-vesicle fluo-
rescence that is generated in the initial period. This would result
in a less reliable analysis. Starting from the experimental data,
in silico CA-containing vesicles have been firstly generated using
the Helfrich (GVs) and the exponential (VETs) functions to model
their size distributions (not shown).

In order to proceed with the partition analysis, the intra-GVs
CA concentration is required, but this value cannot be measured
experimentally because CA does not fluoresce in the visible re-
gion. Thus, we elaborated a kinetic model for calculating the
CA concentration inside vesicles. Each vesicle has been modelled
as a CA-containing spherical microreactor with a semipermeable
membrane. As a known amount of substrate CFDA is added to the
vesicle suspension, it is possible to calculate the internal CF con-
centration, at any time and for any vesicle with radius r, by com-
bining the CFDA passive diffusion equation and CA enzyme kinet-
ics. Here, the reverse calculation is carried out, namely, determin-
ing the intra-vesicle CA concentration that leads to the measured
CF concentration (details in Section 5.3). The model has been
applied both to GVs and VETs. Such an approach allowed us to
estimate, with a certain approximation, the intra-vesicle CA con-
centrations by a backward kinetic extrapolation.

Internal CA concentrations have been calculated after discrete
time intervals from the addition of CFDA, up to 10 minutes.
The average CA concentration inside GVs is 1.7 ± 1.0 µM. The
mean value is below the bulk CA concentration used for the GVs
preparation (2 µM), but the quite large variations among vesicles
makes this difference not statistically significant. In turn, we as-
cribe the large standard deviation to the indirect determination
of CA concentration, which is limited by the accuracy of r and CF
fluorescence measurements. Using the experimental value (1.7
µM), the partition of CA has been simulated by creating firstly in
silico GVs and then in silico VETs, as described above. Random
and volume-based partition of CA in the daughter VETs, brings
about a population with a mean CA concentration of 1.7 ± 0.3
µM. Such an in silico population was then compared with the ex-
perimental one, determined by calculating the CA content via the
kinetic model. The intra-vesicle CA concentration results to be 1.0
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Table 2 Average solute concentration (µM) inside VETs, mean ± s.d. The number of measured (or simulated) vesicles is indicated in parenthesis.
The measured values of the last line, referring to CA-containing VETs has been calculate by a kinetic model, see Section 5, Eqs. 3-5. The ∆ columns
reports the difference between bulk, GVs, and VETs concentrations, as indicated. The percent reduction of intra-VET solute concentration, as
measured after extrusion, is also shown on the last column. One asterisk marks statistical significance with respect to H0,I or H0,II (neat difference
among the means); two asterisks mark statistical significance with respect to h0,I or h0,II (mean belonging or not to the parent distribution). For details,
see Section 5.4 and Table 3.

Solute Bulk Intra-GVs (measured) ∆(GVs−bulk) Intra-VET (simulated) Intra-VET (measured) ∆(VETs−GVs) normalized loss
pyranine 5 5.4 ± 0.7 (496) +0.4* 5.4 ± 0.7 (4075) 2.8 ± 0.7 (4394) −2.6** −48%
calcein 10 8.9 ± 1.3 (814) −1.1* 9.0 ± 1.2 (34299) 2.1 ± 1.4 (7554) −6.8** −76%
BSA-FITC 10 8.5 ± 2.1 (265) −1.5* 8.6 ± 2.2 (6103) 7.6 ± 1.0 (4400) −0.9* −11%
dextran-FITC 1.75 0.79 ± 2.1 (179) −0.96** 0.82 ± 0.20 (1191) 0.55 ± 0.11 (9634) −0.24* −30%
CA 2 1.7 ± 1.0 (233) −0.3 1.7 ± 0.3 (4837) 1.0 ± 0.6 (368) −0.7* −41%

± 0.6 µM. As for the other high-MW compounds, this comparison
suggests that CA molecules are essentially retained during vesicle
extrusion.

