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ABSTRACT OF THE THESIS
Single-Molecule Super-Resolution Imaging of Geobacter sulfurreducens under Anaerobic
Conditions
by
Ziyi Hu
Master of Science in Biomedical Engineering
Washington University in St. Louis, 2023

Professor Matthew D. Lew, Chair

Geobacter sulfurreducens are anaerobic bacteria capable of making electrical contacts with other
organisms and extracellular electron acceptors. The challenge of imaging live Geobacter bacteria
is maintaining anaerobic conditions during the imaging process. In this thesis, we augment a
single-molecule localization microscope (SMLM) with a home-built anaerobic imaging chamber
and use constant argon bubbling to maintain oxygen-free imaging conditions. To validate the
imaging protocol, we use the transient binding of Nile red to resolve the spherical morphology of
lipid-coated glass spheres with nanoscale resolution. However, when imaging Geobacter, the
distribution of Nile red localizations is non-uniform, both between different cells on a single
coverslip as well as along individual cell membranes. We hypothesize that Geobacter’s ability to
transfer electrons extracellularly can reduce single Nile red molecules, thereby transforming them
into a dark, non-fluorescent state. We quantitatively compare Nile red activity on wild-type
Geobacter to a mutant whose major outer membrane porin-cytochrome complexes are deleted. We
demonstrate that SMLM has great potential for quantifying oxidation-reduction activity at the

single-molecule level in living bacteria.
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Chapter 1: Introduction

Single-molecule localization microscopy is a powerful tool for examining biological samples with
nanoscale resolution, revealing fine structures of cells and proteins. Geobacter sulfurreducens, a
well-studied member of the Geobacteraceae family, is an anaerobic bacterium capable of

establishing electrical contacts with other organisms and extracellular electron acceptors.

This thesis focuses on single-molecule imaging of Geobacter sulfurreducens under anaerobic
conditions. The first chapter provides a comprehensive background on the topic. Section 1.1
introduces Geobacter sulfurreducens, while section 1.2 discusses single-molecule localization
imaging. Section 1.3 highlights the challenges of performing single-molecule imaging under

anaerobic conditions.

1.1 Geobacter sulfurreducens
Geobacter sulfurreducens was first discovered in Norman, Oklahoma, by F. Caccavo Jr. et al [1].

It is a rod-shaped bacterium belonging to the Geobacteraceae family and is commonly found in
sedimentary environments such as riverbeds and geological compounds where there is a lack of

oxygen.

These bacteria are capable of using nanowires to grow as electroactive biofilms on electrodes,
converting electrons into electricity and conducting electricity as a result. Geobacter

sulfurreducens is of interest for extracellular electron transfer studies.

For our study, we used both the wild-type Geobacter sulfurreducens and a mutant lacking outer

membrane cytochromes, referred as A5. The mutant strain had five conduit gene clusters deleted:

extABCD, extEFG, extHIJKL, omcB-based and omcC-based clusters [2]. All the Geobacter



samples used in this study were prepared by our collaborator, Sol Choi, from the Bond lab in the

University of Minnesota-Twin Cities.

1.2 Single-molecule localization imaging
Single-molecule localization microscopy (SMLM) [3-6] is a powerful imaging technique that

significantly improves spatial resolution beyond the diffraction limit, enabling imaging of

biological structures at nanometer scale. Conventional fluorescence microscopes cannot precisely

locate individual molecules because all fluorescence molecules emit simultaneously, resulting in
a blurry image. However, SMLM overcomes this issue by having only a limited number of
blinking events per frame. This technique can accurately determine the emitter’s position in each

frame, and by combining multiple frames, a nanoscale resolution image can be reconstructed.

In our study, we utilized the point accumulation in nanoscale topography (PAINT) [7] with Nile
red molecules. Nile red is non-fluorescent in aqueous solution, but it becomes fluorescent in

hydrophobic environment such as cell walls [8].

