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Biomechanics and mechanobiology have long been recognized as essential for the growth 

and function of biological systems, and recent work has demonstrated the importance of 

mechanical forces for key physiological mechanisms in bacteria. Although the bacterial cell 

envelope is the primary load bearing structure of bacteria, the influence of mechanical stress on 

the bacterial cell envelope and its components is largely understudied. In this thesis I examine the 

role of mechanical stress on two systems in the bacterial cell envelope: multicomponent efflux 

complex MacAB-TolC which contributes to antibiotic resistance in Escherichia coli and two-

component signaling system VxrAB which controls gene expression for cell wall synthesis in 

Vibrio cholerae. 

Multicomponent efflux complexes form a channel through the bacterial cell envelope in 

order to pump toxins and antibiotics out of the cell. We have previously shown that mechanical 

stress compromises assembly and functionality of efflux complex CusCBA; however, it is 

unknown if other efflux complexes are similarly vulnerable to mechanical stress and the role cell 

envelope stiffness plays. We expand upon previous work by investigating the influence of 

mechanical stress on efflux complex MacAB-TolC with and without alterations to cell envelope 

stiffness. We submitted individual live bacterial cells to controlled mechanical loading using a 

custom microfluidic device and used single-molecule tracking to observe efflux pump behavior. 



We found that octahedral shear stress in the cell envelope promotes efflux complex disassembly, 

suggesting impaired antibiotic resistance capability. Cell envelope stiffness plays a significant role 

in mediating the effect of mechanical manipulation through the magnitude of octahedral shear 

stress as well as changes in cell surface area. Our findings demonstrate the importance of 

mechanical stress in the cell envelope as well as cell envelope stiffness for trans-envelope protein 

function. 

 Although the bacterial cell envelope is the load-bearing component of the cell, it is 

unknown if cell envelope homeostasis is responsive to mechanical stress. VxrAB is a two 

component signaling system with a sensor embedded in the cell envelope and a response receptor 

that controls gene expression of cell wall synthesis. We submitted cells to mechanical loading 

using our microfluidic device, hydrostatic pressure, and compression and measured the activity of 

the VxrAB signaling system in response. We found that cells experiencing greater magnitudes of 

mechanical load exhibited greater VxrAB signaling. Our results suggest the importance of 

mechanical signals in cell envelope homeostasis through VxrAB mediated cell wall synthesis. 

Together, this work suggests the importance of mechanical stress for the function of 

proteins in the bacterial cell envelope. This work establishes a foundation for future bacterial 

mechanobiology research and has potential to advance synthetic biology as well as inform future 

antibiotic treatment strategies. 
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Chapter 1. Introduction  

Adapted from Harper, C. E., & Hernandez, C. J. (2020). Cell biomechanics and mechanobiology 

in bacteria: challenges and opportunities. APL bioengineering, 4(2), 021501. with the permission 

of AIP Publishing.  

 

In the classic text On Growth and Form, the mathematical biologist DôArcy Thompson 

described the role of physical forces in the development and growth of organisms, including 

examples from mammals, arthropods, and individual eukaryotic cells [1]. Physical forces regulate 

development, healing processes in organs throughout the body, and the pathogenesis of diseases 

[2]ï[4]. Although biomechanics and mechanobiology are well recognized in mammals and model 

organisms used in medical research, eukaryotes represent only a small portion of the diversity and 

abundance of life on Earth. The total biomass of bacteria and archaea is ~40 times greater than that 

of all animals combined (and 1300 times more biomass than humans) [5]. 

Bacteria are ubiquitous in the environment and exhibit broad influence on many areas 

including human health (as both pathogens and as beneficial commensals), the health of 

ecosystems, all aspects of the food chain, biofouling of devices, processes used in molecular 

biology and biotechnology, and emerging technologies such as synthetic biology. Although 

commonly viewed as colloidal particles in suspension (as bacteria are observed suspended in 

media in laboratory conditions), bacteria in nature are more commonly found adhered to surfaces 

or each other in biofilm communities. Bacteria can survive challenging mechanical environments 

including the fluid shear stresses generated by turbulent flows, extreme hydrostatic pressures in 

soils and deep oceans, and interruptions in their structural integrity caused by antibiotics and other 

toxins [6]. The ability of bacteria to not only resist mechanical loads (biomechanics) but also to 
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respond to changes in the mechanical environment (mechanobiology) is necessary for their 

survival. 

The idea that bacteria are sensitive to physical forces is not new. In 1982 Koch and 

colleagues proposed that the growth and elongation of individual bacteria were related to 

mechanical stress and strain within the cell envelope associated with turgor pressure [7]. 

Mechanosensitive channels in the bacterial cell membrane were subsequently identified and shown 

to promote survival in response to rapid fluctuations in osmolarity [8], [9]. Technological advances 

in the past decade have shown that the mechanical properties of bacteria influence cell division 

[10] and cell envelope remodeling [11], [12]. Additionally, bacterial extracellular appendages have 

been shown to serve a mechanosensitive function in surface sensing [13]ï[15] and subsequent 

expression of virulence factors [16] and biofilm formation [17]. Research on bacterial 

biomechanics and mechanobiology has continued to grow in recent years (see Chapter 2 for an in-

depth review). Further understanding the role of physical forces in bacterial physiology has the 

potential to advance a number of fields, potentially leading to new engineering and synthetic 

biology applications and even antibiotic treatment strategies in which the mechanical function of 

bacteria is a key component.   

In this thesis, I expand upon previous work on understanding how mechanical stress affects 

bacteria, with a particular focus on components in the cell envelope. The cell envelope is 

considered the primary load-bearing component of the cell (see Chapter 2 for a review of 

components contributing to cell mechanics), hence, maintaining the mechanical integrity of the 

cell envelope is essential for cells to survive mechanical challenges from the environment. Also, 

components of the cell envelope experience changes in mechanical stress and strain in the cell 

envelope due to environmental mechanical stimuli and are therefore ideally positioned to function 
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as mechanosensitive and mechanoresponsive structures. I identified two specific systems with key 

features in the cell envelope to investigate further as the two aims of my thesis: a multicomponent 

efflux pump and a two component signaling system.  

Aim 1 of my thesis investigates the influence of mechanical stress on a multicomponent 

efflux complex. Multicomponent efflux complexes form a channel through the bacterial cell 

envelope in order to pump toxins and antibiotics out of the cell. Since multicomponent efflux 

complexes form a rigid link between all layers of the cell envelope, we suspected that they may 

experience mechanical stress concentrations and be vulnerable to increased mechanical stress in 

the cell envelope. Our previous work did in fact show that the assembly of multicomponent efflux 

complex CusCBA in Escherichia coli was disrupted by octahedral shear stress in the cell envelope, 

suggesting that mechanical loading can impair efflux pump mediated antibiotic resistance [18]. 

However, it was unknown if other trans-envelope complexes are similarly sensitive to mechanical 

stress. It is also unknown how cell biomechanics, in particular cell envelope stiffness, influences 

mechanosensitive complex assembly. Therefore, my first aim is to determine the effects of 

mechanical stress and cell envelope stiffness on multicomponent efflux complex MacAB-TolC 

function in Escherichia coli. 

  Aim 2 of my thesis investigates the effect of mechanical stress on cell wall synthesis 

mediated by a two component signaling system. Mechanical stimuli function as a primary signal 

for tissue remodeling of other biological load-bearing structures such as bone and arteries, but it 

is unknown if mechanical stress influences bacterial cell envelope homeostasis. To investigate the 

role of mechanical stress on cell envelope homeostasis, we chose to look at a system that controls 

gene expression for cell wall synthesis, two-component signaling system VxrAB in Vibrio 

cholerae. Two component signaling systems are an important mechanism of signal transduction 
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used by bacteria to adapt to environmental signals via gene expression. The signal that VxrA senses 

is unknown, but in response VxrAB activates a regulon that includes the entire cell wall biogenesis 

pathway [19]. The sensor portion of this signaling system, VxrA, is embedded in the cell envelope, 

so it would be exposed to changes in cell envelope stress. Therefore, my second aim is to determine 

the effect of mechanical stress on VxrAB mediated cell-wall synthesis in Vibrio cholerae. 
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Chapter 2. Background 

Adapted from Harper, C. E., & Hernandez, C. J. (2020). Cell biomechanics and mechanobiology 

in bacteria: challenges and opportunities. APL bioengineering, 4(2), 021501. with the permission 

of AIP Publishing.  

 

Here I will review the current state of the emerging field of bacterial biomechanics and 

mechanobiology to provide relevant background and context for my research. I cover the structures 

in bacteria that contribute to cell biomechanics, the current assays available for mechanically 

stimulating bacterial cells, and review what is currently known about mechanobiology in bacteria.  

 

2.1 Structure of Bacteria 

The structure, morphology, and internal constituents of bacteria vary considerably among 

species. However, there are three major characteristics that contribute to the biomechanics of all 

bacteria: the bacterial cell envelope, the magnitude of internal pressure, and the cytoskeleton. Since 

historically most of the research on single cell biomechanics and mechanobiology has been 

performed on mammalian cells, I will present comparisons of mammalian cell and bacterial cell 

physiology and structure. 

Mammalian cells are separated from their environment by a cell membrane consisting of a 

phospholipid bilayer. Structurally, the cell boundary of bacteria is more complex than that of 

mammalian cells and can include one or two cell membranes and, in most bacterial species, a cell 

wall. Together the cell membrane(s) and cell wall are referred to as the ñcell envelope.ò The 

constituents of the cell envelope provide the primary phenotypic classification for bacteria as 

determined using staining approaches discovered by Hans Christian Gram [20]: Gram-negative 
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bacteria have an inner membrane, an outer membrane, and a cell wall (Fig 2.1A) while Gram-

positive bacteria have only the inner membrane and cell wall (Fig 2.1B). The inner membrane and 

outer membrane of bacteria, like that of mammalian cells, are composed of phospholipid bilayers. 

The lipid composition of bacterial cell membranes and mammalian cell membranes are different 

in many ways. For example, the most abundant lipid in mammalian cells, phosphatidylcholine, is 

not present in most bacteria [21], [22]. In mammalian cells, cholesterol is a vital component of the 

plasma membrane, but cholesterol is not found in bacterial cell membranes. The differences in 

membrane composition between mammalian and bacterial cells cause differences in membrane 

fluidity. Additionally, the protein composition within bacterial membranes differs from that within 

mammalian membranes. Most notably, the outer membrane of Gram-negative bacteria contains 

lipopolysaccharides (LPS) that contribute to outer membrane structure and may also influence cell 

mechanical properties. Lastly, the bacterial cell wall is the major determinant of bacterial cell shape 

and mechanical properties. Mammalian cells do not have cell walls. The bacterial cell wall is 

composed of the peptidoglycan (known as the murein in older literature[23]). Peptidoglycan 

consists of polysaccharide strands crosslinked by peptide chains, creating a porous, mesh-like 

structure (pore size 4-20 nanometers) [24], [25]. The thickness of the cell wall varies among 

species; the peptidoglycan layer in Gram-positive bacteria is reported to be 19-33 nm thick and 

the peptidoglycan of Gram-negative bacteria is reported to be 2.5-6.5 nm thick [26]. As a result, 

Gram-positive bacteria display greater cell envelope stiffness than Gram-positive bacteria [27].  

In mammalian cells, transmembrane protein complexes that transmit and/or detect 

mechanical forces are involved in most mechanosensory mechanisms. In bacteria, mechanically 

analogous protein complexes must cross the entire cell envelope. Bacterial trans-envelope protein 

complexes that connect all layers of the bacterial cell envelope and are present in both Gram-
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positive and Gram-negative species include the flagella and pili [27]. In Gram-positive organisms, 

wall teichoic acids are attached to the peptidoglycan and lipoteichoic acids form connections 

between the inner membrane and the peptidoglycan. In Gram-negative organisms, lipoprotein 

(LPP) connects the outer membrane and peptidoglycan, and a variety of trans-envelope protein 

complexes, including secretion systems and efflux complexes, span the inner membrane, cell wall, 

and outer membrane.  

Mammalian cells survive in a relatively well controlled osmotic environment, and in most 

cases the cell membrane need only resist small magnitudes of osmotic pressure; internal pressure 

in mammalian cells is typically less than one kilopascal [28]. In contrast, under normal physiologic 

conditions, bacteria maintain a large trans-envelope osmotic pressure, referred to in the 

microbiology literature as turgor pressure. Turgor pressure is typically 100 kPa [29], although 

reports range from 10-500 kPa [30]ï[33]. The large range in reported turgor pressure may be a 

result of differences among bacterial genus and species and is also likely the result of technical 

limitations in measuring turgor pressure in bacteria [34]. In either case, the turgor pressure in 

bacteria is at least one order of magnitude greater than that of mammalian cells (and likely two 

orders of magnitude greater). As a result, membrane tension in bacterial cells is large, creating 

mechanical challenges to cells undergoing cell envelope remodeling, cell elongation, and cell 

division. 

In mammalian cells, the mechanical performance of cells is dominated by the cytoskeleton 

ï the dynamic structure of actin and tubulin that provides structure to the cell and enables transfer 

of forces to internal structures and organelles. Although bacteria lack a cytoskeleton, bacteria do 

have a number of cytoskeletal-like molecules that serve mechanical functions. The most well 

understood cytoskeleton-like proteins are MreB, crescentin and FtsZ. MreB was first identified as 
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a ñshape determiningò molecule in Bacillus subtilis. MreB and MreB analogs are present in almost 

all non-spherical bacteria [35]. MreB is a curved protein located circumferentially in rod-like 

bacteria and resists the hoop stresses generated by turgor pressure (Fig 2.1C) [36]ï[38]. In the 

absence of MreB, a normally rod shaped species assumes a spherical shape [39]. Crescentin is a 

molecule that resembles intermediate filaments in mammalian cells and is present in crescent and 

helical shaped bacteria [40].  Crescentin filaments are oriented longitudinally along the inner 

surface of the bacterial cell envelope, creating asymmetric mechanical stiffness that results in the 

cell curvature as the cell elongates during growth (Fig 2.1D) [40]ï[42].  FtsZ is a tubulin-like 

molecule that assembles at the point of cell division [43] (the Z-ring) (Fig 2.1E). FtsZ resists 

circumferential and hoop stresses caused by turgor pressure and thereby enables the tapering of 

the cell envelope required for cell separation during division [44]ï[46]. 
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Figure 2.1. Bacterial cell structure  a) Gram-negative bacteria have an inner membrane, 

peptidoglycan, and an outer membrane. (b) Gram-positive bacteria have an inner membrane and 

peptidoglycan. (c) MreB, shown in white, is located circumferentially in rod-like bacteria. 