2.4 Solute occupancy distribution and ‘super-filled’ vesicles

One of the motivations of this study was the investigation of the
possible formation of ‘super-filled’ vesicles from the fragmenta-
tion of larger mother vesicles. These special vesicles would de-
rive from an uneven accumulation of solutes according to a spe-
cific mechanism. In this respect, it is useful to investigate in more
detail the shape and the features of the solute concentration dis-
tributions, especially looking at their high-concentration tails. In
the past, we have reported that under certain experimental condi-
tions ferritin-15 and ribosome-containing40 conventional vesicles
formed by natural swelling (25 nm≤ r≤ 100 nm) display a power
law distribution of the solute concentration.

In this study none of the investigated solutes has a power law
occupancy distribution inside VETs. In particular, the distribu-
tions are all bell-shaped (Fig. 6). A small but measurable fraction
of vesicles is however found on the high-concentration tail of the
distributions. In particular, for the five solutes pyranine, calcein,
BSA-FITC, dextran-FITC, and CA, the vesicles whose internal so-
lute concentration is higher than the average concentration plus
three standard deviations are 1.2%, 0.8%, 1.1%, 0%, and 0.6%
of the whole population, respectively (cf. with the expected 0.3%
of a Gaussian distribution).

3 Discussion
The two processes depicted in Fig. 1 have been scrutinized
against four null hypotheses, H0,I and h0,I for the vesicle forma-
tion step/solute encapsulation, and H0,II and h0,II for the vesicle
extrusion step/solute partition. Table 2 summarizes the results of
such analysis (statistical details in Section 5.4 and Table 3).

3.1 Process 1. Vesicle formation and solute entrapment

When the difference between Cbulk and 〈CGVs〉 is strictly consid-
ered, it results that H0,I should be rejected for all solutes but CA
(this latter result, probably, derives from the quite broad intra-
GVs solute concentration distribution, which has been obtained
by numerical methods, rather than to a true qualitatively differ-
ent behaviour). A large difference, however, is observed only in
the case of dextran-FITC, where in addition to H0,I also h0,I is
rejected. This is well evident in Fig. 4 where a large distance be-

tween the blue and red dashed lines is present only in the dextran-
FITC panel. The reduced entrapment efficiency for high-MW dex-
tran was already observed41. The average values of intra-GVs
concentrations of pyranin and calcein, both negatively charged at
the experimental pH, are unexpectedly above and below the cor-
responding Cbulk, suggesting either fine-tuned molecular effects
either a very cautious use of average values, also in view of the
sample high dispersity. Our results suggest that sampling a vesicle
population to obtain an average behaviour is per se not a trivial
process, due to the very heterogeneous nature of vesicle samples
(when prepared by the natural swelling) and that the concept of
mean concentration should be utilized cautiously. The encapsula-
tion of macromolecules, and in particular of proteins (enzymes)
is know to be dependent on several factors, as the operative pro-
cedure, pH, ionic strength, and the nature of lipids42–44. Here we
have shown that working on similar conditions, MW plays a ma-
jor role in encapsulation. With respect to dispersion around the
mean value, it is well known, but not studied in detail, that the
formation of vesicles brings about a heterogeneous population in
terms of solute content. A previous report indicates that 5-20 kDa
poly(ethylene glycol)- and 4-2,000 kDa dextran-containing GVs
prepared by the natural swelling method have solute distribution
widths of ± 50% around the average concentration41. Numer-
ous flow cytometry studies28,29,45 carried out on GVs prepared
both by the natural swelling method and by droplet transfer have
also evidence similar trends. Here we have shown that, for GVs
prepared by the natural swelling method, and for all investigated
solutes, such a GVs heterogeneity (or ‘diversity’46) is normally
present, and that it is higher than expected. The physics behind
the large dispersion around the mean concentration value is not
well known and should be investigated separately for each prepa-
ration method.