1.3 Challenges for single-molecule imaging under anaerobic

conditions
In our lab, we typically utilize an 8-well chambered cover glass or the glass coverslip with a

silicone chamber for standard single-molecule imaging (Figure 1.1 (a) and (b)). However, due to
the confined space within these chambers, it is not possible to incorporate gas in and out lines to
maintain an anaerobic environment. Additionally, the typical Geobacter electrochemical

experiment chamber (Figure 1.1 (c), developed by the Bond lab, University of Minnesota-Twin
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Cities), is too large to be accommodated by our microscope, and the glass material are not suitable
for the single-molecule localization microscopy (SMLM) imaging. These challenges motivated us

to design a new anaerobic imaging chamber, as described in Chap 2 Section 2.3.

Figurel. 1 Imaging chamber in Lew lab and Geobacter electrochemical experiment chamber from
Bond lab. (a) 8-well chambered cover glass (57.00 mm X 25.00 mm X 10.8 mm) (b) glass coverslip
with a silicone chamber (coverslip: 22 mm X 22 mm, volume: 200 uL) (c) Geobacter
electrochemical experiment chamber



Chapter 2: Methods

This chapter introduces the experimental methods, including the supported lipid bilayer (SLB)

coated spherical silica beads preparation, Geobacter cell culture, imaging chamber design,

imaging procedure and the super-resolution imaging analysis.

2.1 Preparing supported lipid bilayers (SLBs) on silica

spheres
To prepare spherical glass beads coated with a supported lipid bilayer, we began by creating large

unilamellar vesicles (LUVs). We added 19.09 pL of 25 mg/mL DPPC in chloroform (1, 2-
dipalmitoyl-sn-glycero-3-phosphocholine, Avanti Polar Lipids, 850355P-25mg, Lot#
850355200MGA326) to the empty test tube, and then evaporated it under vacuum overnight (for
12 hours). Next, 0.65 mL Tris buffer (100 mM NaCl, 3 mM CaCl2, 10 mM Tris, pH 7.4) was
added to reach a final lipid concentration of 1 mM. We then formed a lipid suspension by vortexing
the mixture above 41 °C for 40 minutes, followed by extrusion (25 passages, using an Avanti Mini-

Extruder, Avanti Polar Lipids).

Before coating the LUVs to the 1.97 um silica beads (SS04002, Bangs Laboratories Inc), we first
clean them by replacing the original bead solvent with Tris-Ca?* buffer (100 mM NaCl, 3 mM
CaCl2, 10 mM Tris, pH 7.4). We then mixed the cleaned silica beads solution with the LUVs and
incubated the mixture in the water bath at 65 °C for 30 min, vortexing the tube every 5 minutes to
ensure thoroughly mixing. Next, we transferred 65°C water from the water bath to a separate
container and placed the tube containing the mixture in the new bath. After allowing the mixture
to cool to room temperature over the course of an hour, we centrifuged it for 5 minutes at 600 rpm,

repeating this step six times. After each centrifuge, we removed the top 2/3 of the supernatant and



replaced it with Ca?* free Tris buffer (100 mM NaCl, 10 mM Tris, pH 7.4), thoroughly vortexing

the tube before proceeding to imaging.

2.2 Geobacter cell culture
a b

Figure 2. 1 Anaerobic pressure bottle and tube. (a) The anaerobic pressure bottle, which consists
of three parts, the glass bottle, the blue rubber plug and the aluminum ring. The aluminum ring
was clamped to ensure the plug stayed on the bottle during autoclave. (b) The anaerobic pressure
tube.