Modified from [47].  (d) Crescentin filaments, shown in pink, are oriented on the inner surface of 

the cell wall in curved and helical bacteria. Modified from [40] (e) FtsZ, shown in lime green, 

assembles at the septum during cell division. [43]. 
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2.2 Mechanical Stimulation Assays  

The mechanical properties of bacteria and bacterial components are challenging to evaluate 

due to the small cell size (typically ~ 1 µm in characteristic size). The small size of bacteria 

represents a challenge in applying mechanical loads as well as measuring deflections of the cell 

envelope. As a result, many methods for measuring mechanical properties of mammalian cells or 

applying mechanical stimulus to mammalian cells are not feasible for bacteria. Substrate 

stretching, one of the most common methods of mechanical stimulation of mammalian cells, is 

ineffective for bacteria because it requires bacteria to be adhered to the substrate in at least two 

points (a situation difficult to confirm experimentally). Additionally, deformation of a bacterium 

on a substrate can be difficult to observe. Micropillar substrates, another useful means of 

measuring forces generated by mammalian cells, are also ineffective for bacteria as the size of the 

micropillars (2-10 microns) is substantially larger than bacteria [48]ï[50].  

Micropipette aspiration is a well-established approach for measuring the stiffness of the 

mammalian cell membrane but has limited utility with bacteria. During micropipette aspiration a 

pipette tip much smaller than the cell applies negative pressure to the cell membrane to pull a small 

portion of the cell into the pipette tip. The pressure and deformation of the cell are measured and 

used to calculate elastic modulus and viscosity of the cell [51]. Although nanopipettes can be made 

that are sufficiently small to capture a bacteria, the stiffness of the cell wall prevents reliable 

measures of deformation under micropipette aspiration (although some measures of bacteria after 

the removal of the cell wall have been reported [52]).  

One early and innovative method of measuring bacterial mechanical properties was created 

by Thwaites and Mendelson. Bacteria grown into chains were formed into threads up to a meter 

long, and the material properties of these threads were used to estimate the material properties of 
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individual bacteria [53]. A major limitation of examining threads of bacteria is that the measured 

stiffness is related not only to the stiffness of the bacteria but also to the proteins linking the 

bacteria that are in loaded in series within the thread.  

Despite the challenges in providing a controlled mechanical stimulus to bacteria, a number 

of techniques have been developed to mechanically stimulate bacteria to assess cell mechanical 

properties or even isolate mechanosensitive mechanisms. Here I will review the following 

methods: osmotic shock, gel encapsulation, cell bending, extrusion loading, atomic force 

microscopy, and fluid shear. 

 

2.2.1 Osmotic Shock  

Perhaps the most straightforward method of applying mechanical stress to bacteria 

is through osmotic shock. The technique involves generating a rapid change in the osmolarity of 

the external media, resulting in changes in turgor pressure and bacterial geometry (Fig 2.2). 

Changes in cell dimensions during osmotic shock can be used to estimate cell envelope 

stiffness [54], [55].  

During hypo-osmotic shock, the osmolarity outside of the cell drops quickly, resulting in 

an increase in turgor pressure, cell volume, and tension on the bacterial cell envelope as water 

diffuses into the cell. The change in mechanical stress within the cell envelope during osmotic 

shock is determined using mechanical models of thin walled pressure vessels [56], [57]. For a rod-

like cell with internal pressure P, radius r, wall thickness t, the thin walled pressure vessel 

approximation indicates the following principal stresses:  

 „    Eq. 2.1 
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 „   Eq. 2.2 

 „    Eq. 2.3  

where ůa is the axial stress, ůh is the hoop stress, and ůr is the radial stress (much smaller in 

magnitude than the other two and denoted as negative because it is compressive in nature). During 

hypo-osmotic shock the magnitude of axial stress, hoop stress, and radial stress in the cell envelope 

increases (Table 2.1).  

 Hyper-osmotic shock can be caused by a rapid increase in osmolality of the surrounding 

liquid media and results in reductions in turgor pressure, cell volume, and stresses within the cell 

envelope. If the reduction in turgor pressure is sufficiently large, the inner membrane may separate 

from the cell wall, a response known as plasmolysis (Fig 2.2). Observations of plasmolysis have 

been useful for determining the mechanical contributions of the different components of the cell 

envelope [55]. However, separation of the inner membrane from the cell wall through plasmolysis 

is rarely uniform around the cell envelope, and it is therefore difficult to estimate the resulting 

change in membrane tension. 

Osmotic shock is advantageous in that it can be used on bacteria of any shape and size, and 

changes in cell geometry due to fluctuations in osmolarity can be observed quickly, on the order 

of seconds to minutes. Microfluidic devices developed over the last decade and available 

commercially can apply rapid changes in osmolarity including cyclic variations, opening up a 

range of potential mechanical stimuli to bacteria. Additionally, osmotic shock can be performed 

in a high-throughput fashion. Osmotic shock experiments have provided substantial insight into 

the role of pressure, cell wall insertion, cell division, and stiffness of the outer membrane [58], 

[11], [55], [59]. Despite the utility of osmotic shock as a mechanical loading approach, there are 

limitations to the amount of mechanical loading that can be applied using this method. When large 
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changes in mechanical load are applied, hyper-osmotic media may lead to plasmolysis and hypo-

osmotic media may lead to cell lysis. Additionally, modifications to osmolarity, by altering cell 

water content, may influence cell physiology independently from the change in turgor pressure, 

potentially limiting the ability to use the approach for studying mechanobiology [58] . Lastly, a 

major limitation of osmotic shock as a mechanical stimulus is that the magnitude of turgor pressure 

is difficult to ascertain (see above), and the turgor pressure changes over time as the cell adapts 

the internal osmolarity to decrease osmotic pressure, limiting our ability to understand the relative 

changes in mechanical stress. 

 

Table 2.1. The change in the magnitude of the mechanical stress in the bacterial cell envelope 

caused by mechanical loading assays. 

 Hoop Stress Radial Stress Axial Stress 

Osmotic Shock 

Hypo-osmotic 

Hyperosmotic 

 

ŷ 

Ź 

 

ŷ 

Ź 

 

ŷ 

Ź 

Gel Encapsulation - - Ź 

Cell Bending - - 
ŷ Flow side 

Ź Opposite of Flow 

Extrusion Loading Ź Ź ŷ 

AFM ŷ near contact Ź at contact ŷ near contact 

Fluid Shear - - ŷ 
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Figure 2.2 Osmotic shock. Top left: a bacterium experiences hypo-osmotic shock which results 

in an increase in cell volume. Top right: a bacterium experiences hyper-osmotic shock which 

results in a decrease in cell volume. Bottom left: a bacterium under normal osmotic pressure. 

Bottom right: a bacterium experiences plasmolysis which may result in the inner membrane (black) 

separating from the cell wall (orange). 

 

2.2.2  Gel Encapsulation 

Tuson et al. introduced a novel method of studying bacterial mechanical 

properties/mechanobiology by encapsulating bacteria within solid media, a technique we refer to 

here as gel encapsulation [57]. In a gel encapsulation experiment, rod-shaped bacteria are 

suspended in solid media (agarose gel) and the elongation of each individual bacterium is 

measured as it grows. The gel surrounding the bacteria generates compressive forces that resist 

elongation (Fig 2.3). Increasing the stiffness of the gel results in greater resistance to cell 

IȅǇƻπƻǎƳƻǝŎ 
ǎƘƻŎƪ

bƻǊƳŀƭ ǇǊŜǎǎǳǊŜ

IȅǇŜǊƻǎƳƻǝŎ
ǎƘƻŎƪ

tƭŀǎƳƻƭȅǎƛǎ
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elongation. By examining cell elongation in many different stiffnesses of gel, it is possible to 

calculate the Youngôs modulus of the bacterial cell envelope [57].   

Mechanical stress caused by gel encapsulation involves compressive forces generated by 

the gel that balance the tensile stresses in the cell envelope associated with turgor pressure. As a 

result, a rod-shaped bacterium submitted to gel encapsulation experiences a reduction in axial 

tensile stress, without changes in hoop or radial stress (Table 2.1)[18]. One challenge in 

interpreting mechanical characterization using gel encapsulation is that the forces generated by the 

surrounding gel only occur when the gel is deformed by the addition of material to the cell 

envelope. As there is evidence that external forces can influence the rates of insertion of material 

into the cell envelope, the factor being measured (rate of elongation) influences the applied force, 

complicating interpretation of the results [57].  

However, gel encapsulation has a major advantage in that it can be used in a high 

throughput fashion. Auer and colleagues found that optical density measures of bacteria within 

gels of different stiffness were useful surrogate measures of cell lengthening (Fig 2.3) [60]. By 

measuring optical density measurements in 96 well plates loaded with different stiffness gels, Auer 

and colleagues were able to estimate the relative stiffness of the entire Keio collection of 

Escherichia coli (a library of Escherichia coli strains in which each strain has one non-essential 

gene knocked out) and thereby identify genes associated with cell stiffness [60]. Similarly, a 

library of Pseudomonas aeruginosa was recently screened to identify genes associated with cell 

stiffness [61]. However, there are limitations to the gel encapsulation method. So far, this method 

has only been used on rod-shaped bacteria. Furthermore, if the cells are close together within the 

gel, the growth of one cell may affect the compressive force of the gel on nearby cells.   
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Figure 2.3. Gel encapsulation. In gel encapsulation, the bacterium experiences compressive axial 

forces. The optical density of a gel with encapsulated cells over time is dependent upon gel 

stiffness. Modified from [60] . 

 

2.2.3  Cell Bending 

Cantilever bending is a common approach for measuring the mechanical properties of a 

material. There are two methods of performing a cantilever bending test with live bacteria: one 

using a microfluidic flow based device [62] and another using an optical trap probe [38], [63]. In 

the microfluidic flow approach, a bacterium within a microchannel has cell division inhibited to 

induce filamentous growth. The cell grows outside of the microchannel into a chamber where a 

transverse fluid flow is present that bends the cell (Fig 2.4). The optical trap approach involves 

binding one end of the bacterium to a substrate and the other end to a polylysine-coated 

microsphere. An optical trap is then used to apply force to the polylysine-coated bead causing the 

free end of the cell to bend. The displacement of the tip of the cell during bending is used to 

determine cell flexural rigidity using beam theory [62]. The Youngôs Modulus of the cell envelope 

is then determined from the flexural rigidity by assuming a cell envelope thickness.  

DŜƭ 9ƴŎŀǇǎǳƭŀǝƻƴ
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An advantage of the bending approaches is the ability to apply a controlled force that can 

be maintained from seconds to hours. This approach is also unique in its ability to directly measure 

flexural rigidity. Although mechanical analysis under bending is straightforward, there are a 

number of limitations to this approach. First, the requirement that cell division is inhibited (i.e. the 

cells become filamentous) results in changes in cell physiology that may affect mechanical 

properties and mechanosensory mechanisms [64]. Second, the cells cannot be recovered from the 

testing apparatus to allow biochemical assays. Furthermore, with regard to the optical trap method, 

it is difficult to image the contact between the cell and the underlying substrate, resulting in some 

errors in the shape and location of the boundary conditions with the underlying surface. This 

limitation with the optical trap method may explain why the approach has not yet been used since 

its initial presentation. Lastly, both of these approaches are labor-intensive and therefore have 

relatively low throughput.  

 

/Ŝƭƭ .ŜƴŘƛƴƎ
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Figure 2.4. Cell bending. Fluid flow on free end of the filamentous bacterium causes cell 

bending. Modified from [62].  

 

2.2.4 Extrusion Loading 

Extrusion loading is a mechanical stimulation approach resembling micropipette aspiration 

used in mammalian cells [51]. Rather than pulling the cell into a micro/nano pipette, the approach 

involves forcing the cell into a small tapered channel. The first reported implementation of the 

concept was performed within a microfluidic device [65]. Bacteria flow into the wide end of the 

tapered channel and get lodged in the channel (Fig 2.5). The distance the bacterium travels down 

the tapered channel is related to the stiffness of the bacteria as well as the applied hydrostatic fluid 

pressure. Bacteria submitted to extrusion loading remain viable and continue to elongate and 

divide while experiencing mechanical load.  

Extrusion loading generates a complex mechanical stress state within the bacteria [18]. A 

bacterium trapped within the channel decreases in diameter as it deforms within the tapered 

channel. The contact between the walls of the tapered channel results in a radial compressive force 

applied to the trunk of the bacterium that acts against hoop stresses generated by turgor pressure 

(Table 2.1). The contact with the channel wall also results in a small frictional force along the axial 

direction.  A bacterium submitted to extrusion loading increases in length axially and experiences 

an increase in axial tensile stress. 

During extrusion loading, the hydrostatic fluid pressure at the inlet of the microfluidic 

device is 25-200 kPa [18], [65]. Hydrostatic pressure considered alone, in the absence of the 

extrusion loading microfluidic device, causes changes to the stress state within bacteria. Extreme 

magnitudes of hydrostatic pressure (>50 MPa)  have been shown to cause changes in bacterial 
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physiology and cell death [66].  At hydrostatic pressure from 50-100 MPa, cell growth, DNA 

replication, and RNA synthesis inhibition have been observed [66]. Very high hydrostatic 

pressures, 100-600 MPa, are commonly used in the food industry to inactivate or kill bacteria in 

order to preserve or sterilize food [67].  However, these extreme hydrostatic pressures are at least 

an order of magnitude greater than the hydrostatic pressure used during extrusion loading. 

An advantage of extrusion loading is that it can be used on hundreds of bacteria at up to 12 

distinct load magnitudes at once. Additionally, the approach does not require alterations in 

bacterial cell physiology (inducing filamentation, forcing adhesion to a surface) and can 

theoretically be used on bacteria with any initial shape (rod-like, crescent, cocci, etc.). Current 

limitations to the approach include the complicated stress state of the cell envelope as compared 

to other approaches. Additionally, as with any microfluidic based approach, removing bacteria 

from the device for additional biochemical examination has not yet been demonstrated and would 

be technically challenging. 

 

9ȄǘǊǳǎƛƻƴ [ƻŀŘƛƴƎ
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Figure 2.5. Extrusion loading. Bacteria are forced into tapered channels using microfluidic 

pressure. 

 

2.2.5 Atomic Force Microscopy  

Atomic Force Microscopy (AFM) has also been used by a number of groups to query the 

mechanical properties of bacteria. AFM has been used to measure the stiffness of the cell envelope 

of isolated bacterial cell wall [68], to measure the stiffness of the cell envelope in an intact cell 

[31], [68]ï[70], to determine the viscoelastic properties of the cell envelope [71], [72], and to 

estimate turgor pressure [31], [33], [69], [70].  AFM can also be used to created profiles of a 

bacterium [73]. 

The AFM probe comes into contact with the bacteria and displaces a small region of the 

cell surrounding the probe (Fig 2.6). Detailed analytical and/or finite element models are used to 

assess the mechanical stresses within the cell envelope when in contact with the AFM probe.  

Directly beneath the point of contact, the cell envelope experiences compression, but the 

surrounding regions experience tensile stresses.   

