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Direct Observation of Bacterial Growth in Giant
Unilamellar Vesicles: A Novel Tool for Bacterial Cultures

Masamune Morita,* Kaoru Katoh, and Naohiro Noda*®

Bacterial cultivation techniques are classic, basic, and common
processes used to characterize the physiological activity of
bacteria in their environment. Owing to recent advances in
bacterial cultivation techniques, the physiological activity of
bacteria can be elucidated at the single-cell culture level. Here,
we report a novel method to monitor the real-time activity of
bacterial growth at the single-cell level inside giant unilamellar
vesicles (GUVs). This method consists of two steps: 1) encapsu-
lation of single bacteria in 1-33 pL scale GUVs and 2) immobili-
zation of the GUVs on a planar lipid bilayer membrane on a
glass surface. We directly observed single E. coli cells actively
growing to a great number of cells inside GUVs. GUVs also pro-
tected the bacteria from external antibiotic compounds during
prolonged cultivation for more than 24 h. This approach can
be applied widely in the fields of biochemistry, biotechnology,
microbiology, and synthetic biology.

Bacteria are important and essential for human activities, such
as healthcare, food production, depletion of energy source,
and environmental issues."’ The number of bacteria on Earth is
estimated to be on the order of 10% cells.” Bacterial culture
techniques are undoubtedly required to understand their
physiological functions and metabolic pathways or to make
their metabolic products and chemical compounds.”’ Numer-
ous culture techniques have been developed over the past
100 years. Classically, Petri dishes, flasks, and bioreactors are
popular tools to culture bacteria, but they have a risk of con-
tamination between cultures because of the difficulty in isolat-
ing a single bacterial cell from a huge population.” To utilize
unknown bacteria, technological advances are critically needed
to efficiently culture bacteria from a large bacterial population
at the single-cell level in a small, confined space.** Owing to
recent technological advances, microfluidic techniques, which
use microchips,” gel droplets,” and water-in-oil (W/O) drop-
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lets,”® bacteria can be cultivated at the single-cell level in a re-
stricted space. Moreover, the cultivation of bacteria in a small,
confined space has been adapted for applications in analyzing
bacterial function, such as observation of single bacterial be-
havior,®*?®l phenotypic variability,*? and antibiotic resistan-
ce.”*#1 To address the fundamental challenge in understanding
or utilizing bacteria, further technical development of cultiva-
tion techniques at the single-cell level is indispensable, and
poses significant challenges.

Giant unilamellar vesicles (GUVs) resemble a biological cell
membrane that protects an intracellular component from an
external environment. Recently, GUVs have been used as a
robust microreactor system, especially in the construction of
artificial cell-like systems, which encapsulate biological compo-
nents and biochemical reaction networks.”> Among numerous
GUV synthesis methods, the droplet transfer method, also
known as the inverted emulsion method, is very easy and is
widely used." The droplet transfer method is a very simple
mechanism for GUV generation. Lipid-stabilized W/O droplets
(inner leaflet of the membrane) cross the lipid-stabilized oil-
water interface (outer leaflet of the membrane) and the trans-
ferred W/O droplets then form unilamellar membrane vesicles.
The advantage of GUVs made by droplet transfer is the high
efficiency of encapsulation of biomolecules, microspheres, and
cells.”*" Moreover, GUVs made by droplet transfer have high
membrane unilamellarity, which is over 90% of total GUVs.'?
As the membrane of GUVs is unilamellar, it is possible to
change the aqueous conditions of the internal and external
solutions of GUVs through natural permeability®*'¥ or recon-
struction of a membrane pore®' or transporter."™™ Therefore,
GUVs have a great unrealized potential as a bacterial culture
system.

Herein, we demonstrate bacterial growth events at the
single-cell level inside single GUVs. We built a robust culture
system in which GUVs are immobilized on a planar lipid bilayer
membrane at a glass surface. Stabilization of GUVs was as-
sessed by direct observation for over 24 h under culture condi-
tions, and we observed bacterial growth inside GUVs against
external antibiotic stimuli. Furthermore, growth events at the
single-cell level were directly monitored in real time and the
degree of bacterial growth was analyzed. This system can offer
a novel tool to allow users to culture bacteria for bacterial
studies.