Geobacter sulfurreducens strains were cultured in an anaerobic growth medium containing 20 mM

acetate as the electron donor and 40 mM fumarate as the electron acceptor at 30°C. The growth
5



medium, as described in Sol's paper [9], consisted 0.38 g/L KCI, 0.2 g/L NH4Cl, 0.069 g/L
NaH2P0O4-H-0, 0.04 g/L CaClz, 0.2 g/L MgSO4-7H20, 10 mL/L of a trace mineral mix, adjusted
to pH to 6.8 and buffered with 2 g/L NaHCOgs. The trace mineral mix comprised 1.5 g/L
nitrilotriacetic acid (NTA), 0.1 g/L MnCl2-4H20, 0.5 g/L Fe2SO4-7H20, 0.17 g/L CoCl,:-6H0,
0.10 g/L ZnCl, 0.03 g/L CuSO4-5H,0, 0.005 g/L AIK(SO4)2-12H20, 0.005 g/L H3BOs, 0.09 g/L

Na2MoOg4, 0.05 g/L NiClz, 0.02 g/L NaWO4-2H20, 0.10 g/L Na2SeOa.

To ensure anaerobic conditions, the growth media were dispensed into anaerobic pressure tubes

with rubber stoppers and bubbled with an 80% N2 and 20% CO. gas mixture for 15 minutes.

To ensure anaerobic conditions, the growth media were dispensed into anaerobic pressure tubes
with rubber stoppers (Figure 2.1, Chemglass Life Sciences, NJ) and bubbled with 80% N> and
20% CO2 gas mixture for 15 minutes. Before each imaging experiment, the optical density of
Geobacter was checked using a 594 nm laser (Cobolt Mambo™) and power meter (Newport,

1918-R).



2.3 Imaging chamber design

- 3
Glass coverslip
T N

Figure 2. 2 Anaerobic imaging chamber. (a) The anaerobic imaging chamber on the microscope.
comprising of a (b) rubber stopper, two needles serving as the gas in and out line (Exel Hypodermic
Needles 25G x 1.5 in, Air-Tite™ Premium Hypodermic Needles for Lab/Vet Use 22G x 3 in), a
(c) glass tube costumed made by the WashU glass shop (outer diameter 15mm, height 30 mm),
and a (d) a high-precision coverslip (Marienfeld, No. 1.5H, thickness 170 um+5 pum, 22x22 mm).

Figure 2.2 shows the complete imaging chamber and its various components, comprising of a glass
tube, a high-precision coverslip, and two needles serving as gas in and out lines. To assemble the
chamber, we applied silicone gel (White Lightning, Silicone Ultra-Kitchen and Bath, W21101005)
to the rim of the glass tube and gently pressed it onto the coverslip. We allowed the assembly to
air dry for at least four hours before use. During imaging, the needle of the gas in line should be

positioned under the surface of the solution.



2.4 Imaging procedure

Njarin *NZ/Ar out
e —
N .

DM
KL

TL

Figure 2. 3 Schematics of the fluorescence microscope. Schematics of the fluorescence
microscope. KL: Kohler lens. TL: tube lens. DM: dichroic mirror. OL: objective lens.

The imaging chamber was cleaned by using a UV Ozone Cleaner (Novascan Technologies) for 15
minutes. Next, we took 1 mL of Geobacter sulfurreducens solutions from the growth media tube
with an optical density ranging from 0.3-0.5 and added it to a 1.5 mL microcentrifuge tube. After
centrifuging the solution for 1 minute at 6,000 g, we discarded the supernatant and added 1.5 mL
of Geobacter imaging buffer (50 mM NaH2POs, 50 mM NaCl, 0.8 mM MgSO4-7H20, 0.3 mM
CaCl2-2H20, 30 mM HEPES, pH 6.8). We redispersed the Geobacter in the imaging buffer by
vortexing and incubated it for 1 hour with constant Argon bubbling. We then replaced the buffer

with a fresh 1.5 mL Geobacter imaging buffer to remove any floating cells. For Nile red imaging,



we added 6 pL of 10 uM Nile Red (Fisher Scientific, AC415711000) in Geobacter imaging buffer

to the imaging chamber, reaching a final concentration of 40 nM.

2.5 Single-molecule image processing
To obtain a super-resolution reconstruction of NR blinking events, we processed the raw data with

ThunderSTORM [10] plugin on Imaged [11]. The software consists of three main parts: image
filtering and feature enhancement, finding approximate positions of molecules, and sub-pixel

localization of the molecule.