Advantages of AFM include being able to query local regions of interest within a bacterium 

and being able to apply very precise load magnitudes. One limitation of using AFM is that the cells 

must be immobilized in order to probe them mechanically. Immobilization can be achieved in 

many ways, including entrapment in pores, electrostatic interactions, and Polyethyleneimine or 

gelatin coated slides [70], [71], [74]. An additional limitation is that the boundary conditions 

related to cell contact with the substrate and initial turgor pressure can be difficult to control but 

can greatly influence the results of mechanical models used to interpret the results of the AFM 

study. Additionally, AFM measurements are labor-intensive, resulting in low throughput. Lastly, 
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the AFM approach has been shown useful for probing cell biomechanics but has not yet been 

shown useful for studying mechanobiology (the response to mechanical stimuli).  

 

Figure 2.6. Atomic force microscopy. A small region of a cell is displaced by a cantilever during 

AFM. A height profile of a bacterium created using AFM. Modified from [73]. 

 

2.2.6 Fluid Shear 

Fluid shear is an additional method for applying mechanical stimuli to bacteria. Bacteria 

naturally adhere to surfaces [75]. When an adhered bacteria is submitted to additional fluid flow, 

stresses are generated within the cell envelope [76] (Fig 2.7).  Fluid shear experiments have 

provided insight into the response of bacteria to mechanical stimuli. In Pseudomonas aeruginosa, 

fluid shear enabled the identification of an operon that responds to flow rate independently of shear 

stress [77].   

The specific mechanical stresses generated by fluid flow are complicated. Bacteria adhere 

to surfaces using adhesins and other exposed surface proteins [76]. Depending on the concentration 

of adhesion points, there are stress concentrations within the cell envelope around the points of 

!Ca
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adhesion. Additionally, fluid flow over the cell causes shear stress in the cell envelope. Further 

stress can develop if the bacterium begins to move across the surface using pili or flagella. An 

advantage of this method is that it closely mimics mechanical stresses observed in the environment. 

A limitation of this approach is that the complicated boundary conditions associated with adhesion 

points make it challenging to evaluate cell biomechanics.  

 

Figure 2.7. Fluid shear. Fluid flow over a surface attached bacterium. 

 

2.3 Mechanobiology in Bacteria 

In addition to being useful for assessing the mechanical properties of bacteria, the 

approaches described above have been used to understand how bacteria sense and respond to 

environmental mechanical stimuli. Bacteria exist in an environment full of mechanical stimuli. 

Bacteria experience changes mechanical stresses including deformation from surface attachment, 

turgor pressure fluctuations from osmotic shock, shear from fluid flow, growth within a biofilm, 

and these environmental mechanical stimuli have a profound effect on bacterial survival and 

physiology [78]ï[81]. Here I will review some major findings in bacterial mechanobiology 

CƭǳƛŘ {ƘŜŀǊ
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regarding cell envelope protein function, cell wall insertion and division, surface sensing and 

adhesion, and biofilm properties.  

 

2.3.1 Cell Envelope Proteins 

Some of the earliest evidence that bacteria respond to mechanical stimuli came from the 

discovery of mechanosensitive channels in Escherichia coli [82], [83]. Hypo-osmotic shock causes 

a sudden increase in bacterial turgor pressure and cell envelope stress, and as a result, stretch-

activated mechanosensitive channels open and release solutes. The release of solutes through the 

mechanosensitive channels results in a decrease in the osmotic gradient and turgor pressure, 

thereby helping prevent cell lysis [84]. Cells without mechanosensitive ion channels are more 

susceptible to cell lysis under hypo-osmotic shock [85]. Mechanosensitive channels are now 

recognized in many Gram-positive and Gram-negative species [86], [87]. Interestingly, 

mechanical stimulation by cell compression has been shown to affect voltage gated calcium flux 

in Escherichia coli [88]. The mechanism of this mechanically sensitive calcium flux not yet 

known, but it is not mediated by any known mechanosensitive ion channels. While 

mechanosensitive channels were one of the first mechanosensitive components discovered in 

bacteria, there is still more to learn about them and their function. 

Mechanical stresses within the bacterial cell envelope are directly experienced by trans-

envelope protein complexes. One important function of trans-envelope protein complexes is 

removal of antibiotics and other toxins. In a recent study, Genova, Roberts, and colleagues found 

that the CusCBA efflux complex (used by bacteria to remove toxic copper and silver) is disrupted 

in response to mechanical stresses in the cell envelope [18]. Disruption of the CusCBA efflux 

complex was correlated with deviatoric stresses within the cell envelope, but not with cell envelope 
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hydrostatic stress. This finding is novel in linking one form of mechanical stress (deviatoric stress) 

within the cell envelope to a biological response and suggests that mechanical stresses have the 

potential to influence a broad array of toxin and antibiotic resistance mechanisms in bacteria.  

Two-component systems are a common signal transduction mechanism that allow bacteria 

to sense environmental signals and respond through gene expression [89], [90]. Two-components 

systems are comprised of a cell envelope bound histidine kinase sensor and a cytosolic response 

regulator. Histadine kinases are another membrane protein highly likely to be able to sense 

mechanical stress in the cell envelope, although there is yet to be direct evidence [91]. A typical 

histidine kinase is a transmembrane protein located in the inner membrane with an N-terminus that 

extends into the cytosol [92]. Histadine kinases can sense a wide range of environmental stimuli 

including temperature, pH, oxygen, osmolarity, and small solutes [93], and given their location in 

the inner membrane, it is possible histadine kinases are sensitive mechanical forces through 

changes in membrane tension. Upon activation of the sensor domain of the histadine kinase, the 

histadine kinase undergoes autophosphorylation. The transmitter domain of the histadine kinase 

catalyzes transfer of a phosphate group to a cytosolic response regulator protein. The activated 

cytosolic response regulator then controls gene regulation [93].  In this way, histadine kinases and 

response regulators form two-component systems that help bacteria sense environmental 

conditions and respond by regulating gene expression. 

Several potentially mechanosensitive two-component systems in bacteria have been 

identified including the WspA/R, CpxA/R, EnvZ/OmpR, and MCP/CheY signaling systems. The 

Wsp signaling system in Pseudomonas aeruginosa responds to surface sensing, changes in cell 

membrane stiffness, and unfolded or misregulated proteins in the periplasm and inner membrane, 

all of which cause changes in the mechanical strain in the bacterial cell envelope [91], [94], [95]. 
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The Cpx-signaling pathway in Escherichia coli was also identified as potentially serving a 

mechanosensitive function from cell deformation during surface adhesion. The Cpx-signaling 

pathway is activated due to a variety of stimuli including cell attachment to hydrophobic surfaces 

and response to misfolded proteins in the cell envelope [96]; however, later the findings dispute 

Cpx signaling during hydrophobic surface attachment, making its mechanosensitive function 

uncertain [97]. The EnvZ/OmpR  and the CheA/Y systems in Escherichia coli are both activated 

during osmotic shock, and molecular dynamics studies show ATP binding to the histidine kinases 

are sensitive to changes in membrane tension through lipid interactions [91], [98]. Two-component 

systems are powerful mechanisms of signal transduction in bacteria, and the role of mechanical 

stress in controlling two-component signaling continues to be investigated. 

 

2.3.2 Cell Wall Elongation and Division 

Mechanical stress and strain have been shown to influence the localization of cell wall 

insertion in rod-shaped bacteria. Ursell and colleagues monitored the localization of new cell wall 

insertion in filamentous Escherichia coli. Filamentous Escherichia coli display curvature, 

dimpling, and bulging. New cell wall insertion occurred preferentially at areas of negative cell 

wall curvature [99], a mechanism that eventually leads to straightening of the cell. Although the 

authors argued that the localization of new cell envelope insertion was dominated by curvature, 

regions of negative cell wall curvature also correspond to stress concentrations, and it is unclear if 

curvature or mechanical stress is the dominant cause. More recently, Wong and colleagues used 

the microfluidic cell bending approach to show that insertion of the new cell envelope material 

occurred preferentially in regions of the cell experiencing tensile strain [100].  
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Cell growth within constrained spaces has also been shown to influence cell shape and 

therefore cell wall insertion localization. Männik and colleagues introduced mechanical constraints 

to cell growth by growing Escherichia coli and Bacillus subtilis cells in shallow chambers with a 

chamber depth less than the free-floating cell diameter. As these cells grew in the chambers, they 

exhibited abnormal cell shapes that were strikingly different than the free-floating rod-shaped 

morphology. The cell width in the unconfined direction grew to be two times greater than the free-

floating cell width, and cells were often asymmetric with bulges and protuberances. [101] . Si and 

colleagues also observed increased cell width in the unconstrained direction and bulging and 

asymmetry when using a microfluidic device to apply compression to cells [102]. The mechanical 

constraints of the channel walls significantly impacted localization of cell wall insertion and 

consequently cell shape.  

Additionally, mechanical stress and strain in the cell envelope influences cell division. The 

cytoskeleton-like protein FtsZ produces mechanical forces to resist turgor pressure and constrict 

the cell envelope at the site of division. Sun and colleagues found that directly after bacteria 

experience hyper-osmotic shock, FtsZ concentration and septum constriction rate increases [59]. 

One explanation is that hyper-osmotic shock causes a decrease in turgor pressure and cell envelope 

hoop stress, thereby decreasing the force FtsZ must produce to constrict the cell envelope. 

Modifying lipid membrane stiffness can also affect cell division by influencing the force necessary 

for FtsZ constriction. Salinas-Almaguer and colleagues found that lipid membrane stiffening 

through the addition of dodecylamine and palmitic acid caused decreased cell division. The authors 

argue this is because the increased stiffness of the membrane inhibits FtsZ constriction. 

Conversely, membrane softening through the addition of pentanol and propofol lead to filamentous 

cell growth, which may be caused by disrupted FtsZ assembly due to membrane instability [103]. 
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Turgor pressure and cell envelope stiffness both influence the magnitude of force needed to 

constrict the cell at the septum, highlighting the importance of cell mechanics during cell division. 

 

2.3.3 Surface Sensing and Adhesion 

Mechanical forces have also been implicated in bacterial surface sensing and surface 

adhesion. Surface adhesion is essential to colonization and biofilm formation, although it is still 

not clear how bacteria sense a surface in order to initiate adhesion [75], [104]. The mechanical 

environment at the surface differs from the mechanical environment in a bulk liquid; a cell 

physically deforms with contact to a surface, shear stress increases as a cell transitions from a 

flowing fluid to a surface. Additionally, mechanical forces associated with adhesion are often 

transmitted through extracellular appendages physically interacting with the surface. These and 

other mechanical cues could help initiate surface adhesion. Type IV pili and flagella may have 

mechanosensitive functions that contribute to surface sensing. 

Type IV pili are extracellular appendages that dynamically extend and retract from bacteria 

and are important for attachment and twitching motility on surfaces. In Pseudomonas aeruginosa, 

the attachment of Type IV pili to a solid surface begins a signaling cascade that regulates hundreds 

of genes [105].  The mechanical forces caused by surface attachment lead to the release of 

virulence factors in Pseudomonas aeruginosa only when the Type IV pili are functional [16]. 

Additionally, in surface-attached Pseudomonas aeruginosa, fluid shear leads to increases in cyclic 

dimeric guanosine monophosphate (cyclic-di-GMP), a factor that is essential in initiating biofilm 

formation, only when the Type IV pili are functional [17]. Mechanical signals not only influence 

surface sensing, but also cell surface motility. In Pseudomonas aeruginosa Type IV mediated 

twitching direction is influenced by mechanical signals from Type IV pili . Cells change twitching 
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direction upon colliding with other cells, a phenomena the authors dubbed mechanotaxis [106]. 

While these studies show the importance of Type IV pili for surface sensing and motility, early 

studies did not suggest a mechanism of Type IV pili mechanotransduction. Recently, Webster and 

colleagues found that the Type IV pili tip-associated protein PilY1undgoes force-induced 

conformational changes, offering the first evidence of a direct mechanism by which bacteria can 

use mechanical forces to detect the surface using Type IV pili [13]. 

Flagella are well known for their role in bacterial locomotion, but flagella are also 

important for regulating surface adhesion [14]. Bacteria may sense a surface through inhibition of 

flagellar rotation. As a bacterium nears a surface, rotation of the flagellum is interrupted by contact 

with the surface, resulting in stresses within the motor complex. External inhibition of flagellar 

rotation may influence many surface behaviors including biofilm formation, adhesion, and 

swarming. Restriction of flagellar rotation in Bacillus subtilis upregulates the DegSïDegU 

pathway, which promotes biofilm formation [15]. Restriction of flagellar rotation in Caulobacter 

crescentus leads to the production of polar holdfast adhesive polysaccharide that helps with surface 

adhesion [107]. In Vibrio parahaemolyticus restriction of the polar flagella  promotes 

differentiation to the swarmer cell phenotype, enabling motility on surfaces [108], [109]. In 

addition to sensitivity to inhibition, flagella assembly appears to be sensitive to magnitude of 

mechanical load. Flagellar motor units assemble and disassemble in response to changes in 

external load [110]ï[113]. External load on flagella can be changed by adjusting media viscosity, 

attaching beads of varying sizes to flagellar filaments, and tethering cells to a surface using 

flagellar stubs. More detailed information on flagellar mechanosensing can be found in a review 

by Belas [114].   
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Once cells are adhered to a surface, the forces generated by surrounding fluid shear can 

lead to changes in virulence factors and biofilm formation. In enterohemorrhagic Escherichia 

coli, increased fluid shear enhances the expression of a group of virulence genes encoded in the 

locus of enterocyte effacement (LEE) [115]. In Pseudomonas aeruginosa attached to a surface, 

fluid shear leads to increases in cyclic-di-GMP, a factor that is essential in initiating biofilm 

formation [17]. Furthermore, a recent study indicated that, in Pseudomonas aeruginosa, an operon 

may respond to flow rate independently of fluid shear stress [77].   

 

2.3.4 Biofilm properties 

Mechanical forces due to fluid flow have been implicated in altering the mechanical 

properties and matrix composition of bacterial biofilms. Biofilms grown at greater magnitudes of 

fluid shear tend to be more rigid than biofilms grown at lower magnitudes of fluid shear [116]ï

[118].  The changes in biofilm mechanical properties may be explained by changes in extracellular 

polysaccharide density. Greater magnitudes of fluid shear stress during biofilm production have 

been shown to led to increased polysaccharide production in Pseudomonas fluorescens [119], 

Staphylococcus aureus [120], and Bacillus cereus [121]. Changes in biofilm properties related to 

growth at greater fluid shear may make biofilms more viable in environments with transient 

increases in shear stress.  In Bacillus cereus, biofilms grown under greater magnitudes of shear 

stress were more capable of remaining adhered to the surface when exposed to increased shear 

stress [121]. Similarly, Pseudomonas aeruginosa biofilms grown at greater magnitudes of shear 

stress were more strongly adhered and more cohesive [122].  There is some evidence that biofilm 

properties in clinical infections are influenced by the mechanical environment. Clinical isolates of 

Staphylococcus epidermidis were collected from areas of high shear, such as catheters, and areas 
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of low shear, such as cerebral spinal fluid shunts. Cells from high shear areas were more likely to 

produce biofilms mediated by polysaccharide intercellular adhesin [123]. Although these studies 

indicate that fluid shear can influence biofilm composition/structure, how forces are transduced 

remains to be determined. Environmental forces affect biofilm properties, biofilms can also exert 

physiologically relevant forces on their environment.  Cont and colleagues found that Vibrio 

cholerae  biofilms can generate enough force to disrupt epithelial cells monolayers [124], 

highlighting another way in which biofilm mechanics and mechanobiology are important factors 

affecting virulence. 
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3.1 Abstract 

Multicomponent efflux complexes remove antibiotics and other toxins from Gram-

negative bacteria and thereby contribute to antibiotic resistance. We have previously shown that 

mechanical stress in the cell envelope promotes disassembly of CusCBA, an RND family efflux 

complex that is responsible for removing toxic Cu+ and Ag+ from Escherichia coli. It is unclear 

if mechanical stress also influences other efflux complexes. Here, we examine MacAB-TolC, an 

efflux complex from the ABC family that contributes to resistance to macrolide antibiotics. We 

first examine the spatial and temporal behaviors of MacA and MacB under no mechanical loading. 

