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ABSTRACT: Artificial cells, particularly cell-sized liposomes, serve as tools to
improve our understanding of the physiological conditions of living cells.
However, such artificial cells typically contain a more dilute solution of
biomacromolecules than that found in living cells (300 mg mL−1). Here, we
reconstituted the intracellular biomacromolecular conditions in liposomes using
hyperosmotic pressure. Liposomes encapsulating 80 mg mL−1 of macromolecules
of BSA or a protein mixture extracted from Escherichia coli were immersed in
hypertonic sucrose. The concentration of macromolecules in BSA-containing
liposomes was increased in proportion to the initial osmotic pressure ratio
between internal and external media. On the other hand, the concentration of the
protein mixture in liposomes could be saturated to reach the physiological
concentration of macromolecules in cells. Furthermore, membrane transformation
after the hypertonic treatment differed between BSA- and protein mixture-containing liposomes. These results strongly suggested
that the crowded environment in cells is different from that found in typical single-component systems.
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Living cells contain high concentrations (>300 mg mL−1) of
cytoplasmic macromolecules inside biomembranes.1,2 This

environment affects the kinetics of biochemical reactions (such
as catalytic reactions, binding reactions, and protein folding)
and is referred to as the macromolecular crowding effect.2−6

Moreover, confinement within biomembranes also affects
biochemical reactions in cells.7−12 Thus, artificial cells
entrapping high concentrations of macromolecules should be
constructed in order to facilitate a better understanding of the
cytoplasmic environment based on physicochemical aspects.
To achieve this, researchers have prepared high-concen-

tration macromolecule mixtures, similar to those observed in
cells. Recently, we extracted a functional protein mixture from
Escherichia coli without adding buffers or salts (hereafter called
an additive-free cell extract [AFCE]).13 In that study, the AFCE
was concentrated by gradual evaporation in a desiccator to
reach a physiological intracellular macromolecule concentra-
tion. However, this process took nearly 4 h, and the condensed
AFCE was too viscous to be used in further analyses.
The liposomal membrane allows small molecules to

permeate, such as water (∼10−2 cm s−1) and glycerol (∼10−6
cm s−1); however, macromolecules with higher molecular
weights of ≫100 Da or charged molecules generally cannot
diffuse through the liposomal membrane.14 When the osmotic
pressure of the outer media is higher than that of the inner
media (Pout/Pin ≥ 1), the efflux of small molecules exceeds the

influx and reduces the inner volume of the liposome, as
illustrated in Figure 1. In contrast, the surface area of a
liposome remains constant. Therefore, the liposome deforms its
shape using the larger area/volume ratio. Accordingly, the
concentration of inner molecules (c) increases with time and
achieves a final value (c′) in proportion to the initial osmotic
pressure ratio (Pout/Pin) when the osmotic pressures of the
inner and outer media are equivalent (P′out = P′in).
Consequently, macromolecules inside liposomes should be
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Figure 1. Strategy for concentrating macromolecules in a liposome
under hypertonic conditions. The initial concentration of macro-
molecules in liposomes (c) increases in proportion to the initial
osmotic pressure ratio between the outer and inner media (Pout/Pin >
1) and achieves a final value (c′) at an isotonic condition (P′out = P′in).
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concentrated when the outer media are maintained at a higher
osmotic pressure.
Here, we report the development of a new concentration

method that uses the semipermeable properties of the
liposomal membrane. We showed that macromolecules could
be condensed in liposomes at hyperosmotic pressures. This
method enabled us to make liposomes containing physiological
concentrations of biomacromolecules, and these liposomes are
expected to be useful for improving our understanding of the
critical differences between living matter and material.
Liposomes were prepared using the modified droplet-transfer

method described in the Methods section. The concentration
of macromolecules inside liposomes prepared using our
method was maintained at a constant level during the
experimental period (Supporting Information, Figure S1).
The initial solution used for encapsulation in liposomes was
80 mg mL−1 of AFCE or BSA. AFCE prepared from E. coli
contained 80 mg mL−1 of macromolecules (55 mg mL−1 of
proteins and 25 mg mL−1 of nucleotides) and had an osmotic
pressure of 70 mosM. Small metabolites extracted from cells
mainly contributed to the osmotic pressure of the AFCE being
70 mosM, and biomacromolecules (mainly proteins and RNAs)
contributed only a few mosM. The encapsulation of these
biomacromolecules at lower concentrations decreased the
generation efficiency of liposomes, and this effect may be
related to the stability of droplets passing through the oil/water
interface.15 Green fluorescent protein (GFP) was used to
estimate the macromolecular concentration. To prepare the
AFCE, we used cells that expressed relatively low levels of GFP
in vivo, facilitated by leaky expression of the tac promoter.16