For the raw data collected in this thesis, we used the B-Spline wavelet in ThunderSTORM for
denoising and feature enhancement. To obtain approximate locations of each blinking event, we
used the detection of local intensity maxima as described in the ThunderSTORM paper. An
integrated Gaussian function was used to fit the single-molecule intensity distributions, accounting
for the pixelation effects and the presence of noise. Maximum-likelihood estimation was used to
fit the integrated Gaussian function, as previously described. Prior to import the data to
ThunderSTORM, we corrected the camera offset by subtracting it from the raw fluorescence
images using the subtraction function in ImageJ. We then used ThunderSTORM to process the

offset-subtracted raw data.

A list of single-molecule position (X, y) estimates along with the intensity information and the PSF
width, was generated by ThunderSTORM. To ensure the accuracy of our results, we applied the
ThunderSTORM built-in intensity filter to identify single molecules with an intensity over 100,
which helped reject false localizations caused by background fluorescence and low signal-to-noise

ratio. The resulting list of single-molecule positions, along with their intensity information, was

9



exported as a CSV file and loaded into MATLAB (Mathworks, R2021b) for further post-

processing.

2.5.1 Quantifying fluorescence burst duration
We combine single molecules localized in a frame with those in the next few frames by selecting

the closest neighbors with a spatial distance within three times of the localization precision. The

localization precision a; ¢ of a least squares SMLM algorithm is given by

s2+a?/12 [ 16 8”(52+g)b
015 = N ? + N—az (21)

where N is the detected photon, s is the standard deviation of the 2D Gaussian function that

describes the microscope’s PSF, a is the camera pixel size, and b is the photon background. We
quantified the duration of each burst, or the time the SM stayed "on", by counting the number of

frames in which localizations were grouped together, measured in units of exposure time.

2.5.2 Selecting regions of interest (ROISs) corresponding to single Geobacter

cells
Geobacter were visualized by binning all single molecules from one image stack (20k frames) in

post-processing. To extract single-molecule activity solely from Geobacter, we selected single-
cell regions of interest (ROIs) for Geobacter. The contour was hand-drawn using the drawfreehand
function in MATLAB (Mathworks, 2021b). Subsequently, the contour was dilated using the imfill
function in MATLAB. To further refine our analysis, we applied the filled mask to the original
SMLM image, which enabled us to count only the localizations within the mask for further post-

processing.

10
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Figure 2. 4 Region of interest selection of Geobacter single cell. (a) The reconstructed SMLM
image with all the localizations, blue line is the hand draw ROI. (b) The binary mask image of the
ROI (c) Dilated image from the binary mask (d) Single Geobacter SMLM reconstructed image
with only the localizations within the mask. Color bar: number of localizations per bin (20x20
nm?). Scale bar: 1 um.
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Chapter 3: Results

This chapter shows our capability to resolve the structure of lipid-coated beads with single-

molecule sensitivity. We are able to provide evidence that Geobacter remains viable in our
imaging chamber during the imaging process. Single-Molecule Localization Microscopy (SMLM)
shows that Nile red localizes non-uniformly on and within Geobacter. We also conduct a
quantitative analysis to compare Nile red activity between wild-type Geobacter and the outer

membrane cytochrome-deleted mutant.