We find that MacAB-TolC can dynamically assemble and disassemble, and that MacB excess and 



32 

 

clustering behaviors facilitate efflux function. We then examine the effect of mechanical stress in 

the cell envelope on MacA and MacB. Mechanical stress was applied to Escherichia coli using a 

microfluidic device that uses fluid pressure to force bacteria into narrow tapered channels where 

they experience mechanical stress and deformation. The assembly of the MacAB-TolC efflux 

complex was examined by using single molecule tracking of the inner membrane pump protein 

MacB as well as the periplasmic protein MacA. At greater magnitudes of mechanical stress, the 

proportion of disassembled MacAB-TolC complexes increased. MacB and MacA diffusivity 

decreased at greater levels of mechanical stress. We also investigated the role of cell stiffness on 

mechanosensitive MacB and MacA behavior by treating cells with A22, an antibiotic that 

decreases cell stiffness. We found that decreased cell stiffness during mechanical loading caused 

changes in protein mobility: protein clustering increased, and protein diffusivity decreased. We 

attribute changes in protein mobility to the decreased surface area caused by cell stiffness and 

mechanical loading. Our findings show that mechanical stress and cell surface area affect MacAB-

TolC function through several mechanisms including assembly and protein mobility. 

 

3.2 Introduction  

Bacterial infection is a major public health issue. The development of antibiotic resistance 

makes treatment increasingly challenging, especially for Gram-negative bacteria that are 

insensitive to a wide range of antibiotics due to their outer membrane (OM) [125], [126]. For 

pathogenic bacteria, virulence and antibiotic resistance are two sides of the same coin that 

contribute to overcoming adverse conditions in the host [127]. Multidrug efflux pumps, which are 

a ubiquitous and highly conserved resistance mechanism, not only can actively extrude a large 

variety of antimicrobial agents but also export virulence factors.  
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Multidrug efflux pumps are categorized into superfamilies based on the inner membrane 

(IM) transporter in Gram-negative bacteria [128]ï[130]. Transporters in the ATP-binding cassette 

(ABC) superfamily, the largest superfamily present in all organisms, are energized by ATP 

hydrolysis. These transporters usually form tripartite complexes with a periplasmic adaptor protein 

and an OM pore protein, traversing the cell envelope and extruding substrates into the extracellular 

environment [130]. MacB, an essential ABC-superfamily transporter in many Gram-negative 

bacteria including Escherichia coli, forms the MacAB-TolC complex with the periplasmic adaptor 

protein MacA (which is anchored on the IM via a N-terminal helix [131], [132]) and the OM 

channel protein TolC (a promiscuous OM protein in huge abundance in the cell) in A6:B2:C3 

stoichiometry (Fig. 3.1A, left) [133]ï[135]. Many biophysical, biochemical, and genetic studies 

have provided insights into the structure and function of the MacAB-TolC complex [136]. 

MacAB-TolC confers resistance to diverse antibiotics including macrolide drugs, bacitracin, and 

colistin; moreover, it secretes endogenous substrates related to virulence factor and heme 

hemostasis (e.g., enterotoxin STII, lipopolysaccharide and protoporphyrin IX) (Fig. 3.1A, right) 

[132], [133], [137]ï[139]. The MacB homodimer has a nucleotide-free (open) and an ATP-bound 

(closed) form; both forms lack a transmembrane cavity, indicating that MacB captures substrates 

directly from the periplasm [133]. In the assembled complex, besides connecting MacB and TolC, 

the hexameric MacA stimulates MacBôs ATPase activity [135], [140]. ATP binding to MacB 

dimer induces a more compact structure via conformational changes of its transmembrane and 

periplasmic domains in a so-called mechano-transmission mechanism, pumping out the substrate 

[133].  

Many aspects remain unclear about the functional mechanism of MacAB-TolC. First, it is 

unclear whether the cellular levels of the three proteins follow the 6:2:3 stoichiometry as in the 
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assembled complex. The promiscuous OM channel protein TolC is in large abundance (~1500 

copies in E. coli [141]), and thus is likely in large excess. Second, although a possible portal for 

substrate entry was proposed based on the crystal structure of MacB dimer, such portal is likely 

less accessible in the assembled MacAB-TolC complex [135]. Third, there is no discernible 

substrate-induced conformational change in MacB. MacA likely forms complex with MacB with 

or without substrate which would be unproductive for ATP binding to MacB. Previous studies 

have shown that a tripartite metal efflux complex can undergo dynamic assembly in response to 

substrates [142], [143]. This dynamic assembly would in principle solve the substrate entry 

problem of MacAB-TolC, but whether it is applicable here is unknown, and little is known 

concerning the dynamics of the MacAB-TolC complex in cells [144], [145].  

Here we use quantitative single-molecule single-cell fluorescence microscopy to image the 

spatial and temporal behaviors of both MacB and MacA in live E. coli cells. We find that the 

cellular protein concentrations of MacA to MacB do not follow the complex stoichiometry of 6:2, 

but instead excess MacB to drives the formation of most MacA into the MacAB-TolC complex. 

Moreover, the MacAB-TolC complex can dynamically assemble/disassemble, and the excess 

MacB transporters can dynamically exchange between the clustered and declustered forms. Both 

the complex assembly and MacB clustering can also be perturbed chemically or physically. All 

these behaviors led to propose an adaptor-shuttling mechanism in which the limiting MacA shuttle 

dynamically among the excess MacB, and dynamic clustering of MacB also facilitates its 

sequestering substrates from periplasm to give overall efficient substate efflux. These findings 

improve the current understanding of ABC transporters, especially as exporters that expel toxins 

and drugs out of the cell, which can contribute to the development of effective antimicrobial 

therapies.  
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Figure 3.1. Single-cell protein quantitation reveals the discrepancy between complex and 

cellular protein stoichiometries of the MacAB-TolC efflux system. (A) Schematic of the 

assembled MacAB-TolC complex (left) and a sliced view of the complex (right), illustrating 

A6B2C3 stoichiometry, mEos3.2 tag (green) on MacB, and PAmCherry1 tag (red) on MacA. IM: 

inner membrane. CW: cell wall. OM: outer membrane. (B) Confocal fluorescence images of cells 

overexpressing MacBmE and MacAPmC after photoconversion. White dashed lines: cell boundaries. 

(C) Copy number of chromosomally tagged MacBmE and MacAPmC in various strains (n > 300 for 

each strain) quantified by single molecule tracking (SMT) + single-cell quantification of protein 

concentration (SCQPC) (solid bars) and whole-cell fluorescence quantitation (hatched bars); 
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experiments with and without erythromycin (ERY) (ɛg/mL) were conducted on DacrAB mutant to 

increase sensitivity. Error bars: SD.  

 

3.3 Results and Analysis 

3.3.1 Single-cell protein quantitation identifies excess of cellular MacB 

First, we checked whether the cellular proteins follow the MacA:MacB:TolC = 6:2:3 

stoichiometry as in the assembled MacAB-TolC complex at physiological conditions. To quantify 

cellular MacB/A (TolC is at ~1500 copies [141]), we tagged them with fluorescent protein fusions 

at their chromosomal loci. The IM transporter MacB was tagged at its cytosol-exposed C-terminus 

with the photoconvertible mEos3.2 (i.e., MacBmE) [146]. The adaptor protein MacA was tagged at 

its periplasm-exposed C-terminus with the photoactivable PAmCherry1 (i.e., MacAPmC) [147], 

which does not contain cysteine residues and can mature properly in the periplasm [148], [149]. 

Both mEos3.2 and PAmCherry1 allow for controlled photoconversion/photoactivation and 

subsequent singe-molecule imaging, tracking, and counting [150]. Tagging either MacB or MacA 

retained the efflux function of MacAB-TolC against macrolides, whereas tagging both in the same 

cell significantly compromised macrolide efflux and was thus not studied further (Section 3.4.2.1; 

Fig. 3.6). Immunoblotting further showed that the MacBmE fusion is intact and MacAPmC has <30% 

of cleavage even under overexpression (Section 3.4.2.2; Fig. 3.7). The cleaved MacAPmC C-

terminal fragment, which would be even less significant under physiological expression, should 

be nonfluorescent as discussed below and expected from literature [151]ï[153]. Confocal 

microscopy showed both MacBmE and MacAPmC are localized on the cell envelope expectedly (Fig. 

3.1B), supporting their being functional and mostly intact in the cell. 
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We measured the copy numbers of MacBmE and MacAPmC in individual cells using both 

single-molecule counting and whole-cell fluorescence quantification (Section 3.4.3 ; Fig. 3.9A and 

Fig 3.10A). Both methods yielded copy numbers of MacB and MacA at 60 ° 25 per cell (Fig. 

3.1C; note 1 copy corresponds to ~1 nM in an E. coli cell). Even considering potential MacAPmC 

cleavage, MacA copy number is still less than ~85, giving cellular MacA:MacB molar ratio of 

<1.5:1, about half of their 6:2 complex stoichiometry, and indicating the large cellular excess of 

the transporter MacB protein. Both proteinsô copy numbers are mostly invariant when the other 

protein is deleted or when the cell is stressed with the efflux substrate erythromycin (Fig. 3.1C). 

The copy number quantitation is also independent of the fluorescent protein tag (Fig. 3.9). 

Together with the abundance of TolC, these cellular protein levels make MacA the limiting reagent 

in MacAB-TolC complex formation. Considering the interaction affinities of MacA-MacB being 

~50 nM [145] and of MacA-TolC being ~200 nM [144], MacA should therefore predominantly 

exist in the assembled MacAB-TolC complex, and free disassembled MacA should be a minor 

species in the cell. 

Single-molecule tracking reveals dynamic MacAB-TolC interactions 

Tagging with photoconvertible/activatable fluorescent proteins also allowed for single-

molecule photo-conversion/activation and subsequent tracking at tens of nanometer spatial 

precision to quantify protein diffusion in the cell (Fig. 3.2A, inset). The experimental distribution 

of displacement length r from the tracking trajectories is distorted by the cell confinement effect 

and 2-D imaging projection, which can be deconvoluted by ITCDD (inverse transformation of 

confined displacement distribution) for both membrane [142], [150], [154] and cytosolic proteins 

[150], [155] (Fig. 3.2A). 
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Figure 3.2. Single molecule tracking reveals the dynamic behaviors of MacB and MacA in 

cells. (A) Representative ITCDD-corrected distribution of displacement length r of MacBmE in 

WT cells (total 38184 molecules in 3167 cells); lines: overall fitting (black), and two resolved 

mobile (Dm, red) and quasi-stationary (Ds, blue) diffusion states. (Inset) Overlay of tracking 

trajectories of MacBmE molecules in a single WT cell. Brown dashed line: cell boundary. (B, C) 

Fractional populations of the mobile (Am, red) and quasi-stationary (As, blue) diffusion states of 

MacBmE and MacAPmC in various strains. (D, E) Effective interconversion rate constants between 

the mobile and quasi-stationary states, kmŸs and ksŸm, of entering and leaving the quasi-

stationary state, respectively, for MacBmE and MacAPmC. Error bars in B E: SD. 

 

For MacBmE in wild-type (WT) cells, the ITCDD-corrected displacement length 

distribution resolves two diffusion states: A mobile state with diffusion coefficient Dm of 0.83 ° 

0.05 ɛm2Țs-1 amounts to a fraction of 27 ° 5% (Am); this state is attributable to freely moving 

MacBmE dimers (Fig. 3.4A), whose Dm is consistent with typical inner-membrane mobile proteins 

[142], [150]. The other state (Ds = 0.055 ° 0.002 ɛm2Țs-1) is quasi-stationary considering our 

tracking uncertainties and accounts for the dominant fraction of 73 ° 5% (As). A significant 
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component of this quasi-stationary fraction should be the assembled MacA6B2-TolC3 complex, 

whose linkage across the cell envelope should severely limit its mobility (Fig. 3.1A). But the 

assembled MacA6B2-TolC3 complex cannot fully account for this quasi-stationary state of MacB, 

as the cellular MacB copies are twice as many as MacA (Fig. 3.1C). We attribute the rest of this 

stationary state to MacBmE dimers clustered together (i.e., [MacB2]n) in the inner membrane either 

directly or indirectly (e.g., by association with other proteins) (Fig. 3.4B), which is known to limit 

membrane protein diffusivity [150], [156]. The assembled MacA6B2-TolC3 complex could also be 

among such [MacB2]n clusters; (Fig. 3.4B). Upon deleting both MacA and TolC from the cell (i.e., 

DAC), MacAB-TolC complex formation is not possible; but the quasi-stationary state of MacBmE 

is still dominant at ~75% fraction (Fig. 3.2B, column 4), further supporting the scenario of MacBmE 

clustering as a significant contributor here. 

We also examined the DA single-deletion strain, in which MacBmE coexists with TolC on 

the inner- and outer-membrane, respectively. Past studies showed that MacB and TolC have weak 

to negligible interactions in vitro [144], [157]. E. coliôs periplasmic space is ~17 to 35 nm thick 

[158], [159], while the periplasmic portions of MacB and TolC add up to only ~15 nm [135], [160], 

making their interactions even less possible. Therefore, MacBmE mobility in the DA strain should 

be like that in the DAC strain. Indeed, the same mobile and quasi-stationary diffusion states are 

observed with comparable fractional populations (Fig. 3.2B, column 2 vs. 4), which are dominated 

by free MacBmE dimers and their clusters, respectively. Additionally, in the DC single-deletion 

strain, MacBmE coexists with MacA, but in excess relative to their 2:6 complex stoichiometry. 

MacA is known to form a tight complex with MacB [145]. Thus, in the absence of TolC, MacA is 

expected to bind and form some complex with both mobile and stationary fractions of MacBmE, 

but this MacBmE-MacA complex does not traverse the periplasm and may not substantially alter 
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MacBmE mobility. Experimentally, the same two diffusion states of MacBmE are observed in the 

DC strain with similar fractional populations as in the DAC strain (Fig. 3.2B, column 3 vs. 4), 

supporting that MacA binding to MacB alone has no significant effect on MacBmE mobility. 