Figure 1 illustrates the main experimental procedure to pro-
duce GUVs containing bacteria and our observation system of
bacterial culture within GUVs. To generate bacteria-containing
GUVs, we used the droplet-shooting and size-filtration (DSSF)
method,"® which is based on the droplet transfer method
(Figure 1a). In this study, 1x lysogeny broth (LB) medium with
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Figure 1. The synthesis of GUVs containing bacteria and the bacterial culture
system within GUVs. a) Encapsulation of bacteria inside GUVs by using the
droplet-transfer method. Water droplets containing bacteria are released
from the glass capillary by centrifugal force, and W/O microdroplets contain-
ing bacteria are formed in an oil phase containing lipids. W/O microdroplets
are transferred through an oil-water interface and then wrapped in the
outer layer of the GUV membrane by centrifugal force. b) The GUV solution
is poured into a handmade chamber. GUVs are immobilized on the surface
of a planar-lipid bilayer through biotin—-neutravidin binding and are incubat-
ed at 37°C.

glucose (200 mm) was used as an outer solution of the GUVs
and 1x LB medium with sucrose (200 mm) was used as an
inner solution of the GUVs. Water droplets containing bacteria
are released from the glass capillary by centrifugal force, and
W/O microdroplets containing bacteria are formed in an oil
phase involving lipids. W/O microdroplets are transferred
through the oil-water interface, and then wrapped in the
outer layer of the GUV membrane. The difference in molecular
weight (density) between sucrose and glucose also assists the
interfacial passage of the W/O microdroplets. We obtained
GUVs with sizes ranging from approximately 5 to 40 um. In our
experiment, GUVs were prepared with 1 mm 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) including 0.2 mol %
of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[bioti-
nyl(polyethyleneglycol)-2000] (biotin-PEG-DSPE) for GUV immo-
bilization on a neutravidin-coated planar lipid bilayer mem-
brane surface. For direct observation of bacterial cultures
inside GUVs, we constructed a modified culture system based
on the microreactor system developed by Danelon and co-
workers® (Figure 1b). Bacteria-containing GUVs were immobi-
lized on a neutravidin-coated planar lipid bilayer membrane
surface. To make a planar lipid bilayer membrane, small unila-
mellar vesicles (SUVs) were created by the extruder method,"®
using the same lipid composition (100:0.2 molar ratio of POPC/
biotin-PEG-DSPE) of GUVs and were spread on clean cover
glass. Next, we added neutravidin to immobilize bacteria-con-
taining GUVs through biotin-PEG-DSPE binding. Finally, the
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solution containing GUVs was poured into a handmade cham-
ber, in which the temperature was maintained at 37°C by
using a thermoplate (Figure 1b).

First, we examined the stability of GUVs immobilized on
glass substrates coated with a planar lipid bilayer membrane
under culture conditions at 37°C. All GUVs were imaged with
phase-contrast (dark contrast) microscopy. Contrast of all GUVs
were caused by differences in the refractive index between in-
ternal solution (200 mm sucrose and 1Xx LB medium) and ex-
ternal solution (200 mm glucose and 1x LB medium) of GUVs
(Figure 2a). If the refractive index of internal solution is higher
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Figure 2. Stabilization analysis of GUVs under bacterial culture conditions
(37°C incubation). a) Phase-contrast images of GUVs after the indicated incu-
bation time at 37 °C. The white arrow shows a GUV, in which the inner and
outer GUV solutions were mixed, likely because of a membrane defect.

b) The percentage of intact GUVs remaining at the indicated incubation
time.

than that of external solution, inside of the GUVs are darker
than external area. A white halo around the edges is an artifact
that appears in the phase-contrast images. Approximately 80 %
of GUVs were observed within 2 h, and it was surprising that
over 70% of all GUVs were stably observed and maintained a
remarkably consistent sphere even after 24 h. The stability of
GUVs was not correlated with GUV size. In damaged GUVs, it
was rarely observed that the membrane remained, whereas
the inner and outer solutions likely mixed (white arrow in Fig-
ure 2a). This type of damaged GUV is considered to be partial-
ly defective, likely because of a small pore in the membrane.
When a non-treated commercial glass substrate was used,
GUVs ruptured within 2 h at 37°C (Figure S1a). Presumably,
GUVs were directly absorbed onto the glass substrate through
density differences between the internal and external solu-
tions. In addition, we tested the stability of GUVs immobilized
on a glass substrate coated with BSA. Approximately 80% of
all GUVs were observed within 2 h, at the same ratio as in our
proposed immobilization technique (Figure S1b-d). However,
some GUVs were deformed, and only 20% of the GUVs re-
mained after 24 h (Figure S1b-d). Nonspecific binding be-
tween the BSA and GUV membrane may cause deformation
and rupture of GUVs. In contrast, in our proposed system, elec-
trostatic repulsion between the GUVs and planar membrane
prevented GUVs from directly adhering to the glass substrate.
These results suggest that our immobilization technique is su-
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perior to stably observe GUVs for a long time under culture
conditions.