3.1 SMLM imaging of supported lipid bilayer (SLB)-coated

glass spheres
To demonstrate the efficacy of Single-Molecule Localization Microscopy (SMLM) under

anaerobic conditions, we used 2um SLB-coated glass beads as imaging targets to characterize the
transient binding of Nile red. After preparing SLB-coated glass spheres (Chapter 2.1), we extracted
10 pL of the solution for imaging. First, we placed the SLB-coated glass sphere solution into the
anaerobic imaging chamber (as described in Chapter 2.3) and added 1.5 mL Ca2+-free Tris buffer
(the same buffer used to store the SLB-coated glass sphere) as the imaging buffer. The Ca2+-free
Tris buffer was pipetted into the imaging chamber to reach a final Nile red concentration of 40
nM. For the experiment without oxygen, argon was constantly flowing into the chamber during
the imaging process. For the experiment in the presence of oxygen, we imaged the same sample
after removing the plug on the imaging chamber and waiting for 20 minutes to let the imaging
buffer mix with the air. We recoded a total of 20k frames with 20 ms camera exposure for each

reconstruction. Using ThunderSTORM, we reconstructed SMLM images with 20 nm x 20 nm bin

12



size, successfully visualizing the circular shape of the SLB-coated glass sphere. During the
experiment, we imaged a total of 14 field of views under anaerobic conditions (Figure 3.1) and 9

field of views under aerobic conditions (Figure 3.2).

Anaerobic

Aerobic

Figure 3. 1 SMLM images SLB-coated sphere under anaerobic and aerobic conditions. Upper left
image is a bright field image of the same bead. Scale bar: 1 um. Color bar: number of localizations
per bin.

In addition to reconstructing the SMLM images of the SLB-coated glass sphere, we also calculated
the burst duration (Chapter 2.5) with both oxygen present and absent. We found that the median
percentage of burst duration over 60 ms for the oxygen-absent cases was 1.4% larger than the ones
exposed to air. The median mean burst duration of Nile red under anaerobic conditions was 1.6 ms

higher than that with oxygen present (Figure 3.4 (c) and (d)).

13



Figure 3. 2 SMLM image gallery of SLB-coated spheres under anaerobic conditions. Upper left
image is the bright field image of the same bead. Scale bar: 1 um. Color bar: number of
localizations per bin.

Generally, anaerobic conditions increase fluorophore longevity [12] by slowing dye
photobleaching [13], which could explain the slight increase of the mean burst time for the no-
oxygen cases. However, if the dominant turn-off mechanism for the Nile red dye is unbinding

rather than photobleaching, then we expect oxygen-related turn-off to be insignificant in our

14



experiments. Thus, the minimal differences observed between the oxygen and no-oxygen cases

suggests that the primary Nile red blinking mechanism is transient binding [14].

Figure 3. 3 SMLM image gallery of SLB-coated spheres under aerobic conditions. Upper left
image is the bright field image of the same bead. Scale bar: 1 um. Color bar: number of
localizations per bin.

15
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Figure 3. 4 Quantifying Nile red fluorescence bursts on SLB-coated glass spheres. (a) Raw images
of 10 consecutive frames with the red cross as the PSF center. This molecule has the shortest mean
burst duration for in the oxygen-absent experiment. (b) i) SMLM reconstructed image of the sphere
in (a) i). (c) Fraction of burst durations over 60 ms under anaerobic and aerobic conditions. (d)
Mean burst duration distribution of Nile red under anaerobic and aerobic conditions. Scale bar: 1
pm.

3.2 Geobacter’s viability in the imaging chamber
To ensure Geobacter cells were kept alive during the imaging process, we conducted an

experiment in which we observed wild-type Geobacter under white light (Thorlabs SLS301,
Figure 3.5) for 11 hours. We imaged a total of six filed of views for this experiment, in which we
took 100 frames with a 100 ms camera exposure time every hour. We maintained almost the same
experiment conditions as described in Chapter 2.4 for the imaging procedure for Geobacter, except

that we put 1.5mL of anaerobic growth media as imaging buffer to provide nutrients for Geobacter

16



growth. Additionally, we constantly bubbled nitrogen instead of argon into the imaging chamber.
All images (Figure 3.5) are the average from 100 frames processed by ImageJ, as they show the
same field of view for different time points. Notably, there were no Geobacter cells inside the red
square at Oh, whereas at least five Geobacter cells reside within it at 11h. These results indicate
that even at a lower temperature (22°C) on our microscope than its optimal growth temperature
(30°C), Geobacter cells were still viable and could grow inside our custom-made anaerobic

imaging chamber.