Moreover, single molecule tracking directly gives displacement length r vs. time t for 

trajectories of individual MacBmE. In the trajectories r transitions between small and large values, 

reflecting dynamic interconversions between the quasi-stationary and mobile states. By analyzing 

such trajectories, we estimate the interconversion kinetics between MacBmEôs two diffusion states 

[150]. In WT cells, MacBmEôs interconversions are a convolution of assembly/disassembly for 

forming the MacAB-TolC complex and of clustering/declustering of MacB in the inner membrane, 

and the effective rate constants are Ὧ ᴼ  =14 ° 8 and Ὧᴼ  = 5 ° 3 s-1 (Fig. 3.2D). However, in 

the DAC and DA strains, the interconversion kinetics dominantly report MacBôs 

clustering/declustering; this interconversion is also on the order of 100 s-1 (Fig. 3.2D), reflecting 

the dynamic nature of MacBôs (de)clustering at the sub-second timescale (Fig. 3.4, step ii).  

In parallel, we used single molecule tracking to quantify the diffusion of MacAPmC in the 

cell. In the WT strain, two states are resolved with D values of 0.95 ° 0.08 and 0.062 ° 0.003 

ɛm2Țs-1 (Fig. 3.2C, column 1). Importantly, no state was resolvable with D values close to those 

of cytosolic free diffusing proteins (~7 ɛm2Țs-1) [161] or free periplasmic proteins (~3 ɛm2Țs-1) 

[162]; therefore, the <30% cleaved tag of MacAPmC is likely non-fluorescent and non-observable 

here. Between the two resolved states, the quasi-stationary state of MacAPmC dominates (>65% of 

population), consistent with that MacA is the limiting protein stoichiometrically for the MacAB-

TolC complex and should exist dominantly in the assembled, quasi-stationary complex (Fig. 

3.4D). The other minor mobile population could have contribution from either the moving 

unassembled MacAPmC (Fig. 3.4C) or MacAPmC
 in complex with mobile MacB dimers. The latter 
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is less likely, however, because its Dm value (~0.95 ɛm2Țs-1) is slightly larger than that (~0.83 

ɛm2Țs-1) of the mobile MacBmE in the same WT strain, while MacA binding should only slow 

down MacB. Consequently, MacAPmCôs interconversion between the two diffusion states here 

should dominantly reflect its dynamic assembly/disassembly regarding the MacAB-TolC 

complex, whose effective rate constants are approximately 7 ° 3 and 4 ° 1 s-1 (Fig. 3.2E). 

In the DB strain where TolC is in large excess, MacAPmC should dominantly exist in the 

MacA-TolC complex that traverses the cell envelope, consistent with its stationary fractional 

population of  >70% (Fig. 3.2C). The mobile state (<30%) can only be unassembled MacAPmC 

here. Here MacAPmCôs interconversion between two diffusion states reflects the dynamic MacA-

TolC interactions at a rate of 100 s-1 (Fig. 3.2E; Fig. 3.4, step iv). In DC the strain, most MacAPmC 

should be complexed with MacB as there are excess MacB in the cell. As a significant portion of 

MacB is in the clustered form, we assigned the dominant stationary fraction of MacAPmC here to 

its association with [MacB2]n (Fig. 3.2C, column 3). The interconversion kinetics should thus 

reflect the dynamic interactions between MacA and [MacB2]n at a rate of 100 s-1 (Fig. 3.2E; Fig. 

3.4, step iv). Interestingly, in the double-deletion DBC strain, we still observed ~60% of quasi-

stationary MacAPmC (Fig. 3.2C, column 4). This stationary fraction can only be explained by direct 

or indirect clustering of MacAPmC, and this interconversion is dynamic as well (Fig. 3.2E).  

Altogether, single molecule tracking of MacBmE and MacAPmC in cells support that the 

MacAB-TolC complex is dynamic both in terms of their assembly of the three components and in 

terms of their direct or indirect clustering. 

 

3.3.2 MacB and MacA show distinct spatial localizations in the cell 
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The above diffusive behaviors suggest that MacB (and maybe MacA) proteins may cluster 

together directly or indirectly via interactions with other cellular components, which contributes 

to their respective quasi-stationary fractions. We therefore examined the whole-cell wide-field 

fluorescence images (which has a diffraction-limited resolution of ~300 nm), in which we 

photoconverted/activated all cellular MacBmE and MacAPmC. MacBmE shows granular fluorescence 

patterns, supporting its clustering in the cell, while the spatial pattern of MacAPmC is diffuse (Fig. 

3.3A).  

 

Figure 3.3. Distinct spatial organization patterns of MacBmE and MacAPmC in the cell. (A) 

Transmission (top) and fluorescence (bottom) images of MacBmE and MacAPmC in WT in which 
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all mE/PmC are photoactivated; the granular features are circled in red. (B, C) Normalized PWDD 

of first locations of MacBmE (B) and MacAPmC (C) in WT. Black, all MacBmE/MacAPmC molecules; 

red, mobile molecules; blue, quasi-stationary molecules; black dashed line, from simulation of 

randomly localized dimers or hexamers on cell membrane. The PWDD peak of quasi-stationary 

molecules at the short distance of ~80 nm is shaded, whose area reflects the extent of 

oligomerization and/or clustering. (D, E) Area of the PWDD peak at ~80 nm of MacBmE (D) and 

MacAPmC (E) in various strains; black dashed line: simulations of randomly located dimers (D) or 

hexamers (E). Error bars: SD. 

 

To further probe such clustering beyond diffraction-limited resolution, we analyzed the 

pairwise distance distributions (PWDD) from the 1st localizations of single molecule tracking 

trajectories [142], [150]. For MacBmE in the WT strain, its PWDD shows a clear peak at the short 

distance of ~80 nm, supporting its clustering (Fig. 3.3B, black curve). We further separated the 

MacBmE localizations into two groups: those dominated by mobile dimers (Fig. 3.3B, red), and 

those dominated by quasi-stationary molecules, which comprise the clustered form and the 

assembled MacAB-TolC complex (Fig. 3.3B, blue). The PWDD for the mobile group has no 

discernible peaks at short distances, while the PWDD for the quasi-stationary group shows a 

pronounced peak at ~80 nm. Moreover, such a peak does not appear in the PWDD of simulated 

localizations of dimeric proteins that are spatially distributed homogeneously on the cell surface 

(Fig. 3.3B dashed line), supporting that this PWDD peak comes more from MacBmE cluster (Fig. 

3.4B) than from its being a dimeric protein (Fig. 3.4A). Consistent with our earlier assignments 

that the quasi-stationary state is dominated by protein clustering, the PWDD peak at ~80 nm is 

observed across other MacBmE related strains (i.e., DA, DC, and DAC). Interestingly, across all 
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strains this PWDD peak has comparable fractional areas (Fig. 3.3D), suggesting that in the WT 

strain, the fully assembled MacAB-TolC is also part of the clustered MacBmE (Fig. 3.4B).  

Such a PWDD peak at the short distance of ~80 nm is also observed in all MacAPmC 

relevant strains (Fig. 3.3C), and in analogy to our discussion about MacBmE, this peak is primarily 

contributed by MacAPmCôs quasi-stationary state. However, its fractional area varies across these 

strains: the simulation of spatially homogeneous hexametric proteins shows a comparable peak to 

those of WT and the DBC strain, which are significantly higher than those of DB and DC strains 

(Fig. 3.3E). In the absence of MacB or TolC, the quasi-stationary state of MacAPmC mainly consists 

of MacA-TolC complexes or MacAPmC complexed with clustered MacB, respectively. Considering 

both the PWDDs and the earlier state assignments, we attribute that in the DB and DC strains, there 

is minimal MacAPmC clustering and the inter-distances between MacAPmC molecules are diluted 

by MacAôs nanomolar high affinity interactions [144], [145] with excess TolC or MacB without 

even forming hexamers. For the WT strain, the PWDD peak at ~80 nm likely comes dominantly 

from MacAPmC hexamerization in the fully assembled MacA6B3-TolC3 complex (Fig. 3.4D). In the 

DBC strain, MacAPmC is on its own at ~100 nM cellular concentration and hexamerizes, consistent 

with previous in vitro studies that MacA alone could hexamerize at high concentrations [131].  

Altogether, our PWDD analyses here support the existence of MacB clusters around the 

MacAB-TolC assembly, consistent with its cellular excess relative to MacA. The analyses further 

support that in the WT strain, the stoichiometrically limiting component MacA, is dominantly in 

the hexameric assembled form, ensuring its maximum usage for efflux.  

3.3.3 Adaptor-protein shuttling model for MacAB-TolC function 

Taking all earlier results together, in WT E. coli cells, due to the large excess of inner 

membrane transporter MacB and outer membrane channel TolC, the adaptor protein MacA 
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dominantly exists in the MacA6B2-TolC3 assembly, which can dynamically disassemble at sub-

second timescale, while more than half of MacB is not in the MacAB-TolC complex. Because of 

MacBôs tendency to cluster, most assembled complexes are associated with clustered MacB, which 

can dynamically exchange with the mobile state at sub-second timescale. These stoichiometric, 

spatial, and temporal properties of the protein components led us to propose an adaptor-protein 

shuttling model for MacAB-TolCôs functional cycle (Fig. 3.4): (i) the excess freely moving MacB 

captures substrates from the periplasmic side (Fig. 3.4A); (ii) the substrate-bound MacB 

dynamically exchanges with the clustered MacB around the assembled MacAB-TolC complex 

(Fig. 3.4B); (iii and v) MacA shuttles over to form a complex with the substrate-bound MacB, 

which activates MacBôs ATP binding that drives substrate extrusion by the mechano-transmission 

mechanism [133]; (iv) complex disassembles after ATP hydrolysis; and (v) disassembled MacA 

then shuttles to another nearby substrate-bound MacB for the next round of efflux (Fig. 3.4C). 

 

Figure 3.4. Adaptor-protein shuttling model for MacAB-TolC efflux in the presence of 

transporter excess and clustering. Five steps are involved: (i) substrates (red) bind to vacant, 

uncomplexed MacB (orange) from the periplasm side. (ii) the substrate-bound MacB dynamically 
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cluster around the assembled complex. (iii) MacA (purple), shuttle over to the substrate-bound 

MacB, together with the abundant OM TolC (blue), to form the MacAB-TolC complex, which 

then recruit ATP to extrude the substrate by mechano-transmission. (iv) MacAB-TolC dissembles 

with ATP hydrolysis, releasing the vacant MacB and MacA. (v) MacA shuttles over another 

nearby substrate-bound MacB, repeating step iii, and the vacant MacB is ready to capture 

substrates from the periplasm, repeating step i. 

 

This model is further supported by literature and addresses prior knowledge gaps about 

MacAB-TolC function. Regarding step i (Fig. 3.4), unlike conventional ABC transporters that 

switch between inward- and outward-facing conformations, MacB lacks central cavities within its 

transmembrane domains for substrates translocation across the inner membrane [135], [163], 

[164]. Instead, MacB can capture substrates into the cavity within its periplasmic domains, which 

would favor the efflux of substrates that are already transported into the periplasm by other 

machineries (e.g., enterotoxin STII, LPS precursors, antibiotics, and protoporphyrin) [132], [137]ï

[139] or exterior substrates that enter the periplasm (e.g., antibiotics) [132]. However, previous 

structural studies did not uncover easily accessible entry pathways for physiological substrates to 

enter the assembled MacAB-TolC complex. Therefore, the excess, freely moving vacant MacB 

provides direct access for substrate binding (Fig. 3.4A), efficiently sequestering substrates from 

the periplasm, and as shown in step ii, can also dynamically form clusters (Fig. 3.4B).  

Regarding step iii, the adaptor protein MacA caps over the substrate-bound MacB, 

increasing its affinity to ATP (33, 41), and together with the outer membrane channel protein TolC, 

forming the MacAB-TolC assembly. The interaction between MacA and TolC, either in the 

ñsheath-likeò or the more prevalent ñtip-to-tipò manner, is known to potentially trigger the opening 
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of TolC, forming a conduit to the extracellular environment (Fig. 3.4D) [166], [167]. The ATP 

binding by MacB also leads to the closure of the MacB periplasmic domain to squeeze the substrate 

out of the periplasmic cavity via mechano-transmission [133]. Subsequently, step iv involves ATP 

hydrolysis and the disassembly of MacAB-TolC. The role of ATP hydrolysis remained elusive in 

the catalytic cycle besides the reset of MacB from the ATP-bound closed form to the nucleotide-

free open form. The presence of ADP was reported to weaken the MacA-MacB interaction [145], 

and the change of MacB periplasmic domain significantly affects MacA-TolC assembly [145], 

both leading to the possibility that ATP hydrolysis and product release might facilitate complex 

disassembly.  

For step v, the released vacant MacB from a disassembled complex is then ready for 

substrate binding again, and for MacA to shuttle over another substrate-bound MacB, which could 

be facilitated by the geometric proximity from MacB clustering. This mechanism suggests that the 

excess transporters, preloaded with substrates, drive the limiting adaptor proteins into the 

formation of tripartite efflux complex, and also facilitate its clustering around the functional 

assembly for efficient substrate translocation.  

3.3.4 Chemical perturbation supports the functional role of MacB clustering  

In the adaptor-protein shuttling model, the clustering of excess MacB around the MacAB-

TolC complex is important for efficient MacA shuttling (Fig. 3.4). This clustering of MacB could 

occur via direct MacB2-MacB2 interactions or indirect interactions with other proteins close to 

inner membrane. In E. coli, the prokaryotic actin homolog MreB is one of the most important 

cytoskeleton network proteins located beneath the IM, and it is known that the small molecule 

A22, i.e., S-(3,4-dichlorobenzyl) isothiourea, can disrupt MreB polymerization [168], [169], which 

could potentially perturb MacB clustering. Therefore, we treated WT cells with A22 (at 10 ɛg/mL 
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which is known to reduce cell stiffness immediately and reversibly [38]) and examined the spatial 

organization of MacB and MacA. For MacBmE, the area of its PWDD peak at ~80 nm is halved 

(Fig. 3.5A), indicating MacBmE declustering and supporting that MacB clustering has a 

contribution from association with cytoskeleton proteins like MreB. In contrast, no substantial 

perturbation is observed on the PWDD of MacAPmC (Fig. 3.5A), suggesting that the MacAB-TolC 

complex, where the majority of MacA exists, is not affected by the declustering of MacB.  

