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ABSTRACT: The attachment of bacterial cells to a surface is implicated in

the formation of biofilms. Although the surface-related behaviors in this

process, such as single cell motility and surface sensing, have been investigated

intensively, the precise information of separation distance between the

attached cells and the surface has remained unclear. Here, we set a prism-

based total internal reflection dark-field microscope (p-TIRDFM) combined

with the microfluidic method to image the separation distance of single

attached cells. We directly observed that bacterial cells attached to the surface

with one nearest touchpoint, and it gradually changed to two touchpoints, respectively, for the two offspring with the cell
division. We first monitored the fluctuation of the relative distance on nanometer scale when cells twitch on a surface and
further established the relationship between the twitching velocity and the separation distance. The results indicated that the
moving cells are a considerable distance apart from the surface and the separation distance fluctuated more widely than
immobile cells.

B INTRODUCTION In cell biology, the imaging techniques that capitalize on the
Total internal reflection microscopy1 is an optical imaging prop ert‘e&_‘z’g fuorescence could P rov1d.e 1mages Mth,hlgh
contrast, and the super-resolving microscopy techniques

technique based on the unique properties of the evanescent
wave, which is generated by total internal reflection of incident
light at the glass—water interface. The evanescent wave will
scatter light when an object is adjacent to the glass surface, and
this evanescent field decays exponentially in intensity with the
distance from the interface, thereby providing a sensitive and
quantitative tool to study the interactions between a colloidal
particle and a glass surface through the measurement of
separation distance.””* With the introduction of fluorophores,
an evanescent wave can selectively excite the fluorophores

have the advantages in image resolution that reaches a sub-100
nm length scale.”” ™' However, they all have the problem that
the image acquisition process needs much time or cells suffer
from phototoxicity or both. In contrast, the total internal
reflection-related microscopies could meet the shortcomings,
where cells do not need any labeling, and the produced images
have high signal-to-background ratios because of minimal
exposure of cells to light. In addition, because of the unique
properties of the evanescent wave, these imaging techniques
cannot be used to view deeply into thick cells and have limited

located in a restricted region that is in the vicinity of the glass application in regions farther from the surface but are well
surface, while the excitation of fluorophores in the regions suitable for the study of biochemical dynamics and surface-
farther from the surface is evaded, and this technique is called related behaviors of cells at cell-substrate regions. For instance,
total internal reflection fluorescence microscopy (TIRFM).” TIRFM can image the fluorescence-marked submembrane
Because the fluorescence excitation is confined within a thin filament structure with high contrast at the substrate contact
zone, the signal-to-noise ratio is highly improved, where the regions”> and enable the direct observation of extension and
TIRFM image usually has a low background fluorescence, retraction of type IV pili (TFP) of bacterial cells on the
virtually no out-of-focus fluorescence due to the minimal surface.”

exposure of objects to light at any other planes in the Bacterial cells can quickly spread over a surface by twitching
sample.””” When employing an objective-type evanescent motility, and this type of bacterial movement is driven by the
illumination to produce a bright object surrounded by a dark extension, tethering, and then retraction of TFP.>* The
background, researchers developed total internal reflection twitching motility that allows bacterial cells to colonize
dark field microscopy (TIRDFM) and further obtained super- surfaces is necessary for the formation of complex bacterial

resolution dark-field images using this technique.®” "'

TIRDFM has now been widely applied in the research of Received: May 8, 2019
biological and materials, such as single nanoparticle spectros- Revised:  May 30, 2019
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Figure 1. Experimental setup and the designed microfluidic device. (A) Generation of total internal reflection on a glass surface, a focused laser
beam was incident perpendicularly into the prism. Bacterial cells attached on the glass slide were illuminated by the evanescent wave. The scattered
light was transferred into the camera, whereas the scattered light was partially blocked in the back focal plane to enable dark-field imaging. (B)
Ultrathin microfluidic device was designed with a PDMS stamp sandwiched between a glass slide and a coverslip. Total internal reflection was
generated on the lower surface of the glass slide. The cover glass provided a window to image.

communities called biofilms,”> and it is a surface-related
behavior. As the model organism for study of the motility of
bacterial cells, Pseudomonas aeruginosa has been observed
twitching on the surface with TEP™* by the high-speed camera
and bright-field microscope.”® The studies have found that
there is a certain angle between attached bacterial cells and
surface,”” which indicates that the body of the attached cells is
not fully in contact with the surface, but a part of the body is
away from the surface. However, the more precise distance
information is little known.