Figure 3. 5 Geobacter viability inside anaerobic chamber. Images in (a) show the bright field of
wild type Geobacter on hour 0 and hour 11. Images (b) are enlarged images from the region within
the red box in (a). Scale bar: 5 um.
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3.2 Single-molecule localization microscopy of Geobacter

3.3.1 Nile Red activity
In Section 3.1, we demonstrated the transient binding of Nile red to resolve the spherical

morphology of SLB-coated glass spheres. Every SLB-coated glass bead seen in the bright field
(BF) image was also detected via Nile red emission in the epifluorescence (FL) channel.
However, the same was not observed for Geobacter Nile red imaging. Although we imaged over
200 Geobacter cells for both wild-type (Figure 3.6 and 3.7) and A5 Geobacter (Figure 3.6, 3.7,
3.8 and 3.9), only less than 10% (as indicated in Table 3.1) of them could be detected in the
epifluorescence channel. Our hypothesis is that Nile red is reduced by a redox partner in or near

the outer membrane, thereby shutting off its fluorescence.

Table 3. 1 Geobacter cell count in the bright field (BF) and epifluorescence (FL) imaging channels
across different FOVs

FOVs Cell countin BF Cell countin FL Ratio of cells in FL vs.

BF
Wild-type 6 290 22 7.59%
A5 mutant 13 253 23 9.10%

Bright field image Epifluorescence image

L N
e Tk B

scale bar 5um

Figure 3. 6 Wild-type and AS Geobacter Nile red activity. Scale bar: 5um.
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Figure 3. 7 Wild-type Geobacter Nile red activity. Scale bar: S5um.

19



Bright field image Epifluorescence image

Figure 3. 8 A5 Geobacter Nile red activity. Scale bar: 5um.
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Figure 3. 9 A5 Geobacter Nile red activity. Scale bar: 5um.

3.3.2 Geobacter Nile red spatial distribution
Utilizing Single-Molecule Localization Microscopy (SMLM), we were able to successfully

reconstruct the rod-like shape of the Geobacter. However, we observed that the distribution of
Nile red localizations is non-uniform, both between different cells on a single coverslip and along
individual cell membranes. Interestingly, using same imaging conditions and SMLM image post-
processing protocol, we found that the number of localizations per 20,000 frames for the wild-type
Geobacter was only approximately one-fourth that of the A5 mutant. Additionally, we discovered

that Nile red is much more active inside A5 cells, as shown in Figure 3.10 (a).
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Figure 3. 10 Nile red activity and number of localizations quantifications. (a) Nile red activity
inside the Geobacter. WT: wild-type Geobacter, 22 FOVs. A5: A5 Geobacter, 23 FOVs. (b)
Number of localizations within each FOV.

Moreover, based on the Nile red distribution of the reconstructed SMLM images, we observed that
Nile red localization patterns also significantly vary cell to cell. To further understand these
patterns, we classified them into six different categories. Our analysis revealed that five classes
appeared in the wild-type Geobacter (Figure 3.11 and 3.13), and three in the AS Geobacter (Figure
3.12 and 3.14). The diffuse and the sparse activation species were only observed in the wild-type
Geobacter, while over 50% of the cells were in the extended membrane group for the A5

Geobacter.
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Cell poles

21

Diffuse

Figure 3. 11 Wild-type Geobacter Nile red spatial distribution classes. Cell poles: Only one or
both poles have clustered localizations. Hotspot: One or more localized clusters. Extended
membrane: Localizations are concentrated along membrane. Color bar: Number of localizations
per bin (bin size: 20 nm x 20 nm). Scale bar: 1 um.