Based on our functional model (Fig 3.4), MacB declustering by A22 should hinder efficient 

MacA shuttling, thus compromising MacAB-TolC efflux function and conferring less resistance 

to antibiotics like the macrolide erythromycin. Therefore, we performed a cell erythromycin 

resistance assay in the presence of A22. We used a DacrAB deletion strain here so that the ability 

of MacAB to extrude macrolides is not overshadowed by the efflux complex AcrAB-TolC, a RND-

family efflux pump that confers broad-spectrum resistance to antibiotics [132], [143]. A22 itself 

has little effect on cell growth up to 8 ɛg/mL. With erythromycin alone, cell growth is halved at 

2~3 ɛg/mL erythromycin (Fig. 3.5B, black). Strikingly, in the presence of A22, cells become more 

susceptible to erythromycin, and at [A22] = 3 g/mL, cell growth is almost completely inhibited by 

1 ɛg/mL of erythromycin (Fig. 3.5B), supporting our adaptor-protein shuttling model. These 

results here also suggest that antibiotics targeting different cellular processes (i.e., efflux 

transporter clustering here) can have synergistic, instead of simply additive, functional effects. 
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Figure 3.5. Chemical and physical perturbations on MacAB-TolC function . (A) Area of 

PWDD peak at ~80 nm for MacBmE and MacAPmC in cells without or with 10 µg/mL A22 

treatment. (B) 22 h cell culture OD600 vs. erythromycin concentration [ERY] in the absence or 

presence of different concentrations of A22. (C) Deformed cell width of individual cells during 

extrusion loading vs. æP for cells without (n = 1363) and with (n = 1317) 10 µg/mL A22 treatment. 

Lines: linear fits. (Inset) Schematic of æP-induced cell deformation in extrusion loading. (D) Cell 

surface area vs. æP for cells without (n = 306) or with (n = 897) 10 µg/mL A22 treatment. (E) 

Finite element analysis derived octahedral shear stress in the cell envelope vs. æP. (Inset) 

Representation of octahedral shear stress on an infinitesimally small segment of the cell envelope. 

The segment volume is constant, but the shape is deformed. (F-H) Fractional populations of mobile 

state (Am,) (F), diffusion constants of the mobile state (Dm) (G), and area of PWDD peak at ~80 

nm (H) vs. æP for MacBmE and MacAPmC in cells without and with 10 mg/mL A22 treatment. For 
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MacBmE, n = 584 and 627 cells, respectively. For MacAPmC, n = 512 and 566 cells, respectively. 

Legend applies to F- H. Error bars in A-B, D-H are SD. 

 

3.3.5 Physical perturbation can alter function of MacAB-TolC  

In the adaptor-shuttling mechanism (Fig. 3.4), the assembly of the MacAB-TolC complex 

is essential for efflux function. Previously, we showed that physically perturbing the bacterial cell 

envelope through extrusion loading can disrupt the assembly of a trans-envelope metal efflux 

complex in E. coli [18]; we therefore applied extrusion loading here to study MacAB-TolC. This 

extrusion loading applies mechanical loads via fluid pressure to push and trap individual bacteria 

inside narrow tapered channels (Fig. 3.5C, inset, and Section 3.4.5.2) [65]. At greater pressure 

differentials (ȹP), the E. coli cells travel further into the channels (Fig. 3.14), leading to smaller 

width and cell surface area (Fig. 3.5C-D). Finite element modeling (Section 3.4.8) shows that the 

cell envelope experiences complex mechanical loading as a result of extrusion loading including 

increases in tensile axial stress and reductions in tensile hoop stress. Notably, octahedral shear 

stress, which quantifies the distortional stress in the cell envelope, increases with increasing ȹP 

(Fig. 3.5E), which was previously linked to increased disassembly of a trans-envelope efflux 

complex [18]. At greater ȹP cells also experience a reduction in cell volume, which is likely due 

an increase in turgor pressure causing water loss from the cytoplasm [18]. 

For both MacBmE and MacAPmC in WT cells under extrusion loading, single molecule 

tracking results show that with increasing DP, the mobile fraction increases (Fig. 3.5F, solid 

symbols), consistent with mechanical loading-induced disassembly. Interestingly, the diffusion 

coefficients of their mobile states Dm both decrease (Fig 3.5G, solid symbols). We hypothesize 

this decrease in diffusion coefficients is due to the reduced cell surface area. Changes in surface 
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area have the potential affect protein dynamics by influencing membrane viscosity, membrane 

fluidity , and protein crowding. We attribute the decrease in diffusion coefficients the reduced  

surface area, which should lead to more crowded membranes and slowed protein motions. No 

changes in MacBmE and MacAPmC clustering were observed, as shown by the clustering peak area 

from the PWDD analysis (Fig. 3.5H, solid symbols).  

Using extrusion loading we further perturbed the cells and examined MacBmE/MacAPmC 

behaviors in the presence of A22, which alone can decrease MacB clustering in the cell (Fig. 3.5A). 

A22 was also shown to decrease cell stiffness [65], likely by depolymerizing cytoskeletal MreB 

filaments that provide circumferential support to the cell [38]. Indeed, A22-treated E. coli cells are 

less stiff, travel further into the tapered channels (Fig. 3.14), deform to a narrower width, and 

experience a larger reduction in surface area than non-treated cells with increasing DP (Fig. 3.5C-

D). Finite element modeling also shows that A22-treated cells experience a smaller octahedral 

shear stress at any DP, due to the decrease in material anisotropy of the cell envelope following 

A22-induced MreB depolymerization (Fig. 3.5E).  

Strikingly, in the presence of A22, the mobile fractions of MacBmE and MacAPmC do not 

increase with increasing ȹP, even though more MacAB-TolC disassembly is expected. Instead, 

the mobile fraction of MacBmE stays almost constant while that of MacAPmC decreases significantly 

with increasing ȹP (Fig. 3.5F, open symbols). As DP-induced complex disassembly was linked 

with increased octahedral shear stress in the cell envelope, the smaller magnitude of octahedral 

shear stress in A22-treated cells (Fig. 3.5E) might explain the insignificant change of MacBmEôs 

mobile fraction with increasing DP but cannot explain the significant decrease of MacAPmCôs 

mobile fraction. Since A22 alone affects protein clustering in the cell, we suspected that there 

might be significant changes in protein clustering for the A22-treated cells under extrusion loading. 



52 

 

Indeed, in the PWDD of MacBmE and MacAPmC, the peak area at the short distance increases 

significantly with increasing ȹP for both proteins (Fig. 3.4H, open symbols), reflecting more 

protein clustering. More clustering should increase the stationary state fraction, thus decreasing 

mobile state fraction. Several potential lines of thought could explain the changes in protein 

dynamics after A22 treatment. We attribute the increase in clustering in A22-treated cells to the 

decreased cell stiffness, further travel into the tapered channels, and a smaller surface area during 

extrusion loading (Fig. 3.5D). The reduction in surface area would then increase protein density 

and thereby promote clustering, which is further enhanced as ȹP increases and surface area further 

decreases. The significantly reduced diffusion coefficients of the mobile fractions of both MacA 

and MacB are also consistent with the idea that the membranes are more crowded and protein 

motion is slowed (Fig. 3.5G). Alternatively, it is possible that the change in protein dynamics is 

not due to the decreased cell stiffness due to A22 treatment but rather the loss of MreB motion due 

to A22 treatment. MreB moves through the membrane during cell wall synthesis [170], and this 

motion could promote protein diffusion. However, we find this explanation unlikely since previous 

work has shown that A22 does not affect membrane protein mobility [171], and MacA and MacB 

are unlikely to be directly associated with MreB since MacA and MacB are found in the caps and 

trunk sections of the cell envelope. Another potential explanation is that changes in periplasmic 

space during mechanical loading affect protein diffusion dynamics. Using finite element models 

of cells experiencing extrusion loading (Section 3.4.8), we found that periplasmic space increases 

slightly with increasing ȹP for untreated cells and A22 treated cells. However, since the untreated 

and treated cells experience a similar increase in periplasmic space and the overall change is only 

around 1 nm, we find it unlikely that periplasmic space explains the changes in protein dynamics.  
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Altogether, physical perturbation using extrusion loading affects MacAB-TolC, which we 

attribute to two competing factors in altering trans-envelope efflux complex function: octahedral 

shear stress and cell surface area. Octahedral shear stress impairs the complex assembly while cell 

surface area affects membrane protein mobility and clustering. Cell stiffness, alterable by A22, 

plays a significant role in both factors by determining the degree to which octahedral shear stress 

and cell surface area change, thereby determining the consequence of the mechanical 

manipulation. Both factors perturbed by extrusion loading are crucial for the efflux function and 

have compensating effects on the MacAB-TolC function but do suggest possibilities to be 

synergistic in other systems.  

 

3.4 Supplementary Information  

3.4.1 Materials and methods 

3.4.1.1 Bacterial strain construction 

Plasmids, primers, and strains used in this study are summarized in Table 3.1, Table 3.2, and 

Table 3.3. All constructed strains were derived from the Escherichia coli BW25113 strain (CGSC# 

7739 Keio Collection, Yale; genotype: (F-ȹ(araD-araB)567, ȹlacZ4787(::rrnB-3), ɚ-, rph-1, 

ȹ(rhaD-rhaB)568, hsdR514). The lambda-red homologous recombination technique was used to 

construct the tagging of MacB and MacA at their respective chromosomal loci (i.e., MacBmE, 

MacBPmC, and MacAPmC), as well as deletions in the chromosomal genes.  

3.4.1.1.1 Tagging the C-terminal of macB and macA gene with fluorescent protein for 

single molecule tracking and copy number quantification 

To perform single molecule tracking, we chose to tag the C-terminus of MacB with the 

monomeric, irreversibly photoconvertible fluorescent protein mEos3.2. The transporter MacB is a 
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transmembrane protein whose C-terminal region is exposed in the cytoplasm [135], and thus the 

mEos3.2 fusion tag can fold and mature properly. MacA is an inner-membrane anchored 

periplasmic protein whose C-terminal region is predicted to be exposed in the periplasm [131], an 

oxidizing environment which might hinder the proper folding and maturation of fluorescence 

protein with cysteine residues by forming interchain-disulfide bridges. Thus, we chose to tag the 

C-terminus of MacA with the monomeric, irreversibly photoactivable fluorescent protein 

PAmCherry1 which does not have any cysteine residues. The cellular copy number of MacB and 

MacA can be quantified by imaging the fluorescent protein tag. To alleviate differences in copy 

number quantification due to the tag, the quantification for MacB was further checked and 

confirmed by swapping its mEos3.2 tag with PAmCherry1, the same fluorescent protein tag of the 

macA gene.  

For the linear DNA insert to tag chromosomal macB gene, primer pair H1-MacB-mEOS32-FP 

and H2-MacB-CAM-RP (Table 3.2) were used to obtain MacBH1-mEos3.2FLAG:cat-MacBH2 

via PCR from the pUCmEOS3.2FLAG:cat plasmid template. The homology regions H1 and H2 

are the last 40 bp of the macB gene before and after the stop codon, respectively. The linear DNA 

insert was subject to DpnI digestion to ensure the removal of the plasmid template, and then gel 

extraction using a PCR Clean-up System (Promega) for further purification.  

The linear DNA MacBH1-mEos3.2FLAG:cat-MacBH2 was transformed into E. coli cells via 

electroporation. We prepared the electrocompetent cells of E. coli BW25113 harboring the 

temperature-sensitive plasmid pSLTS (Table 3.1) by first culturing the overnight culture in LB 

(Sigma-Aldrich, cat. #: L3022-6X1KG) with ampicillin (100 µg/mL, USBiological) in 30 °C.  

Form the overnight culture, a 1:1000 dilution with the SOB media [2% w/v Bacto Tryptone 

(Sigma-Aldrich, cat. #: T9410), 0.5 % w/v Bacto Yeast Extract (Sigma-Aldrich, cat. #: Y1625), 
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10 mM NaCl (Macron, 7581-12), 2.5 mM KCl (Fisher Scientific, P217-500), 10 mM MgCl2 

(Mallinckrodt, 5958-04), and 10 mM MgSO4 (Fisher Scientific, M63-500) all in nanopure sterile 

water] was made with ampicillin and 20 mM L-arabinose (SigmaAldrich, cat. #: A3256) to induce 

the expression of the bet, gam, and exo ɚ-Red enzymes encoded in pSLTS. This SOB dilution was 

shaking at 30 °C until its OD600 reaches ~ 0.6. The cells were centrifuged down and washed with 

cold 10% glycerol (Macron, 5092-02 in nanopure sterile water) for three times, diluting to a final 

volume of 25 µL in 10% glycerol. The linear DNA insert was then electroporated (2.5 kV, using 

MicroPulser Electroporator: cat. #: 1652100, Bio-Rad) into the prepared BW25113 

electrocompetent cells. After electroporation, cells were recovered in SOC medium [SOB medium 

+ 20 mM glucose (sigma-Aldrich, cat. #: G7528)] for 4 hours in 30 °C, and then plated onto LB-

agar containing both ampicillin (100 Õg/mL) and chloramphenicol (10 ɛg/mL, USBiological) for 

another 18 hours in 30 °C. Colonies were selected, and the successful transformation was 

confirmed via colony PCR screening and gene sequence analysis. The temperature sensitive 

pSLTS was then removed by incubating the cells at 42 °C for 18 h, which is confirmed by colony 

PCR screening. The desired engineered strain that has mEos3.2 and FLAG epitope integrated right 

after the macB gene is named MACBME (Table 3.3). 

The tagging procedures for PAmCherry1 fusions on MacB and MacA were executed in the 

same manner that from the pUCPAmCherry1FLAG:cat plasmid template, the primer pair H1-

MacB-PAmC1-FP and H2-MacB-CAM2-RP and the primer pair H1-MacA-PAmC1-FP and H2-

MacA-CAM-RP were used to obtain MacBH1-PAmCherryFLAG:cat-MacBH2 and MacAH1-

PAmCherryFLAG:cat-MacAH2, respectively.  

3.4.1.1.2 Cloning macBmE and macAPmC into pBAD24 for Western blot detection of fusion 

protein intactness under over-expression 
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To check the intactness of the MacB tagging, the macB-mEos3.2-FLAG gene were inserted 

into the L-arabinoseïinducible pBAD24 plasmid (Table 3.1). The pBAD24 plasmid was digested 

with EcoRI-HF (NEB) and SalIHF (NEB) restriction enzymes, and primers MacBmE_wb_fp and 

MacBmE_wb_rp were used to obtain a PCR product containing macB-mEos3.2-FLAG. The linear 

DNA was inserted into the digested pBAD24 plasmid via Gibson assembly. The volume of two 

fragments, nanopure sterile water, and the Gibson Assembly Master Mix (NEB, cat no. E2611S) 

was determined from a Gibson assembly calculator  

(https://barricklab.org/twiki/bin/view/Lab/ProtocolsGibsonCloning; 

Bens_Gibson_Assembly.xlsx). The resulting plasmid pMacBmE was electroporated into 

MACBME electrocompetent cells to obtain the strain MACBME-p. This same procedure was used 

to insert the macA-PAmCherry1-FLAG gene into pBAD24, using primers MacAPmC_wb_fp and 

MacAPmC _wb_rp. The resulting plasmid pMacAPmC was electroporated into the MACAPMC 

electrocompetent cells to obtain the strain MacAPmC-p (Table 3.3). 

