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Regulation of pH on inflation and deflation of biosynthetic gas
vesicles used as ultrasound molecular imaging probes
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Abstract: Gas vesicles (GVs) are gas-filled protein nanostructures that can regulate the
buoyancy of microorganisms such as cyanobacteria and archaea. Recent studies have shown that
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GVs have the potential to be used as ultrasound molecular imaging probes in disease diagnosis
and treatment. However, the mechanism of the inflation and deflation of GVs remains unclear,
which hampers the preservation of GVs and gas replacement. In the present study, the
environmental pH value was found to be an important factor in regulating the inflation and
deflation of GVs. It can not only regulate the inflation and deflation of GVs in vivo to make
Microcystis sp. cells present distinct levitation state, but also regulate the inflation and deflation of
purified GVs in vitro, and the regulation process is reversible. Our results may provide a technical
support for the large-scale production and preservation of biosynthetic ultrasound molecular
imaging probes, especially for gas replacement to meet different diagnostic and therapeutic needs,

and would facilitate the application of biosynthetic ultrasound molecular imaging probes.
Keywords: gas vesicles; pH value; biosynthesis; ultrasound molecular imaging probes
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Figure 1 Morphology changes of isolated and purified GVs treated by H,0,, SDS, HCl and NaOH. A-D:
The concentration of GVs extracted from Microcystis sp. FACHB-2329 changed (represented by ODsgq
values) when GVs were treated with different concentrations of H,0O,, SDS, HCI and NaOH. E:

Representative negative-staining TEM images of some experimental and control groups in A—D. Scale bar:
1.0 or 0.5 um. Each experiment was repeated twice with similar results.
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Figure 2 Microcystis sp. FACHB-2329 showed
different levitation states at different environmental
pH. The environmental pH of BGI1l medium is
marked above the EP tubes, where the control group
was cultured with sterile BG11 (pH 7.8) and the
other groups were cultured with sterile BG11 with
adjusted starting pH. From top to bottom are the
vertical distribution states of Microcystis sp.
FACHB-2329 from 0 to 12 h.
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Figure 3 Changes in the environmental pH caused changes in the inflation status of isolated GVs. A: The
concentration of GVs extracted from Microcystis sp. FACHB-2329 changed (represented by ODsg values) when
placed in different environmental pH. B: The photographs were taken at each time point. The environmental pH
values are labeled on the top of the 96-well plate, and the time points of the experiments are labeled on the left. C:
Representative negative-staining TEM images of the pH-treated experimental groups in A and the control group
(gas vesicles preserved in pH 7.3 1xPBS environment). Scale bar=1.0 um. D: Statistics of the TEM images, with
the vertical axis indicates the proportion of collapsed gas vesicles to the total number, and the mean of the
statistics is shown above the bar graph. E: Ultrasound images of purified gas vesicles isolated from Microcystis sp.
FACHB-2329 at different ODsq values. F: Ultrasound images of the experimental and control groups in A after
1 h of treatment. G: Statistics of ultrasound intensity for each group in E. H: Statistics of ultrasound intensity for
each group in F. Each experiment was repeated three times with similar results.
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Figure 4 GVs which collapsed in acidic environment were restored to their inflation state in neutral
environment. A and C: The GVs extracted from Microcystis sp. FACHB-2329 were treated in pH 2.5 for 1 h and
collapsed. Then the pH was adjusted to neutral or alkaline environment and incubated at 28 °C. The changes in
GVs concentration (represented to by ODsg value) and the photographs were taken at each time point. B:
Photographic results of GVs in a treated with pH 2.5 for 1 h. The environmental pH values are labeled on the
top of the 96-well plate, and the time points of the experiments are labeled on the left. D: Representative
negative-staining TEM images of each pH-adjusted experimental group and positive/negative control groups in
A. Scale bar=1.0 um. E: Ultrasound images of each pH-adjusted experimental group and positive/negative
control groups in A. F: Statistics of TEM images, with the vertical axis indicates the proportion of collapsed
GVs to the total number, and the mean of the statistics is shown above the bar graph. G: Statistics of ultrasound
intensity for each group in E. Each experiment was repeated three times with similar results.
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Figure 5 GVs which collapsed in alkaline environment could not be restored to their original state by adjusting
the environmental pH. A and C: The GVs extracted from Microcystis sp. FACHB-2329 were treated with pH 13.0
for 1 h and collapsed. Then the pH was adjusted to different values and incubated at 28 °C. The changes in GVs
concentration (represented to by ODsyy values) and the photographs were taken at each time point. B:
Photographic results of GVs in A treated with pH 13.0 for 1 h. The environmental pH values are labeled on the top
of the 96-well plate, and the time points of the experiments are labeled on the left. D: Representative
negative-staining TEM images of gas vesicles treated with pH 13.0 for 72 h. Red circles indicate GVs that are
excessively curled or open at one end. Each experiment was repeated three times with similar results.
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Figure 6 Schematic diagram showing how environmental pH regulate the inflation states of GVs in vivo
and in vitro. A: Schematic diagram of Microcystis sp. FACHB-2329 showing different levitation states under
different environmental pH. The GVs in the inflated state appear as white cylinders or multiple GVs gathered
together to form a honeycomb-like structure. The collapsed and deflated GVs appear as dark gray cylinders
with low contrast, or bent and folded in some positions. D@ @ are the Microcystis sp. in different pH
environments and levitation states, respectively. B: Schematic diagram of GVs collapsed in acidic
environment and restored to original structure after incubation.
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