To investigate the growth of encapsulated bacteria inside
GUVs, we used Escherichia coli K12 as a bacterial model. GUVs
were stained with 1 um of rhodamine-B 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (rhodamine-DHPE) and E. coli
cells were stained with 5 um SYTO9, which is a membrane-per-
meable green fluorescent nucleic acid stain. The presence of E.
coli inside GUVs was determined by using confocal laser-scan-
ning (CLS) microscopy. To encapsulate single or several cells in
GUVs, precultured bacterial solution was diluted with 1x LB
medium to ODg4y,=0.01-0.015. Figure 3a shows a fluorescence
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Figure 3. Encapsulation of E. coli into GUVs. a) CLS microscopic image in the
equatorial plane of a GUV containing SYTO9-stained E. coli cells. Visualization
of GUV membrane by rhodamine-DHPE staining. b) 3D reconstruction of a
GUV containing SYTO9-stained E. coli cells. ¢) Snapshots of the random
motion of the bacteria inside a GUV. d) Visualization of live and dead E. coli
cells inside a GUV using SYTO9 and PI staining by CLS microscopy (left) and
phase-contrast (PC) image of the same GUV (right). SYTO9 (shown in green)
stains both live and dead E. coli cells and PI (shown in red) stains only dead
E. coli cells. Yellow represents overlap between the two colors, indicating
dead cells. e) Quantification of E. coli cell viability before (n=223) and after
(n=404) encapsulation in GUVs.

image of a GUV containing two E. coli cells. As expected, sever-
al cells could be successfully encapsulated into GUVs, but
GUVs containing more than ten cells were infrequently ob-
served (Figure S2). Further, to confirm whether all E. coli cells
are preserved within GUVs, we recorded three-dimensional
(3D) images. More than ten E. coli cells were encapsulated into
a GUV (Figure 3b and see Movie 1 in the Supporting Informa-
tion), and all cells were observed to move inside the GUV (Fig-
ure 3¢ and Movie 2). These images and videos demonstrate
that this method successfully encapsulates E. coli in GUVs.
Next, we quantified the viability of E. coli encapsulated
inside GUVs by staining the cells with 5 um SYTO9 and propidi-
um iodide (PI). SYTO9 is a nuclear counterstain that identifies
both live and dead cells, whereas Pl can only penetrate com-
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promised membranes to visualize dead cells.'”” Thus, the co-
localization of SYTO9 and PI allows for the unambiguous deter-
mination of dead bacteria inside GUVs (Figures 3d and S3).
From our experiments, we determined that 94% of E. coli cells
were alive compared to the number of cells before encapsula-
tion (Figure 3e), a finding that is consistent with a previous re-
port."'Y These results indicate that our approach encapsulates
live E. coli in GUVs.

We also performed direct (time-lapse) observation of bacteri-
al growth at the single-cell level inside GUVs (Figure 4a). Initial-
ly, E. coli inside GUVs grew from two to four cells during the
first 20 min, and then divided to eight cells in the next 50 min
(Figure 4b and Movie 3 in the Supporting Information). Subse-
quently, the cells repeated the elongation and division process-
es, with encapsulated E. coli growing to an enormous number
of cells over 2-3 h. Furthermore, we successfully observed E.
coli growth inside GUVs for about 48 h. As the interdivision
time of E. coli is approximately 20-30 min,"® our findings
showed that E. coli grows normally and stably inside GUVs.