3.4.1.1.3 Deletions in the MACBME and MACAPMC base strain for functionality growth 

assay and control imaging 

Since the macrolide efflux ability of MacAB-TolC is overshadowed by another AcrAB-

TolC efflux pump in the RND family, to check the functionality of the tagged protein, a set of 

ȹacrAB mutants of MACBME and MACAPMC strains was constructed. The primer pair ȹacrAB-

kan-fp and ȹacrAB-kan-rp was used to copy out the kan gene from the PT2SK plasmid template. 

The linear DNA insert 40H1AcrA-kan-AcrB40H2 was electroporated into the BW25113 and the 

MACBME electrocompetent cells harboring the pSLTS plasmid to knock out acrAB, giving DR 

and DRMACBME respectively (Table 3.3). On top of the DR base strain, we further knocked out 

the macB gene using the primer pair ȹmacB-kan-fp and ȹmacB-kan-rp to construct DRDB. Same 

https://barricklab.org/twiki/bin/view/Lab/ProtocolsGibsonCloning
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procedures were to prepare the DRMACAPMC and DRDA strain for the MacAPmC functionality 

assay. The pSLTS plasmid for homologous recombination was removed before imaging and 

functionality assay for these strains.  

To study the diffusive behavior of MacB and MacA in the context of MacAB-TolC 

tripartite system, we construct single deletions and double deletions as listed in Table 3.3. First, 

the cat gene drug marker between FRT sites in MACBME and MACAPMC was removed by 

adding the temperature-sensitive plasmid pE-FLP. After the cat gene was successfully cut out, this 

pE-FLP plasmid was removed at 42 °C and pSLTS was transformed back for later gene editing. 

The primer pair ȹmacB-kan-fp/rp, ȹmacA-kan-fp/rp, and ȹtolC-cam-fp/rp was used to make 

macB, macA, and tolC gene deletions in the chromosome.  

3.4.1.1.4 Construction of MacB-mCherry-MacA-PAGFP for potential two-color imaging.  

Imaging both MacB and MacA in the same cell, either to study their interaction via single-

molecule fluorescence resonance energy transfer or to monitor their cellular expression level, can 

provide invaluable information. Therefore, we planned to fuse the C-terminus of MacB with a red 

fluorescent protein mCherry, and the C-terminus of MacA with a dark-to-green photoactivatable 

fluorescent protein PAGFP.  

First, to make the plasmid template pUCmCFLAG:cat for MacBmC tagging, the primer pair 

pUCmEos32FLAG_gbs_fwd and pUCmEos32FLAG_gbs_rev was first used to get the PCR 

product pUCFLAG:cat from the pUCmEos3.2FLAG:cat plasmid containing the FLAG epitope, 

the chloramphenicol resistance gene (cat), and the pUC19 vector. Another primer pair 

mCherry_gbs_fwd and mCherry_gbs_rev was used to amplify the mCherry gene and then inserted 

into pUCFLAG:cat via Gibson assembly. With the primer pair H1-MacB-PAmC1-FP and H2-

MacB-CAM2-RP to obtain H1-mCherryFLAG:cat-H2 from pUCmCFLAG:cat, we obtained 
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MACBMC, its ȹacrAB version DRMACBMC. The cat gene of DRMACBMC was removed by 

pE-FLP plasmid, and an additional macA gene knock out was done DRDAMACBMC. Then, we 

made the pMacAPA-GFP plasmid by inserting the macA and PAGFP gene into the EcoRI-HF and 

SalIHF double digested pBAD24 plasmid via Gibson assembly. This pMacAPA-GFP plasmid was 

transformed into DRDAMACBMC, giving the DRDAMACBMCMACAGFP-p strain of 

chromosomally tagged MacB and plasmid inducible tagged MacA.  

Unfortunately, this double tagged strain proved to be not functional as shown in Fig 3.6, 

and thus we chose not to pursue the chromosomally tagging of both MacB and MacA in the same 

cell for two-color imaging. 

Table 3.1. Plasmids used or constructed for  Chapter 3. 

Plasmid name Relevant Characteristic or genotype Source 

1. pSLTS 

beta, gam, exo recombination 

enzymes, I-SceI enzyme, bla 

(ampicillin resistance) 

Kim et al. (Addgene 

plasmid 59386) 

2. pKD46 

beta, gam, exo recombination 

enzymes, bla  

Keio collection 

(Datsenko et al.) 

3. pT2SK 

I-SceI recognition site, kanR 

(kanamycin resistance) 

Kim et al. (Addgene 

plasmid 59383) 

4. pBad24 

bla (ampicillin resistance), L-

arabinose inducible Guzman et al. 

5. pE-FLP Flippase under promoter pE 

St-Pierre et al.  

(Addgene plasmid 

45978) 

6. pUCmEos3.2FLAG:cat 

mEos3.2-FLAG, cat (chloramphenicol 

resistance), bla, pUC19 backbone Santiago et al. 

7. pUCPAmCherry1FLAG:cat 

PAmCherry1-FLAG, cat, bla, pUC19 

backbone Bing et al. 

8. pUCmCFLAG:cat 
mCherry-FLAG, kan, bla, pUC19 

backbone This study 

9. pRSETA-PAGFP 

PAGFP, bla, pREST A backbone 

Patterson et al. 

(Addgene plasmid 

11911) 

10.pMacAPA-GFP 
pBAD24 backbone, macA-PA-GFP 

insert This study 

11. pMacBmE 
pBAD24 backbone, macB-mEos3.2-

FLAG insert This study 
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12. pMacAPmC 

pBAD24 backbone, macA-

PAmCherry1-FLAG insert This study 

 

Table 3.2. Primers used in Chapter 3. 

Primer name Sequence (5ô-3ô) 

1. H1-MacB-mEOS32-FP 

TGCGGCACGACTGGATCCAGTAGATGCTCTGGCACGA

GAG 

ATGAGTGCGATTAAGCCAGA 

2. H2- MacB-CAM-RP 
CAAAATGCCAGCCCGATCGGCTGGCATTTTTATCTCA

AAAACGACGGCCAGTGAATTCGA 

3. H1-MacB-PAmC1-FP 

TGCGGCACGACTGGATCCAGTAGATGCTCTGGCACGA

GAG 

GTGAGCAAGGGCGAGGAGGA 

4. H2- MacB-CAM2-RP 
CAAAATGCCAGCCCGATCGGCTGGCATTTTTATCTCA

AAAACATATGAATATCCTCCTTA  

5. H1-MacA-PAmC1-FP 
TGAAGTGGTGATTGGTGAGGCCAAACCAGGAGCTGCA

CAAGTGAGCAAGGGCGAGGAG 

6. H2- MacA-CAM-RP 

AGGATAGCTGCGACGAATATCCTTTAATTCGAGCAAA

GGCGTCATTGTGCAGCTCCTGGTTTGGCCATATGAATA

TCCTCCTTAGTTCCT 

7. MacBmE_wb_fp 
TTTTTTGGGCTAGCAGGAGGATGACGCCTTTGCTCGA

ATTAAAG  

8. MacBmE_wb_rp 
CAAGCTTGCATGCCTGCAGGCATATGAATATCCTCCTT

AGTTCCTATTC 

9. MacAPmC_wb_fp 
TTTTTTGGGCTAGCAGGAGGATGAAAAAGCGGAAAAC

CG 

10. MacAPmC_wb_rp 
CAAGCTTGCATGCCTGCAGGCATATGAATATCCTCCTT

AGTTCC 

11. ȹacrAB-kan-fp 

ACCATTGACCAATTTGAAATCGGACACTCGAGGTTTA

CAT 

ATCTCAAGAGTGGCAGC 

12. ȹacrAB-kan-rp 

AAAAAGGCCGCTTACGCGGCCTTAGTGATTACACGTT

GTA 

TTACGCCCCGCCCTGC 

13. ȹmacB-kan-fp 

TCGTCGCAGCTATCCTGCCGGTGATGAGCAGGTTGAG

GTG 

ATCTCAAGAGTGGCAGC 

14. ȹmacB-kan-rp 

GTGCGGGTAACCAGCCAAATAAAATCCCGGTGACCGT

CGA 

TTACGCCCCGCCCTGC 

15. ȹmacA-kan-fp 
TTAATGACCCGGATTGGCATATGGAGTATTCAGAAAA

TTTATCTCAAGAGTGGCAGC 
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16. ȹmacA-kan-rp 
ACAATTTGACTTTATAACGATTATCGCCAACCGGATC

GCCTTACGCCCCGCCCTGC 

17. ȹTolC-cam-fp 
TCTTATCGGCCTGAGCCTTTCTGGGTTCAGTTCGTTGA

GCGTGTAGGCTGGAGCTGCTTC 

18. ȹTolC-cam-rp 
AGGGTTATGACCGTTACTGGTGGTAGTGCGTGCGGAT

GTTCATATGAATATCCTCCTTAG 

19. 

pUCmEos32FLAG_gbs_f

wd 

CGTCCTGATTATAAAGATGATGATG 

20. 

pUCmEos32FLAG_gbs_r

ev 

GAATTCGCCAGAACCAGC 

21. mCherry_gbs_fwd 
CTGCTGGTTCTGGCGAATTCGTGAGCAAGGGCGAGGA

G 

22. mCherry_gbs_rev 
TCATCTTTATAATCAGGACGCTTGTACAGCTCGTCCAT

GC 

23. macA_gbs_fwd 
GCATGGACGAGCTGTACAAGATGAAAAAGCGGAAAA

CC 

24. macA_gbs_rev 
CAAGCTTGCATGCCTGCAGGTCATTGTGCAGCTCCTG

G 

25. PAGFP_gbs_fwd 
TTTTTTGGGCTAGCAGGAGGATGGTGAGCAAGGGCGA

G 

26. PAGFP_gbs_rev ACGGTTTTCCGCTTTTTCATCTTGTACAGCTCGTCCAT 

27. pBad_gbs_fwd TTTTTTGGGCTAGCAGGA 

28. pBad_gbs_rev CAAGCTTGCATGCCTGCA 

 

Table 3.3. Strains used or constructed in Chapter 3. 

Strain  Relevant characteristics or 

genotype  

Reference  

1. BW25113 

Base strain, F-, DE(araD-araB)567, 

lacZ4787(del)::rrnB-3, LAM-, rph-1, 

DE(rhaD-rhaB)568, hsdR514 Keio collection 

2. JW0863-1 ȹmacB Keio collection 

3. DR ȹacrAB, kanR this study 

4. MACBME macB-linker-mEos3.2-FLAG, cat this study 

5. DAMACBME ȹmacA, MACBME, kanR, cat this study 

6. DCMACBME ȹtolC, MACBME, kanR, cat this study 

7. DACMACBME ȹmacA, ȹtolC, MACBME, kanR, cat this study 

8. DRMACBME ȹacrAB, MACBME, kanR, cat this study 

9. DRDB ȹacrAB, ȹmacB, kanR, cat this study 
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10. MACBME-p 

macB-linker-mEos3.2-FLAG, 

pMACBME this study 

11. MACBME-pBAD 

macB-linker-mEos3.2-FLAG, 

pBAD24 this study 

12. MACBMC macB-linker-mCherry-FLAG, cat this study 

13. DRMACBMC ȹacrAB, MACBMC, kanR, cat this study 

14. DRDAMACBMCMACAGFP-

p 

ȹacrAB, ȹmacA, MACBMC, 

pBAD24-PAGFP-MacA, kanR, cat, 

amp this study 

15. DRDAMACBMC 

ȹacrAB, ȹmacA, MACBMC, kanR, 

cat this study 

16. MACBPMC 

macB-linker-PAmCherry1-FLAG, 

cat this study 

17. MACAPMC 

macA-linker-PAmCherry1-FLAG, 

cat this study 

18. DBMACBME ȹmacB, MACAPMC, kanR, cat this study 

19. DCMACBME ȹtolC, MACAPMC, kanR, cat this study 

20. DBCMACAPMC 

ȹmacB, ȹtolC, MACAPMC, kanR, 

cat this study 

21. DRMACAPMC ȹacrAB, MACAPMC, kanR, cat this study 

22. DRDA ȹacrAB, ȹmacA, kanR, cat this study 

23. MACBME-p 

macA-linker-PAmCherry1-FLAG, 

pMACAPMC this study 

24. MACAPMC-pBAD 

macA-linker-PAmCherry1-FLAG, 

pBAD24 this study 

 

3.4.1.2 Immunoblotting for checking fusion protein intactness 

MACBME-p and MACAPMC-p, as well as their corresponding negative controls 

MACBME-pBAD and MACAPMC-pBAD were grown overnight in LB with appropriates 

antibiotics at 37 °C with 250 rpm shaking. The overnight cultures were diluted in a 1:100 in the 

M9 minimal media with 8% v/v 50C MEM amino acids (GIBCO) and 4% 100X vitamins (GIBCO) 

added, which is referred as supplemented M9 later. These dilutions were continuously shaking in 

37 °C for ~4 h until OD600~0.4, followed by adding 20 mM of L-arabinose to induce the expression 

of the proteins from the pBAD24 vector. After keeping shaking for another 30 min. 1 mL of cells 

were centrifuged down. The sample pellets were resuspended in fresh supplemented M9 and then 

incubated in room temperature for 20 min for protein maturation. Cells were centrifuged down 
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again and resuspended in 95 ɛL of SDS (2Ĭ Laemmli Sample Buffer, BIORAD) lysis buffer. 2.5 

µL of beta-mercaptoethanol (Sigma-Aldrich) and 2.5 µL of protein inhibition cocktail (Promega) 

were added to the resuspension. After mixing, all suspension samples were sonicated for 15 min, 

vortexed and briefly centrifuged to mix.  

We used a commercial SDS-PAGE gel (InvitrogenTM, NovexTM WedgeWellTM 4 to 20%, 

Tris-glycine gel, 1.0mm, mini protein gels) to load 12 µL of the suspension samples, as well as 4 

µL of the protein ladder (ECL Plex Fluorescent Rainbow Marker). The gel was run in 1× MES 

buffer for 130 min at 120 V/400 mA. After electrophoresis, electrotransfer from gel to a blotting 

membrane (GE healthcare, Amersham Hybond LFP 0.2 PVDF western blot membrane) for 70 min 

at 100V/400 mA in transfer buffer. The membrane was then blocked with 4% w/v milk solution 

(GE healthcare, Amersham ECL Prime Blocking Reagent, in 1×PBS-T wash buffer (Sigma- 

Aldrich, 0.1% TWEEN ®20)) at room temperature with 100 rpm shaking for 1 h. The membrane 

was washed for 5 min twice with 1× PBS-T, followed by incubation in the 1×PBS-T buffer 

containing the primary antibody (Rockland, antibody for the detection of FLAGTM conjugated 

proteins, 1:10,000 dilution) for 1.5 h at room temperature with 100 rpm shaking. The membrane 

was then washed 4 times with 1× PBS-T and 3 times with 1× PBS, and then incubated in a 1× 

PBS-T solution containing the secondary antibody (Rockland, Rabbit IgG (H&L) secondary 

antibody peroxidase conjugate, 1:20,000 dilution). After shaking for 1 h at room temperature with 

100 rpm, the membrane was washed 4 times with 1× PBS-T and rinsed 3 times with 1× PBS, and 

coated with 5 mL of SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Scientific). 