3.2 Process 2. Vesicle division (here, fragmentation) simu-
lated by extrusion

We have inquired on what happen to encapsulated solutes dur-
ing extrusion – intended as an artificial model of vesicle division.
This is an important point as the small vesicles deriving from di-
vision (or fragmentation) of a parent one must inherit the so-
lutes therein contained, in order to be able performing similar
functions (imagine the fragmentation of primitive cells contain-
ing dozens of different molecular species). In the past, the fate
of solutes during vesicle self-reproduction was firstly studied by
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employing ferritin-containing oleic acid/oleate vesicles (radius of
about 45 nm), which spontaneously undergo self-reproduction
when fed with oleate micelles19,20. The daughter vesicles (ca. 30
nm) contained ferritin with a similar distribution of the parent
one, but the average ferritin number inside the daughter vesi-
cles was less than the initial value due to the co-presence of sev-
eral new empty vesicles. Subsequent studies showed that the
extrusion of calcein-containing myristoleate vesicles (radius re-
duction from 70 to 44 nm) brings about a calcein loss (−55%)
that could not be explained by the decrease of the vesicle volume
(−38%)38. The spontaneous division of lecithin-stabilized water-
in-oil droplets (3.5 µm) wherein the green fluorescent protein
was being produced let to smaller droplets (ca. 2 µm) without
interruption of protein synthesis22. Here we have studied the
solute partition pattern following the extrusion of GVs (radius
around 3.5 µm) to 0.4 µm VETs in the presence of encapsulated
low- and high-MW solutes. With respect to the previous studies,
which focused on small volume reduction, the volume difference
among GVs and VETs volume is remarkable. It is expected that
the extrusion of one GVs typically yields 70-80 VETs, and about
90% of GVs content is lost. We investigated whether the remain-
ing 10% is homogeneously partitioned in the daughter VETs or
not. The last two columns of Table 2 show absolute and relative
differences between intra-VETs and intra-GVs solute concentra-
tions. All differences are statistically significant (i.e., H0,II must
be rejected for all solutes). However, when the less restrictive
h0,II is considered, the solute retention appears to be a function
of MW (h0,II is rejected only for pyranine and calcein). Pyranine
and calcein are largely released during GVs extrusion, and the
intra-VETs solution results sensitively different (solute-depleted)
when compared to GVs one. Vice versa, macromolecules like BSA,
dextran and CA (the latter at a minor extent) appear to be less
sensitive to solute loss during extrusion, and are therefore more
retained than low-MW solutes. The last column of Table 2 in-
dicates the percent decrease of intra-VETs solute concentration.
Pyranine and calcein show high solute loss (−48-76%), whereas
the corresponding values for BSA-FITC, dextran-FITC and CA lies
in the −11-41% range. These trends partially overlap, also con-
sidering inter-experiment reproducibility (∼ 5%), but reveal an
interesting and potentially important effect that deserves further
attention.

3.3 Physical mechanism

As mentioned, vesicle extrusion consists in the forced passage of
large vesicles through narrow channels of a thin polycarbonate
sheet47. The vesicle membrane is deformed when it enters in
the channel, forced by the pressure exerted above the membrane,
and fragments into smaller vesicles with diameters approximately
equal to the diameter of the pore. The effect of applied pressure
on the size of extruded vesicles has been studied in details for a
number of pore size (up to diameters of 200 nm), lipids, concen-
trations, and temperatures48–50. In particular, it has been shown
that the a threshold pressure should be overcome to extrude vesi-
cles, and that vesicle size inversely depends on the square root of
applied pressure (see also a short discussion on the pressure ex-

erted for extruding GVs in this study in Section 5.2.1). The mech-
anism of vesicle formation is not well understood, but it is clear
that the membrane of the mother vesicle must break, and only
afterword its membrane fragments reseal to form new small vesi-
cles. Whether this occurs via an extended membrane fragmen-
tation (and then resealing) or budding of small membrane por-
tions48,49,51 it is evident that solutes can escape from the broken
mother compartment before ending (re-captured) in the in situ-
formed smaller vesicles. In absence of strong solute-membrane
interaction, the fate of solutes will be determined essentially by
their diffusion coefficient D, which depends on molecular size
and shape. Considering the solutes under study as spherical par-
ticles, D is estimated to be around 500 µm2/s (low-MW) and
100 µm2/s (high-MW) by the Stokes-Einstein relation. The three-
dimensional mean displacement ρ of these solutes in the typical
time required to vesicle closure (ca. 1 ms)52 is 1.73 µm (low-
MW) and 0.77 µm (high-MW), calculated according to Eq. 2

ρ =
√

6Dt (2)

Thus, considering that VETs have typical diameters of 0.8 µm
(or ca. 1.5 µm in the case of CA-containing vesicles), small
molecules have lower chances to be entrapped inside the incip-
ient vesicles, whereas for macromolecules the opposite is true.
Although this analysis does not allow the discrimination between
the two possible extrusion mechanisms, it identifies molecular
size and thus diffusion as the primary factors that explain the
observations.