Cell poles Heterogeneous activation Extended membrane
127

Figure 3. 12 A5 Geobacter Nile red spatial distribution classes. Cell poles: Only one or both poles
have clustered localizations. Heterogeneous activation: Complex localization pattern. Extended
membrane: Localizations are concentrated along membrane. Color bar: Number of localizations
per bin (bin size: 20 nm x 20 nm). Scale bar: 1 pm.
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Figure 3. 13 Wild-type Geobacter Nile red spatial distribution classes. Color bar: Number of
localizations per bin (bin size: 20 nm x 20 nm). Scale bar: 1 pum.
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Figure 3. 14 A5 Geobacter Nile red spatial distribution classes. Color bar: Number of localizations
per bin (bin size: 20 nm x 20 nm). Scale bar: 1 pm.
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3.3.3 Fluorescence burst durations of Nile red
We also quantified the burst duration of Nile red molecules using consecutive frames (as described

in Chapter 2) for Geobacter. We compared SMLM images plotted using molecules whose burst
durations were longer than and shorter than 60 ms (Figure 3.15 and 3.16). Interestingly, we found
that for the cell poles, hotspot, extended membrane and the heterogeneous activation classes, the
long-lived Nile red (burst duration larger than 20 ms) molecules were not uniformly distributed

throughout the cell.

As shown in Figure 3.4, the burst durations of Nile red molecules were slightly longer with no
oxygen present. After plotting the percentage of burst durations over 60 ms for wild-type and A5
Geobacter, we discovered that the median percentage for and A5 Geobacter was twice as high as
wild-type Geobacter (Figure 3.17), indicating that the A5 species tend to have more molecules
with longer burst durations. We also found that the mean burst duration of the A5 Geobacter was

20 ms longer than those within wild-type.

We hypothesize that the heterogeneous Nile red fluorescence burst durations result from the
various redox and membrane environments within each cell, enabling NR to find locations to bind

to and maintain fluorescence for a long time.
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Figure 3. 15 SMLM images of wild-type Geobacter using molecules with burst durations over and
under 60 ms. Different rows show one cell from five different classes for Wild-type Geobacter.
Scale bar: 1 pm.
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Figure 3. 16 SMLM images of A5 Geobacter using molecules with burst durations over and under
60 ms. Different rows show one cell from four different classes for AS Geobacter. Scale bar: 1

pm.
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Figure 3. 17 Geobacter Nile red burst duration comparison. (a) Fraction of molecules whose
fluorescence bursts lasted longer than 60ms. (b) Mean burst duration.

3.3.4 Geobacter cell dynamics
When analyzing the relationship between the number of localizations and the frame number, we

observe a significant difference in Nile red binding behavior between three AS Geobacter within
the same large field of view. Specifically, the number of localizations from frame 10,000 to 15,000
(as shown in Figure 3.18) shows a clear drop for the first cell but not for the other two cells. These
variations in Nile red blinking behavior provides direct evidence that the Geobacter was indeed

alive during imaging process.
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Figure 3. 18 Geobacter cell dynamics. (a) Raw images of three Geobacter within the same FOV
with the red cross as the center of the point spread function. Inset: SMLM reconstructed image.
(b) Number of localizations per 50 frames. Scale bar: 1 um.
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Chapter 4: Summary and outlook

In this thesis, we have successfully performed single-molecule imaging of lipid-coated glass
spheres and Geobacter at nanoscale resolution under anaerobic conditions. Our findings have
revealed that Nile red does not turn on in every Geobacter membrane, which may be attributed to
the redox activity of each cell. We have also observed different localization behaviors of Nile red
between the wild-type and the A5 mutant, as well as variations between cells, which could impact
the intra-cell electrochemical conditions when cytochromes are deleted. Additionally, we have
found heterogeneity in the fluorescence burst durations of Nile red which could be due to variations
in redox and membrane environments within each cell, allowing Nile red to bind and maintain

fluorescence for a long time.

In further studies, we could use the external electrode to modulate the applied potential and observe
how it affects the Nile red distribution in the Geobacter cell. Additionally, we could alter the
imaging media by adding redox shuttles along with the Nile red dye to observe any changes in our

observations.
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