In nanomicrobiology, the atomic force microscope and
electron microscope have facilitated the understanding of the
nanoscale structural and physical properties of single bacterial
cells.”® Both of them have very high resolution but these
classical techniques offer damage samples or require specific
conditions. The electron microscope basically needs freezing
or vacuum,”’ and the traditional atomic force microscope
needs dried bacterial cells®® or modified substrates, such as
coating with gelatin, to immobilize the cells for imaging living
bacterial cells.”’ Although the newly developed high-speed
atomic force microscopy (HS-AFM) allows direct observation
of cell and tissue dynamics in real time under physiological
conditions,®>** this technique does not apply to the cases,
where cells are cultured in a flow chamber for long-term
experiments. In such particular cases, there is no operation
space for the tip of HS-AFM because of the spatial constraint
of the chamber, and the image acquisition per frame still needs
much time for scanning compared with snapshot imaging
methods. Therefore, the techniques of nano—microbiology
have limited application in the imaging for long-lived bacterial
cells during development in culture, including the measure-
ment of the distance-separating cells and surface when bacterial
cells are twitching on a surface. In our study, we first
established a microscopy method based on a prism-based total
internal reflection dark-field microscope (p-TIRDFM) to
eliminate coma of total internal reflection. Subsequently, we
applied this method to monitor the adhesion process of the P.
aeruginosa cells in a designed microfluidic device, and we
imaged the intensity of scattered light in the cell-glass contact
regions to indicate the distance from the surface. Then, the
attached cells were cultured under continuous medium in the
microfluidic device, and we monitored the real-time scattering
intensity of cells to characterize the change of the distance
between the bacterial cells and the surface when cells are
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twitching on a surface. The images were analyzed on a single-
cell scale. We directly observed that bacterial cells attached to
the surface with one nearest touchpoint, and it gradually
changed two touchpoints, respectively, for the two offspring
with cell’s division. We first monitored the fluctuation of the
relative distance on the nanometer scale when cells are
twitching on the surface and further established the relation-
ship between the twitching velocity and the separation
distance. Thus, our approach establishes a methodology for
using the p-TIRDEM to study the surface-related behaviors of
bacterial cells and can further promote the related modern
research.

B EXPERIMENTAL SECTION

Experimental Setup. The schematic design of the TIRDFM is
shown in Figure 1A. An acousto-optical tunable filter was equipped
for rapid laser selection. The collimated polarized 640 nm laser
(Andor) passed through a half-wave plate (1/2) and then focused
perpendicularly on a prism with an inclination angle of 67.8°, which
results in that the evanescent wave was generated by total internal
reflection at the glass—water interface. The evanescent wave can
scatter light when polystyrene (PS) particles or bacterial cells used in
our study are attached on the glass surface, where they are located in
the evanescent field. The illuminated scattered light was collected into
a sCMOS camera (Andor Neo) through a 100-fold dark field
objective (Olympus 100X oil iris). Because the direction of the
evanescent wave is perpendicular to the optical axis of the objective,
this projects an image that is not in the center of the field to appear as
wedge-shaped, known as coma. To enhance the image quality, we
adjusted the numerical aperture of the dark-field objective from 1.4 to
0.6 to minimize the tail-like effects on the image.

The microfluidic device for culturing the bacterial cells contains a
coverslip, a polydimethylsiloxane (PDMS) microfluidic chamber, a
glass slide, an inlet part, and an outlet part (Figure 1B). A silicon
substrate mold, having chambers with a height of 20 gm, width of 1.1
mm, and length of 6 mm, was first fabricated with the SU-8 2025
photoresist (microChem) process.34 Note that the chamber is wide
enough to avoid the scattered light produced by the surrounding
PDMS. For preparation of the cultural device, the dimethyl siloxane
monomer (SYLGARD 184) and curing agent were mixed in a 10:1
ratio. After defoaming, the mixture was poured onto the fabricated
silicon wafer, and a coverslip was sunk to the bottom close to the
silicon substrate. After the removal of air bubbles by vacuum, place
the device (the PDMS prepolymer was sandwiched between the
silicon wafer and coverslip) in an oven, set to 70 °C for a curing of 30
min. The chip containing the coverslip and the cured PDMS were cut
from the silicon wafer, where the cultural channels are patterned on
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the surface of PDMS opposite to the coverslip. The chip (with the
patterned surface facing up) and a hydrofluoric acid-cleaned glass
slide were placed in an oxygen plasma cleaner for oxidation at S0
mTorr of H,O pressures and 18 W of power for 3 min. Then, the
surface patterned with channels of the chip was put on the glass slide
to form a conformal contact, and the cultural device was prepared.