It is interesting to note – at least for pyranine, calcein, BSA-
FITC and dextran-FITC cases – that the VETs mean sizes and dis-
persions around the mean are comparable (see Table 1), suggest-
ing that the extrusion of these four different samples occurred
at similar pressure (and plausibly quite low, of the order of few
bars). This implies that the mechanisms underlying the extrusion
of solute-filled GVs, in the four above-mentioned cases, was not
dramatically different. In fact, previous studies have shown that
vesicle mean size depends on applied extrusion pressure (but ac-
curate measurements have been carried out only for membrane
pores of diameter 200 nm, or smaller)48–50. Moreover, there is no
correlation between mean VET size and solute retention, implying
that even if minor pressure differences were applied for extrud-
ing these samples, this did not invalidate the conclusions of this
study. Such considerations allow us to conclude that the observed
variations of intra-vesicle solute concentrations are due to solute
size, and not to different mechanism of membrane breakage and
resealing. Unfortunately, CA-containing VETs cannot be directly
compared with the other cases, because they have been extruded
through membrane with larger pores.

4 Concluding remarks
Although this work has shown an interesting tendency, i.e., that
macromolecules could be preferentially retained inside daughter
vesicles derived from fragmentation (and, by extrapolation, from
division) of a mother vesicle, it should not be considered conclu-
sive. There are several open questions not covered by our inves-
tigation. The first one is whether the observed behaviour is really
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general or it can be observed only for the five types of solutes
studied here. This knowledge gap should be covered by extend-
ing such kind of study on many more low- and high-MW solutes,
including nucleic acids for instance. Second, POPC GVs have been
used as protocellular models, but other kind of membranes should
be explored. In the field of phospholipids, an interesting question
refers to changing the chain length (e.g., DMPC) or the mem-
brane fluidity (e.g., DOPC, POPC, DPPC and their mixtures), as
well as the effect of cholesterol. Maybe more importantly, fatty
acid vesicles, which are generally considered realistic protocell
models53, should be investigated. Third, it should be kept in
mind that our results are based on a mechanical fragmentation,
whereas the final goal refers to spontaneous vesicle division, fol-
lowing a growth-division mechanism4–6. A more stringent con-
trol of extrusion pressure, is however required to corroborate our
observations. Thus, we hope for future studies that address all
these aspects.

At the aim of extending the relevance of our study also outside
origin-of-life research, we noted that the physical mechanisms at
the basis of VETs formation from GVs could be of interest for re-
search on exosomes54–56. In particular, it is an open question
whether physical factors could act in synergy with highly reg-
ulated control bio-mechanisms operating when exosomes stem
from large cells. In this respect it should also mentioned that re-
cently reported ‘super-filled’ vesicles, whose diameter lies in the
60-200 nm range,15,40 can be considered intriguing models of ex-
osomes, as they contain closely packed biomacromolecules (pro-
teins, ribosomes).

Returning to an origin-of-life scenario, this study suggests - al-
beit with the due caution - that very basic biophysical mechanisms
(based on solute size) could have been a source of selective pres-
sure in prebiotic times, before the onset of sophisticated control
mechanism of cell reproduction, favouring the vertical transfer
of macromolecules (information-carrying and/or catalytic poly-
mers) through generations of primitive cells.

5 Materials and Methods

5.1 Materials

8-Hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (pyra-
nine, #H1529, 524 Da), calcein disodium salt (#21030, 667
Da), bovine serum albumin-fluorescein isothiocyanate conjugate
(BSA-FITC, #A9771, 66 kDa), dextran-fluorescein isothiocyanate
conjugate (dextran-FITC, #FD150S, 150 kDa), carbonic anhy-
drase (CA, #C4396, 60 kDa), and 6-carboxyfluorescein diacetate
(CFDA, #C5041, 460 Da) were all from Sigma-Aldrich, as well as
all solvents and buffers used in the study. POPC (1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine) was bought from Avanti
(Alabaster, AL, USA). DMSO stands for dimethyl sulfoxide.