Analysis of fluorescence intensity showed that the AFCE
contained 2.2 μM GFP.16 BSA was dissolved in 70 mM sucrose
with 3.1 μM GFP. The outer solution was 70 mM glucose with
an osmotic pressure equivalent to that of the inner solution. To
concentrate these, we added sucrose as an osmolyte at final
concentrations ranging from 70 to 350 mM.
We first used a lipid mixture of DOPE and DOPC (2:1) to

prepare liposomes. Use of this lipid composition allowed us to
obtain relatively large liposomes, although clusters of liposomes
were still observed. The diameters of liposomes ranged from 10
to 100 μm. Macromolecules encapsulated in liposomes were
concentrated by immersion in sucrose such that the osmotic
pressure of the outer media was higher than that of the inner
media (Pout > Pin = 70 mosM; Figure 2A). The volume of
liposomes (v) gradually decreased after the addition of sucrose.
Figure 2B shows an example of liposomes at Pout = 285 mosM,
where the largest liposome at the center (arrow) shrank from
48 to 35 μm in diameter 360 s after the addition of sucrose.
Accordingly, we observed an increase in the fluorescence
intensity of entrapped GFP per unit volume (I), which
indicates the concentration of macromolecules in the liposome.
The correlation between the values of I and v was analyzed

by tracking identical liposomes. The volumes of shrunk
liposomes were estimated from the average diameters. The
change in volume is expressed as the volume ratio before and
after condensation (v0/v ≥ 1). Under hypertonic conditions at
Pout = 285 mosM, the changes in volume ratio v0/v were
tracked by taking time-lapse images of five different liposomes
(Figure 3, colored lines). Changes in the volume ratio
normalized to the initial volume (v0/v) after the hypertonic
treatment were independent of the initial liposome size
(Supporting Information, Figure S2). The average of the fitted
plots showed that changes in the liposome volume plateaued at

320 s (Figure 3, black line). We called this time the
“condensation time”. The final value of v0/v was approximately
4. In addition, GFP concentrations inside liposomes increased
in proportion to an increase in v0/v (Supporting Information,
Figure S3). These data showed that GFP did not exit the
membrane, but instead became concentrated inside the
liposome.
The final concentration (c′) was expected to increase in

proportion to the initial osmotic pressure ratio of the outer and
inner media (Pout/Pin). To confirm that the experimental
conditions were consistent with this theory, we examined the
relationship between the values of c′ and Pout/Pin. In this case,
we used liposomes made from eggPC lipids to obtain isolated
liposomes. Sucrose solutions at different values of Pout/Pin were
mixed with the solution of liposomes containing AFCE or BSA.
Although Pout/Pin = 5.0 was not the maximum possible value
that could be achieved in this experiment, the range of Pout/Pin
was set from 1.0 to 5.0 to analyze biomacromolecule
concentrations within the physiological range (300 mg
mL−1).1 The inner media contained a certain amount of

Figure 2. Kinetics of concentrating macromolecules in a liposome. (A)
Schematic illustration of the experiment performed in the AFCE
system. (B) Time-lapse images of liposomes after sucrose addition
(Pout = 285 mosM, Pin = 70 mosM). Representative differential
interference contrast (DIC) and GFP fluorescence images inside
liposomes (FL) are shown.