To make the inlet and outlet parts, a slide fixed on a flat silicon
wafer serves as the master. The PDMS stamps were prepared as
mentioned above and cut to fit with the cultural device. Two PDMS
stamps were punched with a biopsy puncher as inlets and outlets,
respectively. After the plasma treatment, two PDMS stamps
containing the inlets and outlets were assembled to the cultural
device, and finally, the microfluidic device was fabricated (Figure 1B).
The device was placed at 80 °C overnight for further curing.

In our microfluidic device (Figure 1B), an ultra-thin PDMS stamp
was sandwiched between a glass slide and a coverslip. The chamber is
located between the glass slide and the patterned surface of the PDMS
stamp, where the total internal reflection was generated on the lower
surface of the glass slide. The cover glass slide provided a window to
image the attached cells on the lower surface of the glass slide, and the
ultrathin PDMS stamp ensures that the distance between the cover
glass and the glass slide is within the work distance of a 100X
objective (0.2 mm).

Cell Preparation. AfliC and AfilCApilA isogenic mutants of P.
aeruginosa strain ATCC 15692°° were used in this study, which have
the stable mutations of the genome. Strains were resuscitated on LB
agar plates for 24 h at 37 °C. A monoclonal colony was inoculated in
1 mL of FAB minimal medium with 30 mM glutamate as the carbon
source®® and then grown in a shaker at 37 °C for 12 h. The bacterial
cultures were diluted (1:100) in fresh FAB medium and cultured to
an ODg, of 0.8. The resultant culture was further diluted (1:50) and
injected into the microfluidic device.

Imaging of TIRDFM. For the image formation, bacterial cells were
illuminated by an evanescent wave from incident direction ky at
position r that refers to the lateral position in the x—y plane, and the
electric field image can be written as

Ep(r,d) = E; exp( — p1d) exp(ikyr) (1)

where d refers to the distance of axial direction, f is a decay constant

of the evanescent wave, given by f = A/(4x+/(n; sin 6)* — n2),

where A is the incident wavelength, n; is the refractive index of glass, 6
is the incident angle, and n, is the refractive index of solution. The
refraction index distribution of the cells f(r,d) is illuminated with an
evanescent wave incident from direction ky, with electric field E(r,d).
Hence, the intensity of the TIRDFM image I(r,d) is acquired by the
convolution (*) of the electric field and the coherent point spread
function PSF_,

I(r, d) = I(f(r, d)E(r, d))*PSE,,I* )

The coherent optical transfer function is partial of the spherical cap
(Ewald). Irrespective of interference, intensity of the TIRDFM image
has an exponential relationship to d, after the image is deconvolved by
PSE,;.

I(x, d) o< exp( = f7'd) 3)

In our study, the evanescent wave was generated at the glass—liquid
interface (interface between the glass slide and the liquid culture
medium), and the bacterial cells attached on the glass slide will scatter
light. The camera for imaging collected the scattered light, and the
scattering intensity of each pixel was analyzed to calculate the
separation distance between the body of the bacterial cell and the
surface using eq 3. The image of distance information was created by
displaying the calculated distance of each pixel as an image, where
each element specifies the color for one pixel of the image, and the
location of each pixel is the same with the scattered image.