5.2 Methods

Preliminary tests and optimizations showed good inter-
experiment reproducibility (average values within ∼5%) pro-
vided that extensive vesicle sampling is carried out.

5.2.1 Preparation of vesicles

Giant vesicles (GVs) have been prepared by the natural swelling
method. POPC films were prepared in round-bottom cylindrical
glass vials (diameter ca. 2 cm) by introducing 2.5 µmol POPC
(as chloroform solution) and removing the solvent at about 15
mbar by a Rotavapor (Büchi). Residual solvent was removed at 1
mbar. The lipid film was gently hydrated for about 14 hours at 25
◦C, with 1.0 mL of hydration buffer (200 mM sucrose, 5 mM Na-
bicine pH 8.5), without any mechanical stirring. The hydration
buffer also contained a known amount of the solute that need to
be encapsulated inside GVs. The resulting GVs sample ([POPC]
= 2.5 mM) was then treated as described below. Five different
GVs samples were obtained by including in the hydration buffer,
respectively, 5 µM pyranine, 10 µM calcein, 10 µM BSA-FITC,
and 1.75 µM dextran-FITC.
In order to separate GVs from non-entrapped solutes and isolate
small-sized GVs, 3 volumes of GVs were diluted with 1 volume of
dilution buffer (200 mM glucose, 5 mM Na-bicine pH 8.5). This
creates an isotonic density gradient that allows a facile GVs cen-
trifugation. The raw GVs samples were centrifuged and washed
at increasing rates (700, 1,000 and 5,000 rpm on a Eppendorf
desktop centrifuge). The final GVs pellet was suspended in 200
µL of working buffer (150 mM sucrose, 50 mM glucose, 5 mM
Na-bicine pH 8.5). Due to material loss during the centrifugation
procedure, it was convenient to prepare a large volume of GVs (4
× 1 mL). The final POPC concentration was 1.1 mM as estimated
by the Stewart assay57. The centrifugation allows the removal
of non-entrapped solutes and brings about the isolation of GVs
whose radius lies in the 1-10 µm range.
Solute-containing GVs (0.5 mL) were extruded (seven passages)
in order to prepare sub-micrometer extruded vesicles with nomi-
nal radius of 0.4 µm (Vesicles by the Extrusion Technique, VETs).
Extrusion was carried out by means of a hand-extruder (Li-
posofast, Avestin, Canada), whereby two 0.4 µm-pores (radius)
polycarbonate membranes (Corning Nuclepore Track-Etch Mem-
branes) were sandwiched between three support drain discs. In
the case of CA-containing vesicles, membranes with 1 µm-pores
(nominal radius) have been used.

It is known that the radius of extruded vesicles tend to the
radius of extrusion pores as the exerted pressure increases50.
However, as the membrane pore diameter (0.8 or 2 µm) used
in this study is quite larger when compared with the case of
well-studied extrusion on pores whose diameter is 200 nm or
less48–50, available knowledge does not allow a quantitative
discussion on the effect of pressure on extrusion. A tentative
approach can be based on the following considerations. Ac-
cording to the available hand-extruder technical specifications
(from Genizer, San Gabriel, CA), the maximal pressure that can
be exerted on the hand-extruder is ca. 150 psi (ca. 10 bar),
whereas the minimal pressure for extrusion of 1.1 mM POPC
through 800 nm (diameter) pores it is difficult to estimate (cf.
the threshold pressure for extruding 0.13 mM POPC vesicles
on 100 nm (diameter) pores is ca. 2.8 bar50). Thus, even if
the extrusion pressure has not been controlled in this study, it
realistically lies in the 3-10 bar range. However, as the mean
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VET sizes, and the dispersions around the mean are very similar
(see Table 1), it can be cautiously concluded that the occasional
pressure variations unavoidably associated to hand extrusion
have not been decisive to determine different vesicle sizes and
different vesicle extrusion mechanisms.