Figure 3. Changes in the volume ratio normalized to the initial value
(v0/v) plotted against time after the addition of sucrose. Colored and
black lines indicate data from five liposomes and the average data of
their fitted lines, respectively. The condensation time until the
saturation point was about 320 s. The initial diameters of the
liposomes were 27, 28, 33, 50, and 86 μm.
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GFP, which was assumed to be proportional to the macro-
molecule concentration in the liposome. GFP concentrations
were determined after 1 h, which was much longer than the
condensation time (Supporting Information, Figure S4). Final
GFP concentrations inside liposomes were uniform across all
examined liposome sizes (Supporting Information, Figure S5).
In the case of BSA, the value of c′ was linearly related to the
value of Pout/Pin, indicating that the condensation of macro-
molecules proceeded based on the theory (Figure 4). On the
other hand, the value of c′ for the AFCE system exhibited
characteristics of a saturation curve. The fitting line suggested
that the maximum concentration of macromolecules at Pout/Pin
> 3 was near 300 mg mL−1, which is very similar to the
concentration of macromolecules found in living cells.1

The osmotic pressure of the biomacromolecule solution
increases nonlinearly at higher concentrations, and changes in
pH values and ionic strengths affect the degree of increase.17,18

Minton explained this relationship using an effective hard
particle model.19 Our BSA solutions contained 70 mM sucrose
and a very low concentration of salts (<1 mM) derived from
the GFP solution; the pH was 7.0. The linear relationship of the
BSA liposomes with Pout/Pin suggested that the contribution of
BSA to the osmotic pressure of the solution was smaller than
that of sucrose under these experimental conditions. The AFCE
contained various small molecules and various biomacromole-
cules. Therefore, we assumed that the changes in osmotic
pressure and/or the high viscosity of the AFCE mentioned
above would determine the appearance of the saturation point
of the AFCE in a complex manner. Further studies are needed
to reveal why the condensation of the AFCE stops at the
saturation point.
Fluorescence images of lipid membranes (Figure 5)

demonstrated that a higher Pout/Pin yielded more dramatic
shape deformations in liposomes with increasing area/volume
ratios. The types shape deformations for the liposomes
encapsulating BSA and AFCE were different from each other.
In the case of liposomes containing BSA, redundant
membranes after hypertonic treatment formed several buds to
the outside. On the other hand, tubular formation of the
redundant membrane was observed in liposomes containing
∼300 mg mL−1 of AFCE.
External osmotic pressure deforms the shape of liposomes

without macromolecules.20−22 Such liposomes use their
redundant membranes to transform their shapes, thereby
minimizing the bending energy of the membranes.23−25 The

bending energy of a liposome membrane increases with R−2,
where R is the radius. In contrast, our liposomes, which
entrapped high concentrations of macromolecules, showed
completely different deformation patterns according to the
contents inside the liposome. Previous studies have indicated
that BSA uniformly diffuses inside giant unilamellar lip-
osomes,9,26 and therefore, the budding deformation pattern
seems to occur irrespective of the specific characteristics of
BSA. Indeed, BSA-containing liposomes formed vesicles using
the redundant membrane, similar to the budding observed in
phase-separating liposomes.25 On the other hand, AFCE-
containing liposomes shrunk their spherical regions and
showed tubules derived from the redundant membranes
(Figure 5). This difference may have arisen from the limitations
of the internal space and interactions between the lipid
membrane and the viscoelastic inner solution. The concen-
trated AFCE was estimated to be much more viscous than the
concentrated BSA because thinner, tubular liposomes have
much higher bending energies than spherical liposomes and
because the condensation was stopped at a certain concen-
tration of AFCE, unlike for BSA (Figure 4). Further studies are
required to determine how shape deformation of liposomes
depends on the viscoelastic properties of the entrapped
macromolecules as well as the physicochemical properties of
the liposomes. To the best of our knowledge, this is the first
report describing the shrinking behaviors of giant liposomes
containing high concentrations of biomacromolecules.
In this study, we achieved reconstitution of intracellular

macromolecular concentrations in liposomes using hypertonic
conditions, reaching concentrations greater than 300 mg mL−1.
We found that the saturation points of the concentrations and
membrane transformations after the treatment were signifi-
cantly different between liposomes containing a single
component protein (BSA) and those containing the protein
mixture (AFCE). These results clearly indicated that macro-
molecular crowding of multiple components in cells was
distinct from the environment within single-component
systems. Hence, the present findings provide important insights
into our understanding of membrane deformation and
homeostasis of living cells from physical and biological
viewpoints.

Figure 4. Macromolecule concentrations in liposomes under various
hypertonic conditions. The final concentration of macromolecules
concentrated inside a liposome, estimated from the GFP intensity, was
plotted against the initial osmotic pressure ratio (Pout/Pin). Error bars
indicate the standard errors (n = 18−43). The dashed line indicates
the theoretical concentration, and the black line is fitted to the AFCE
data.