Data Processing. Bright-field (BF) images and TIRDFM images
of bacterial cells were acquired for every minute if not specified. The
BF images were first subjected to the recognition of single cells via a
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MATLAB image-processing procedure.””*” The moving velocity of
single bacterial cells was further analyzed using a sophisticated
tracking algorithm.”® The masks obtained from the BF image were
shifted for 4 pixels along the incident direction ky to merge the
corresponding TIRDFM image. Assumed that the strongest scattering
intensity of the bacterial cell is the nearest point to the surface, the
relative distance of the bacterial cell can be calculated using eq 4

max(l, — 1)

d =lo
& I, — Iy

X

g (4)
where I is the intensity of one pixel in the TIRDFM image, and I is
the corresponding intensity of the pixel in the dark image obtained in
the absence of laser excitations. I, — I indicates the background
correction of the TIRDFM image. max returns the maximum intensity
of I, — I4 over all pixels of the cell regions in the corrected TIRDFM,
and the location of the pixel with maximum intensity is recorded as
the relative zero-distance position of the cell. In the time-course
experiments, such as the process of cell growth or twitching on the
surface, the relative zero-distance position corresponds to the
maximum scattering intensity of the cell regions in all time-lapse
images during the measurement period. We can use eq 4 to deduce
changes in separation distance from changes in scattering intensity but
cannot compute the absolute values of separation distance. Notably,
in eqs 1 and 3, the scattering intensity also depends on the incident
direction ky; we simplify this by only counting the bacterial cell whose
long axis has an angle of 90 + 5° with the incident direction ky.

B RESULT AND DISCUSSION

Imaging of the Distance between Standard Spheres
and the Surface. We first verified the imaging effect of our p-
TIRDFM microscopy using standard monodisperse PS
particles (purchased from Thermo Fisher Scientific). As the
PS particles are size-standard and highly uniform spheres, we
aimed to image the scattered light of the particles absorbed on
the surface to check the practicability of our p-TIRDFM
method. PS particles (the diameter is 1 ym) suspended in FAB
medium were injected into our designed microfluidic device to
enable the attachment on the glass slide surface. A uniform PS
sphere was thought to be attached on the surface with one
nearest touchpoint, and the scattered light image should be
concentric circles with a maximum diameter approximately of
1 pm. Figure 2A,B showed the scattered light image and the
converted distance image of one attached PS particle,
respectively. The brightest point in Figure 2A corresponds to
the relative distance of 0 nm in Figure 2B, which is the nearest
distance between the particle and the surface. Surrounding this
point, both the distributions of scattering intensity and
distance represent a set of concentric circles, which is in
consistent with the uniform size of the standard particles.
Figure 2B also showed that the mean distance extending from
the center point to the edges is about 500 nm, which agrees
well with the radius of the particles.

We further examined the separation distance between the
different positions on the PS sphere and the surface. The black
curve in Figure 2C represents the theoretic separating distance
of different positions on a 1 gm sphere from the surface, which
has the shape of a quarter of a circle. Square markers in Figure
2C are experimental data measured by calculating the mean
values of pixels on the circumference of different concentric
circles in Figure 2B. The results showed that the measured
distance is fit to the theoretic data with good fidelity. We also
monitored the change of relative distance between the
attachment PS particles and the surface by calculating the
mean scattering intensity at different time points and found
that the distance showed a long-term stability over 10 min,

DOI: 10.1021/acs.langmuir.9b01378
Langmuir 2019, 35, 88608866


http://dx.doi.org/10.1021/acs.langmuir.9b01378

Langmuir

Figure 2. p-TIRDFM image of standard PS particles (1 ym). (A)
Intensity distribution of a PS particle obtained by p-TIRDM. (B)
Relative distance distribution of the PS particle converted by the p-
TIRDM image is shown in Figure 2A. (C) Separation distance
between the different positions on the PS sphere and the surface. The
red curve represents the theoretic separation distance of different
positions on a 1 ym sphere apart from the surface, which has the
shape of a quarter of a circle. Square markers are experimental data
measured from the distance distribution image by calculating the
mean values of pixels on the circumference of different concentric
circles. Error bars represent mean standard deviation from three
attached particles. (D) Scattering intensity of PS particles attached on
the glass surface showed a long-term stability. Markers with different
colors represent different particles. The scale bar for all images is 2

pum.

which indicated that the PS particles attached on the surface
uniformly and tightly (Figure 2D). Taken together, the results
validated the functionality and feasibility of imaging distance
using our TIRDFM method.