To determine whether the GUV membrane was permeable
to substances, we monitored bacterial growth inside GUVs fol-
lowing the addition of an external stimulus, which for this test
was the antibiotic ampicillin (1 pgmL™") outside GUVs. We con-
firmed that 1 ugmL™' ampicillin did not affect GUV stability
(Figure S4) and that this concentration of ampicillin was suffi-
cient to inhibit growth of E. coli (Figure S5). We found that am-
picillin treatment had no effect on the growth of E. coli inside
GUVs (Figure 4a), but E. coli outside GUVs, and thus exposed
to ampicillin, only elongated (Figure S6). Furthermore, we ob-
served that E. coli within a defective GUV could not divide in
the external presence of ampicillin (Figure S7a). However, in
the absence of ampicillin, we found that the growth of E. coli
inside the defective GUVs was similar to that found in intact
GUVs (Figures 4a and S7b). During these observations, there
was no leakage of E. coli from GUVs. Importantly, as shown in
the imaging results, a GUV provides a stable and robust cham-
ber, in which bacteria can live and grow for an extended
period of time, and it also probably acts as a barrier, with our
ampicillin-based results demonstrating its effectiveness in pro-
tecting bacteria from exposure to an external antibiotic stress.
However, the barrier effect of the POPC membrane may
change by varying the experimental conditions such as lipids
and ampicillin concentration. Moreover, our findings from de-
fective GUVs suggest the possibility of controlling the growth
of bacteria inside a GUV by external stimuli through altering its
structure.

On a final note, to quantify the growth rate of E. coli, we in-
dependently analyzed an area inside a GUV occupied by E. coli
from the obtained images. A binarized image was made by
using Imagel) and the cell-occupied area inside the GUV was
examined (Figure S8). As shown in Figure 4¢, the occupied
area reached a saturation level 78 % of the area of the equato-
rial plane of GUVs within approximately 5 h. The average cell-
occupied area after 5 h was 60+13% (mean + SD; n=73; Fig-
ures 4d and S9). The growth rate of E. coli was clearly different
among vesicles. We consider four possibilities that account for
this observed variation in growth rate: 1) the number of en-
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Figure 4. The growth of E. coli inside GUVs in the external presence of ampicillin (1 pgmL™"). a) Time-lapse images of E. coli growth inside a GUV. Cell numbers
increased by repeated cycles of elongation and division. b) Real-time observation of E. coli division during the first 20 min. c¢) Time course of E. coli growth
inside a GUV. The E. coli growth rate was analyzed as the ratio of the area occupied by E. coli to the GUV area from the original image. d) Histogram of E. coli
growth rate after incubation for 5 h, with a mean of 60% indicated as a vertical dotted line and a standard deviation of 13% (n=73).

capsulated cells was not uniform (Figures 3a, 3b, and S2),
2) the size of GUVs was not uniform (relating to the amount of
nutrients), 3) E. coli died during culture and growth stopped,
and 4) variability of growth events between single E. coli.®® Of
importance will be to improve control over the number of en-
capsulated cells and/or uniform size of GUVs. Currently, the
reason for this variation is not entirely clear and is a fruitful
subject for future study.

In conclusion, we established a new method for bacterial
culture from a single cell by using GUVs. We successfully con-
structed a direct observation system of GUVs by immobilizing
GUVs on the surface of a planar lipid bilayer membrane, which
dramatically improved stability under culture conditions at
37°C. This observation system can be applied not only to bac-
terial culture, but also to other research areas that require
long-term observation, such as protein synthesis, > gene cir-
cuit," and metabolic engineering.”” Moreover, our results
clearly demonstrate that we succeeded in encapsulating bacte-
ria inside GUVs at the single-cell level. As our system also ob-
serves bacterial growth at the single-cell level, the risk of con-
tamination between cultures is inherently avoided. In addition,
to clarify the role of GUVs as a stable chamber for bacterial cul-
ture, we proved using an externally administrated antibiotic
that GUVs protect internal bacteria from external stimuli. Fur-
ther, we showed that the growth state of bacteria can be con-
trolled by the presence of an antibiotic inside defective GUVs
possessing a small pore in the membrane. Although these de-
fective GUVs show a vulnerability of our approach, it is expect-
ed to be improved by using an artificial cytoskeleton that sta-
bilizes GUVs.”" Moreover, GUVs have recently been used as a
suitable material for artificial cell-like systems, incorporating
biological components such as DNA, RNA, and proteins. o141
Artificial cell-like systems offer a unique possibility to control
the condition of the internal solution by changing the sub-
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strate or pH through a transmembrane protein."" Further, con-
trolling the internal condition may affect the growth rate of
bacterial cultures; however, our approach does not yet enable
control over the condition of the internal solution, but never-
theless, the possibility remains. Our method has potential ap-
plicability from artificial cell-like systems research to the devel-
opment of bacterial culture systems for a wide range of fields,
including microbiology, synthetic biology, and the food indus-
try, and this report is the first step toward culturing living cells
inside artificial cell-like systems.
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