Figure 5. Distinct deformation patterns of artificial cells encapsulating
a single component (BSA) and multiple components (AFCE).
Fluorescence images demonstrated the presence of membrane
deformation in liposomes (red) encapsulating macromolecules and
GFP (green). The schematic images at the right edge show the typical
types of liposome deformation patterns observed for BSA- and AFCE-
containing liposomes, i.e., budding and tubulation of membranes.
Scaled bars indicate 5 μm.
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■ METHODS

Materials. EggPC, 1,2-dioleoyl-sn-glycero-3-phosphocho-
line (DOPC), and 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) were purchased from Wako Chemicals (Osaka,
Japan). All lipids were used without further purification, and 10
mM of each lipid was stored in chloroform at −20 °C. A light
and viscous mineral oil (0.84 g/L at 15 °C, Nacalai Tesque,
Kyoto, Japan, product code: 23306−84) was used to prepare
liposomes using the droplet-transfer method mentioned below.
BSA was purchased from Sigma-Aldrich, Japan (Kyoto, Japan).
Preparation of the AFCE. The AFCE was prepared using

previously published protocols, with slight modifications.13 E.
coli BL21 (DE3) cells harboring pTD-sfGFP were grown to 1.0
OD600 at 37 °C in LB medium, harvested, suspended in 20% w/
w sucrose in 20 mM Tris-HCl (pH 8.0), and incubated on ice
for 10 min. Cells were then washed with 4 volumes of double-
distilled water (DDW), suspended in DDW, incubated on ice
for 10 min, and then washed again with DDW. After
centrifugation, cell pellets were stored for 1 day at −80 °C,
and the frozen cells were disrupted using a S4000 tip sonicator
(MISONIX, Inc., Farmingdale, NY, USA) at 20 W for 15 min
on ice. The disrupted cells were centrifuged at 30000g for 1 h,
and the soluble fractions were designated as the AFCE. Protein
concentrations of S30 fractions were estimated using the
Bradford assay (Wako Chemicals), with BSA as a standard. The
total concentration of free molecules in the S30 preparation was
estimated from the osmotic pressure determined using a Vapro
5520KCE osmometer (Wescor Inc., Logan, UT, USA). To
estimate the levels of GFP, the cell extracts were encapsulated
in Water/Oil (W/O) droplets, and the concentrations were
determined using confocal microscopy with purified GFP
(prepared in our laboratory using Histidine-tagged and Ni-
NTA agarose13) as a control.
Liposome Preparation and Condensation of Macro-

molecules in Liposomes. Liposomes were prepared using a
modified droplet-transfer method.27−29 Dry lipid films of
DOPE, DOPC, or eggPC (500 nmol) were prepared on the
bottom of a glass tube. To dye lipids, rhodamine-DHPE (1/200
of the total lipid amount) was added to the lipids before drying.
These lipids were dissolved in mineral oil to 1 mM by
ultrasonication for 90 min with a 90-W bath sonicator
(Branson, Danbury, CT). DOPE oil and DOPC oil solutions
were mixed 2:1 (v/v) using a vortex mixer before use. To
prepare W/O droplets, 1 μL of the AFCE was spotted on 40 μL
of a lipid-in-oil solution and was dispersed by tapping. The
droplet solution was spotted on isotonic 70 mM glucose and
then centrifuged at ∼5000g for 70 s. The water phases, which
contained liposomes, were collected from the bottom of the
tubes. The resulting liposomes were diluted with equivalent
volumes of sucrose (70−630 mM). Over 95% of liposomes
survived the osmotic treatment, unlike small unilamellar
liposomes.30,31 After gentle mixing, samples were examined
with a confocal microscope.
Quantification of GFP Concentration. The fluorescence

intensities of GFP in liposomes were observed using a confocal
laser-scanning microscope (AxioVert S100, Carl Zeiss, Jena,
Germany or Olympus FV1200). The pinhole size was fixed at 3
μm. The fluorescence intensity per area inside the liposomes,
which was proportional to the GFP concentration in liposomes,
was determined using ImageJ software.12 Only fluorescence
intensity per area around the center of liposomes was
determined. The value was normalized to that of liposomes

under isotonic conditions (70 mM sucrose). Control data were
analyzed using W/O droplets containing a known concen-
tration of purified GFP in the absence of evaporation of the
inner media.
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