Imaging of the Separation Distance between
Attached Bacterial Cells and Surface. Next, we aimed at
investigating the distance between bacterial cells and the
surface. For P. aeruginosa, two modes of motilities are driven
by two types of appendages: a single polar flagellum and
multiple TFP.*® Swarming occurs by flagella to spread over a
semisolid surface,”® and twitching, a well-known surface
motility mode, is mediated by TFP.”* We monitored the

change of scattered light of immobile cells when they are
growing on the surface. The immobile cells that cannot move
on the surface are AfilCApilA isogenic mutants of the wild
type strain, where FilC is a key component of flagella, and PilA
is the major component of TFP in P. aeruginosa. We injected
AfilCApilA cells into the microfluidic device, and surface-
attached cells were cultured under a shear strength (1.7 Pa).
The shear stress enabled the long axis orientation of attached
cells parallel to the flow and further ensured that the angle
between the incident direction ky and the long axis of the
bacterial cell is same for all attached cells. The scattering
intensity of the attached cells was imaged by TIRDFM, and the
converted relative distance image of attached AfilCApilA cells
was shown in Figure 3A (left panel). The distance image
demonstrated that the middle of cell's body is the nearest
position to the surface, and the two poles have a relative
distance of 200 nm apart from the surface. Most interestingly,
we observed that the relative distance varied with the cell
growth on the surface (Figure 3A, right panel). The relative
nearest touchpoint gradually shifted from the middle to the
two poles and finally changed two touchpoints, respectively, for
the two offspring with the development of the mother cell
division (Figure 3B).

Relationship between Twitching Velocity and Sepa-
ration Distance When Bacteria Cells Move on the
Surface. To isolate twitching motility in P. aeruginosa, we then
employed AfliC cells, the flagellum-deficient mutant of the
wild type and monitored the twitching of AfliC cells on the
glass slide surface of our designed microfluidic device using BF
microscopy (1 fps). We simultaneously monitored the
scattering intensity of the twitching cells using TIRDFM
microscopy. The twitching velocity of the single bacterial cell
was acquired by tracking each cell of BF images using
automated tracking algorithms,”® and the separation distance
between the twitching cells and the surface was calculated by
analyzing the corresponding TIRDFM image. Figure 4A,B
showed two representative types of twitching motility: (A)
mobile cell, whose average moving velocity is about 0.02 ym/s;
(B) immobile cell, whose average moving velocity is about
0.0015 um/s. Note that the velocity of the immobile cell was
mainly attributed to the displacement of the centroid of the
cell caused by growth.”® The yellow lines in bright-field images
indicated the movement trajectories of cells. The results
showed that the separation distance from the surface fluctuates
widely for the fast-twitching cell (mean distance during 30

Figure 3. Relative separation distance of single cells on the surface. (A). Left panel: Relative separation distance image of AfilCApilA cells oriented
perpendicular to the evanescent wave. Right panel: Relative separation distance image with the cell division. Interval of each image is 20 min. The
scale bar is 2 ym, and color bar is the relative bacterial relative separation distance. (B—E) Relative separation distance along the long axis of the cell
shown in A (right panel) at 20, 40, 60, and 80 min, respectively. (B) Middle of the bacterial body attached to the surface. (C,D) One pole of the
bacterial body attached to the surface. (E) Bacterial Z-ring appears before cell division.
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Figure 4. Relationship between the twitching velocity of AfilC cells
and the separation distance. (A,B) Representative separation distance
apart from the surface of (A) a moving cell and (B) an immobile cell.
Subpanels show the bright-field micrographs, the relative separation
distance changes with time, and the instantaneous velocity with time,
respectively. The scale bar for all micrographs is 2 um. (C,D) Relative
separation distance and velocity distribution of (C) moving cells
whose average velocity was higher than 0.02 ym/s and (D) immobile
cells whose average velocity was less than 0.002 pm/s. It has shown
that the separation distance for the moving group has a larger
fluctuation range than that for the immobile group. Upside:
Distribution of relative distance; right side: distribution of velocity.

min: 68 nm; the maximum distance: 150 nm), while the
distance is smaller and shows a relative stability for the nearly
immobile cell (mean distance during 30 min: 22 nm; the
maximum distance: 61 nm).