5.2.2 Enzyme reaction inside vesicles

CA-containing GVs were prepared, purified and extruded as de-
scribed above, but 5 mM Na-bicine pH 8.5 was substituted by 5
mM Tris-HCl pH 7.5. CA concentration in the hydration buffer
was 2 µM. In order to start the reaction, CA-containing vesi-
cles (GVs or VETs) were treated with 400 µM CFDA (added as
DMSO solution; the final DMSO concentration was 3% v/v). Non-
fluorescent CFDA permeates inside vesicles where it is hydrol-
ysed by CA36,37, giving the fluorescent product carboxyfluores-
cein (CF), which stays entrapped in the vesicle.

The Michaelis-Menten parameters of the CA-catalysed CFDA-
hydrolysis were determined for the reaction in bulk by adding 13
to 665 µM CFDA (final DMSO concentration was kept constant
at 5% v/v ) to 1 µM CA in 200 mM sucrose, 5 mM Tris-HCl (pH
7.5) and measuring the initial reaction rate by recording the ab-
sorbance at 491 nm, where the product of the reaction, CF, has an
absorption peak (ε491 = 61,300 cm−1 M−1, measured at pH 7.5).
The apparent turnover number (kcat) and the apparent Michaelis-
Menten constant (KM) have been determined by non-linear and
linear fittings of experimental data, giving consistently the values
of 3.0 ± 0.2 s−1 and 4.0 ± 0.3 mM, respectively.17

5.2.3 Vesicle observation and image analysis

Vesicles observation by confocal laser scanning microscopy and im-
age acquisition. GVs and VETs have been observed by means of
a Leica TCS SP5 confocal microscope. Images were acquired at
1024 × 1024 resolution, 8-bit depth. All fluorochromes used in
this study can be excited by the 488 nm Argon laser line; flu-
orescence was collected in the 500-550 nm range. Vesicles (30
µL) have been diluted with 70 µL of isotonic isopycnic buffer
(150 mM sucrose; 50 mM glucose; and 5 mM Na-bicine pH 8.5 or
5 mM Tris-HCl pH 7.5) and directly visualized without any pre-
treatment. Visualization chambers have been created by overlap-
ping a microscope glass slide and a 0.17 mm cover slip above each
other, using as a spacer two layers of properly shaped and molten
Parafilm M (which holds together the glass slide and the cover
slip). Due to the complete removal of non-entrapped solutes, GVs
background was not fluorescent, whereas VETs background was
partly fluorescent, as expected, because of solute loss during GVs
extrusion. In the case of CA-containing vesicles, CFDA (as DMSO
solution) was added to the vesicle sample and thoroughly mixed
just before placing the sample in the visualization chamber; im-
ages were recorded at regular time intervals, for a total time of
40 minutes.

Image analysis. Quantitative image analysis was carried out by
using ImageJ (http://imagej.nih.gov/ij). The background aver-
age fluorescence (F0) and standard deviation (∆F) of the 8-bit
green-channel images were firstly measured, in order to set the
threshold at the F0 + 3∆F fluorescence value. In the resulting 1-

bit images, the vesicles were recognized by the built-in ImageJ
algorithm. The ROIs map was then applied to the original 8-bit
images and vesicle parameters were measured (projected area,
fluorescence, shape). Shape descriptors (circularity and solidity)
were used to discard bad-quality vesicles. Vesicle projected ar-
eas have been assumed to be the vesicle great circle, and from
this, vesicle radius was calculated. This assumption is accurate
for VETs but can lead to GVs size underestimation (because the
confocal optical slice in our experimental conditions is about 0.7
µm). Intra-vesicle fluorescence values were converted to solute
concentrations by means of calibration lines. Care was taken to
image free-solute samples at the same optical depth (along the
z-direction) of the vesicle samples.

5.3 Kinetic analysis of CA-catalyzed CFDA hydrolysis

The external addition of CFDA to CA-containing spherical unil-
amellar vesicles of radius triggers two processes, namely, the pas-
sive diffusion of CFDA from the external solution to the vesicle
lumen, and its CA-catalysed hydrolysis to give CF and acetate.
In order to model these processes the required physico-chemical
parameters are the CFDA permeability coefficient across the phos-
phatidylcholine membrane58 (℘= 10−7 cm/s), and the CFDA/CA
Michaelis-Menten kinetic parameters (kcat and KM).

Given the vesicle radius r, the initial external CFDA concentra-
tion [CFDA]0,out and the intra-vesicle CA concentration Ein (which
is supposed not to change in time), it is possible to calculate,
under certain approximations and by numerical integration, the
internal CF concentration at any time [CF]t,in. Similarly, it is
possible to carry out the inverse calculation, namely determin-
ing [CA]in from r, [CFDA]0,out, and [CF]t,in. The reaction can be
summarized as it follows:

CFDAout
influx−−−−⇀↽−−−−
efflux

CFDAin
CA−−−−−−→

hydrolysis
CFin

The time evolution of all species has been obtained by numeri-
cal integration of the ordinary differential equations 3-5:

d[CFDA]t,out

dt
= −σves

Vext
℘
(
[CFDA]t,out− [CFDA]t,in

)
(3)

d[CFDA]t,in
dt

=
σves

Vves
℘
(
[CFDA]t,out− [CFDA]t,in

)
−

−kcat
Ein[CFDA]t,in

KM +[CFDA]t,in
(4)

d[CF]t,in
dt

= kcat
Ein[CFDA]t,in

KM +[CFDA]t,in
(5)

where σves, Vves, and Vext are, respectively, the vesicle surface,
the vesicle volume, and the external volume; ℘ is the CFDA per-
meability through the lipid bilayer. In order to determine the
unknown enzyme concentration inside the vesicles (Ein), the evo-
lution of the product concentration [CF]t,in (whose value was
recorded by confocal microscopy after at known amounts of time
tm) was simulated by the numerical solution of Equations 3-5 for
each measured vesicles. In particular, Ein was varied by a binary
search approach until the difference between the experimental
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and calculated [CF]tm,in was less than the desired accuracy ε =
10−6 µM. Note that a numerical solution was found for the ma-
jority of vesicles, however in some cases the routine did not con-
verge.

5.4 Statistical analysis
Statistical tests were applied to draw conclusions with respect to
the hypotheses under scrutiny. For all tests, statistical significance
was attributed when p < 0.05. In addition to H0,I and H0,II, speci-
fied at the beginning of Section 2, the following hypotheses were
also statistically tested:

h0,I, that Cbulk belongs to the population of intra-GVs concentra-
tions; i.e., Cbulk ∈ {CGVs};

h0,II, that 〈CVETs〉 belongs to the population of intra-GVs concen-
trations; i.e., 〈CVETs〉 ∈ {CGVs};

where Cbulk, 〈CVETs〉, and {CGVs} represent, respectively, the so-
lute bulk concentration in the solution used to form GVs, the av-
erage intra-VETs solute concentration, and the whole population
of intra-GVs solute concentration.

The normality of the GVs and VETs solute occupancy distri-
bution (internal solute concentration, µM) was assessed by the
Kolmogorov-Smirnov test, as reported in Table 3, entries 1 and
2. Similar but not identical conclusions were obtained by the
Shapiro-Wilk W-test and by the Lilliefors test (only pyranine- and
calcein-containing GVs gave contrasting results). H0,I compares
an individual value with a mean, and it was assessed by a one-
sample t-test (two-tailed). H0,II compares two means that de-
rive from two non-normal populations, and it was assessed by
the Mann-Whitney nonparametric test (two-tiled). The two addi-
tional hypotheses h0,I and h0,II compare an individual value with
a population (i.e., with a distribution function, which is non nec-
essarily normal). In order to proceed, the experimental distribu-
tion was best-fitted to give either a normal distribution (when the
normality test was passed) or a log-normal distribution (when the
normality test was not passed); the resulting probability density
function was used to compute the p-value (one-tailed).

5.5 In silico GVs and VETs, and solute partition
The simulations of GVs and VETs size and solutes distributions
were performed by using lab-made Python routines. In particular,
pseudo-random number generations and Poisson random vari-
ables where managed thanks to Numpy and MatPlotLib open
source scientific libraries. Due to the very large number of sub-
strate molecules involved, the dynamical simulation of CA reac-
tion has been implemented in a deterministic way, by calculating
the standard Michaelis-Menten enzyme kinetics.
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