We further investigated the relationship between the
twitching velocity and the separation distance statistically.
We examined two distinctive groups of cells, which were
classified artificially by their moving velocity. The cells with an
average moving velocity less than 0.002 um/s were defined as
the immobile group, and the cells with an average moving
velocity higher than 0.02 pm/s were identified as the moving
group. Figure 4C,D displayed the map for illustration of the
relationship between the twitching velocity and separation
distance for the two groups, respectively, and the correspond-
ing distributions of velocity and distance. It showed that the
separation distance for the moving group has a lager
fluctuation ranging from 0 to 100 nm than the immobile
group (ranges: 0—S0 nm), and the statistical data are in
accordance with the above single cell results (Figure 4A,B). We
then computed the coefficient of variation (CV; standard
deviation divided by the mean) of separation distance to
quantify the fluctuation. The moving group has a nearly 2-fold-
higher of CV than the immobile group (moving group: a mean
of 57 nm, standard deviation of 52 nm, and CV of 0.94;
immobile group: a mean of 20 nm, standard deviation of 11
nm, and CV of 0.55). The results further confirmed the large
fluctuation of separation distance for the fast-moving cells.

In this study, we presented an imaging method combining
TIRDEM with microfluidic technology, and we obtained high-
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resolution images of scattered light when bacterial cells
attached on the glass-slide surface. Based on the nature of
the evanescent wave, we deduced the relative separation
distance by analyzing the measured scattering intensity, and
furthermore, we observed the changes of distances between the
bacterial cells and the surface sensitively on the nanometer
scale. Compared with the other nanoscale imaging methods,
such as the atomic force microscope’*>** and electron
microscope,” our established TIRDFM method does not need
surface modification, freezing, or vacuum, and most
importantly, we can image the individual bacterial cells with
high image acquisition frequency in real time for a long time.
Besides, the high-resolution light-based microscopy techni-
ques, such as image-scannin§ microscopy,*’ stimulated
emission depletion microscopy,”” photoactivated localization
microscopy,” and stochastic optical reconstruction micros-
copy,” can image the cell morphology and structures at the
length scale of a sub-100 nm, but the z-axis resolution is still
insufficient for investigating the change of separation distance
apart from the surface.

In bacteriology, biofilm initialization, development, and
formation depend critically on how planktonic bacterial cells
adjust their motility mechanisms to acclimate to the surface
circumstances.*> Our results established the relationship
between the twitching velocity and the separation distance
when bacterial cells move on a surface, and this connection
may help us to understand the surface-related behaviors during
the biofilm formation. The relative further separation distance
of the fast-moving bacterial cells could enable them to detach
from the surface to colonize new places more easily, which may
be a possibility of the detaching mechanism in early bacterial
biofilm communities.** We expect our TIRDEM method of
imaging bacterial separation distance to be widely applicable.
The TIRDFM method is well compatible with other
microscopies, such as wide-field and fluorescence micros-
copies. Combining with other microscopies, one now should
be able to monitor the cell behaviors on the surface, including
twitching motility, metabolism and conjugation, and the
separation distance simultaneously. The study of cell basic
physiological processes in the formation of bacterial biofilms
on a surface, especially at the early stage, shows an important
field of fundamental research, and our method has the
potential to accelerate this process. In addition, it should
also be possible to study the interaction of living bacterial cells
with different surfaces using the TIRDFM method.

B CONCLUSIONS

In summary, we have shown that the scattered images induced
by the evanescent wave enabled the observation of separation
distance between the attached bacterial cells and the surface.
We first observed that a standard PS sphere attached on the
glass slide with one nearest touchpoint and the separation
distance has virtually no change during a long period. For
bacterial cells, the bulk cells attached to the surface with one
nearest touchpoint at first, but when they are growing on the
surface, the relative nearest touchpoint gradually shifted from
the middle to the two poles and finally changed two
touchpoints, respectively, for the two offspring. We further
established the relationship between the twitching velocity and
the separation distance when cells move on the surface, and
the results indicated that the moving cells are a considerable
distance apart from the surface, and the separation distance
fluctuated widely due to twitching.
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Moreover, the approach provides a promising methodology
for leveraging the tools of evanescent wave-based microscopy
to explore the interaction between bacterial cells and surfaces,
and the surface-related basic research in the process of biofilm
development. We anticipate that the TIRFDM method,
combining with other methods, including fluorescent labels,
single-molecule localization, and fluorescence microscopy, will
make it a commonly used tool in bacteriology, even in life
sciences.
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