The membrane was visualized using a Bio-Rad ChemiDoc MP Imaging System. 

3.4.1.3 Imaging sample preparation  
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Cells were grown overnight in LB with appropriate antibiotics in 37°C with 250 rpm 

shaking. The overnight culture was diluted in a 1:100 in the supplemented M9, and continuously 

grown for 4 hours at 37 °C until OD600~0.4 to reach exponential growth phase. For imaging in the 

microfluidic device, the M9 cell dilution was centrifuged down and resuspended in fresh 

supplemented M9. Detail procedures of cell loading in the microfluidic device are discussed in 

Section 3.3.5.3. 

3.4.1.3.1 For single-molecule imaging/tracking/counting and whole cell fluorescence 

quantification  

To prepare a four-compartment petri dish (CELLview, glass bottom) for imaging, a 1:10 

dilution of 100 nm gold nanoparticle (as position markers; Cytodiagnostics) in 0.03% poly-L-

lysine (Sigma-Aldrich, in nanopure water) was added and incubated at room temperature for 4 

hours to functionalize the bottom coverslip. The excess poly-L-lysine solution was washed out 

with nanopure sterile water before use. The M9 cell dilution was centrifuged down and 

resuspended in 200 ɛL supplemented M9. 50 ɛL of the resuspension was loaded into each 

compartment, and after cells were incubated on the petri dish for 45 min at room temperature, the 

dish was washed with nanopure water to remove floating cells before adding 200 ɛL supplemented 

M9 into each compartment for imaging. For the imaging condition with substrate stress, the 

erythromycin concentration was determined from the functionality assay (Section 3.4.2.1).  

3.4.1.3.2 For confocal microscopy 

To the M9 cell dilution, 10 mM L-arabinose was added and continuously incubated for 2 

h in 37 37°C with 250 rpm shaking. The M9 cell dilution was spun down and resuspended in 30 

ɛL supplemented M9. Cells were immobilized for imaging by being sandwiched between a 3% 
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(w/v) agarose gel and a coverslip. Agarose (Sigma-Aldrich) was dissolved in the supplemented 

M9 by heating in a microwave, and 50 uL of the molten agarose was dropped onto a glass slide, 

followed by adding another glass slide which was then removed after the agarose gel solidified at 

room temperature. About 2 uL of the concentrated cell resuspension was pipette onto the agarose 

gel surface and topped with a coverslip. The chamber was then sealed with epoxy to prevent liquid 

evaporation. 

3.4.1.4 Imaging protocol  

3.4.1.4.1 Single-molecule imaging, tracking, and counting  

To study the protein diffusive behaviors and estimate its cellular protein copy number, our 

single-molecule imaging experiments d has two parts: single-molecule tracking (SMT) and single-

cell quantification of protein concentration (SCQPC), as described in detail in our previous work 

[18]. For SMT, we used an inverted fluorescence microscope (Olympus IX 71) to illuminate the 

cells in wide-filed epi-geometry with 405 nm laser (CrystalLaser LC Reno, DL405-100) of 10 

W/ cm2 for 20 ms so that in the cell, one or none mEos3.2 molecule was converted from its green 

form to its red form (or PAmCherry1 molecule was activated from dark to red). Cells were then 

excited with 30 pulses of 561 nm laser (Coherent, Sapphire 561-200 CW CDRH) of 4 ms pulse 

duration and time lapse of 60 ms, with average power density of 3 kW/cm2 in stroboscopic imaging 

mode [ref]. This imaging scheme was repeated for 500 times, and we used a bandpass filter 

(Semrock, FF01-617/73) for red fluorescence detection. An illustration of the microscope setup is 

shown in our previous work [18]. After SMT, two cycles of SCQPC were performed on the cells 

to photoconvert/photoactivate the remaining fluorescent proteins. We used 405 nm laser to 

illuminate all cells for 1 min and then 561 nm laser for 2000 frames with the same power density 
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and exposure time as in the SMT. This imaging setup of SMT+SCQPC was applied to both petri 

dish and microfluidic device. 

3.4.1.4.2 Whole cell fluorescence quantification 

We used the whole cell fluorescence quantification to confirm the copy number calculated 

from the single-molecule imaging/counting and also to check the spatial distribution pattern of the 

proteins of interest at the diffraction-limited resolution. The microscope setup is the same as the 

one used for single-molecule counting with two cycles of SCQPC, which would be sufficient for 

both MacB and MacA as their cellular copy number was estimated to be in the magnitude of 102. 

3.4.1.4.3 Confocal microscopy 

The cells were imaged using a Zeiss LSM880 confocal microscope equipped with a Plan-

Apochromat 63x/1.4 Oil DIC M27 objective. For both mEos3.2 tagged and PA-mCherry1 tagged 

strains, we illuminated the cell sample with 405 nm to photoconvert/photoactivate the fluorescent 

protein tag, followed by exciting the red form of mEos3.2/PA-mCherry1 by 561 nm and collecting 

fluorescence emission between 571 and 695 nm (pinhole = 0.53 AU; pixel time = 1.54 µs). We 

also examined the green form of mEos3.2 with 488 nm excitation and emission between 499 and 

597 nm (pinhole = 0.62 AU; pixel time = 1.54 µs). The confocal images obtained are z-sectioned 

fluorescence images, and image acquisition was performed using line sequential mode. 

3.4.2 Functionality and intactness of the mEos3.2 tagged MacB and the PAmCherry1 tagged 

MacA 

3.4.2.1 Macrolide resistance assay shows that MacBmE and MacAPmC are functional 

The functionality assay of MacBmE and MacAPmC was conducted on the base of ȹacrAB to 

increase the sensitivity of cells to macrolides, i.e., erythromycin. Cell overnight culture was grown 
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in LB with appropriate antibiotics for 18 h at 37°C with 250 rpm shaking. A series of 1:1000 LB 

dilutions with varying concentrations of erythromycin were grown for 22 h at 37°C with 250 rpm 

shaking before measuring their optical density at 600 nm (OD600). 

The mEos3.2 tagged MacB and the PAmCherry1 tagged MacA are both found to be 

functional as illustrated in Fig. 3.6A. All strains have acrAB gene knocked out to increase 

sensitivity to erythromycin. The MacB chromosomally tagged strain ȹacrAB, macBmE 

(DRMACBME, Table 3.3) was compared with the untagged ȹacrAB (DR, Table 3.3) and the 

corresponding knock out strain ȹacrAB, ȹmacB (DRDB, Table 3.3) (Fig. 3.6A). The MacB tagged 

strain has higher tolerance to erythromycin than the ȹacrAB, ȹmacB and the MacAB-TolC system 

maintained most of its ability to efflux, especially <10 µg/mL of erythromycin. Similarly, the 

MacA chromosomally tagged strain ȹacrAB, macAPmC (DRMACAPMC, Table 3.3) conferred 

significantly higher resistance than ȹacrAB, ȹmacA (DRDA, Table 3.3) in the range of 3-5 µg/mL 

of erythromycin and maintain most of its function (Fig. 3.6B). We also tested the functionality of 

the double tagged strain in which MacB was tagged with mCherry, and macA gene was deleted 

while replenished with pMacAPAGFP plasmid (Table 3.1) (DRMACBMCMACAPAGFP-p, 

Table 3.3). Its growth performance under erythromycin stress was compared with the MacB tagged 

ȹacrAB, macBmC strain and the corresponding deletion ȹacrAB, ȹmacA, macBmC strain in which 

MacA was not restored (DRDAMACBMC, Table 3.3). The double tagged strain is shown to be 

not function as it cannot be differentiated from the knockout, and thus not used for later 

experiments (Fig. 3.6C).  
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Figure 3.6  Macrolide resistance functionality assay of (A) mEos3.2-tagged MacB, 

DRMACBME (ȹacrAB, macBmE), (B) PA-mCherry1-tagged MacA, DRMACAPMC (ȹacrAB, 

macAPmC), and (C) the double tagged strain of mCherry tagged MacB, PAGFP tagged MacA, 

DRMACBMCMACAGFP-p. 

3.4.2.2 Western blot shows that MacBmE and MacAPmC are mostly intact in cell  

 The FLAG-tagged MacBmE and MacAPmC are overexpressed from a pBAD24 plasmid 

with L-arabinose induction. Western blot shows that the FLAG-tagged MacBmE fusion protein is 

at its expected size of 96.7 kDa, with no cleaved mE-FL cleavage whose expected size is 27 kDa 

(column 3 in Fig. 3.7). The FLAG-tagged MacAPmC fusion protein is also at its expected size of 

67.4 kDa, and there is observable amount of the PmC-FL cleavage at 26.8 kDa. The percentage of 

this PmC-FL (~27.5%) cleavage is quantified by measuring the relative band area intensity in 

ImageJ (v. 1.53e, U. S. National Institutes of Health, Bethesda, Maryland, USA). The 

overexpressed fused protein, as well as the protein extraction process, would have significantly 

more cleavage than its physiological expression. Therefore, < 30% is the upper limit of the 

potential PmC-FL cleavage for the strains we used for imaging, which is taken into account of the 

copy number quantification, and the cleaved fluorescent protein hardly would mature and fold 

correctly [152]. Additionally, MacAPmC SMT resolved no diffusion state with diffusion constants 

A B C
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similar to those of cytosolic and periplasmic free diffusing proteins [161], [162], which further 

confirms the non-functionality of the PmC-FL cleavage fraction. 

 

Figure 3.7. Intactness assay of FLAG-tagged MacBmE and FLAG-tagged MacAPmC, both 

of which were only detectable under overexpression. (A) Western blot of overexpressed FLAG-

tagged MacBmE (MACBME-p, 30 min L-arabinose induction, Table 3.3) indicates no discernable 

cleavage of mE-FL (column 2): MacBmE expected band ~ 96.7 kDa and cleaved mE-FL ~ 27 kDa. 

No bands were detected for un-induced MACBME-p (column 1) and the negative controls of 

empty pBAD24 plasmid with and without induction (column 3 and 4) (B) Western blot of 

overexpressed FLAG-tagged MacAPmC (MACAPMC-p, 30 min L-arabinose induction, Table 3.3) 

reveals maximally < 30% cleavage under physiological expression (column 4): MacAPmC expected 

band ~ 67.4 kDa and cleaved PmC-FL ~ 26.8 kDa. No bands were detected for other controls. 

3.4.2.3 Confocal microscopy images of overexpressed MacBmE and MacAPmC show their 

membrane localization 
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The imaging sample preparation and imaging protocol were described in Sections 3.3.1.3  

for overexpressed MacBmE (MACBME-p, Table 3.3) and MacAPmC (MACAPMC-p, Table 3.3) in 

live E. coli cells. From confocal fluorescence microscopy, there are variations of cell fluorescence 

due to the inhomogeneity of L-arabinose induction, while both the green form (Fig. 3.8A) and the 

red form (Fig. 3.8B) of the mE tag on MacB show membrane localization from their hollow 

patterns. Membrane localization is also observed for PmC tag on the inner membrane anchored 

MacA (Fig. 3.8C). 

 

A

B

C

Transmission CompositeFluorescence

2 ɛm

2 ɛm

2 ɛm 2 ɛm 2 ɛm

2 ɛm 2 ɛm

2 ɛm 2 ɛm



70 

 

Figure 3.8. Overexpressed MacBmE and MacAPmC confocal microscopy images reveals 

their membrane localization (from left to right: fluorescence image, transmission image, 

composite image that fluorescence image is overlaid on the transmission image). The cell-to-cell 

fluorescence variation is due to the inhomogeneity of L-arabinose induction. The large clusters 

pattern observed in fluorescence images protein aggregation after overexpression. (A) Green form 

of mEos3.2 in MacBmE (B) Red form of mEos3.2 in MacBmE after 405 nm photoconversion (C) 

Red form of PAmCherry1 in MacAPmC after 405 nm photoactivation.  

3.4.3 Cellular copy number quantification reveals the 1:1 stoichiometry of MacB to MacA 

Cellular MacB to MacA ratio was shown to be 1:1 from both single-molecule counting and 

whole cell fluorescence quantification, and given the complex stoichiometry of MacA6B2-TolC3, 

there are excess MacB in the system. The analysis of the single-molecule counting data was 

performed using a custom-written MATLAB software iQPALM 

(https://doi.org/10.6084/m9.figshare.12642617.v1), as described in our previous studies [18], 

[142], [150]. The intensity of a single mEos3.2/PAmCherry1 characterized from SMT was used 

in the whole cell fluorescence quantification that the corrected total fluorescence of each cell after 

background subtraction was divided by the single fluorescent protein intensity to quantify the copy 

number. The copy number calculation in each cell also takes into account of the photoconversion 

efficiency of mEos3.2 (42%) and the photoactivation efficiency of PAmCherry1 (50%). Additional 

MacB and MacA data under various conditions (i.e., mutation, erythromycin, A22, and pressure) 

was summarized in Fig. 3.9 and Fig. 3.10, respectively. Notably, swap of the fluorescent tag on 

MacB from mEos3.2 (Fig. 3.9A) to PAmCherry1 (Fig. 3.9E) gives similar MacB copy number.  
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Figure 3.9. Normalized distribution of cellular MacBmE copy number in (A) macBmE, (B) 

ȹmacA, macBmE, (C) ȹtolC, macBmE, (D) ȹmacA, ȹtolC, macBmE, (E) macBPmC, (F) 

macBmE+10ɛg/mL of A22, (G) ȹacrAB, macBmE, (H) ȹacrAB, macBmE+5ɛg/mL of A22, (I, J-L) 

macBmE in microfluidic device ȹP group 1-3, (M, N-P) macBmE+10ɛg/mL of A22 in microfluidic 

device ȹP group 1-3. Solid bars: copy number calculated from single-molecule counting (SM); 
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transparent bars: copy number calculated from whole cell quantification (WC). The copy number 

distribution average, standard deviation, and sample size are reported.  

 

Figure 3.10. Normalized distribution of cellular MacAPmC copy number in (A) macAPmC, (B) 

ȹmacB, macAPmC, (C) ȹtolC, macAPmC, (D) ȹmacA, ȹtolC, macAPmC, (E) macAPmC +10ɛg/mL of 

A22, (F) ȹacrAB, macAPmC, (G) ȹacrAB, macAPmC +5ɛg/mL of A22, (H, I-K) macAPmC in 
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microfluidic device ȹP group 1-3, (L, M-O) macAPmC+10ɛg/mL of A22 in microfluidic device ȹP 

group 1-3. Solid bars: copy number calculated from single-molecule counting (SM); transparent 

bars: copy number calculated from whole cell quantification (WC). The copy number distribution 

average, standard deviation, and sample size are reported.  

3.4.4 Analysis of diffusion states and interconversion kinetics between diffusion states of 

MacB to MacA proteins 

3.4.4.1 Determination of the minimal diffusion states 

The first displacement length r of each single-molecule tracking trajectories was analyzed, 

while the histogram of r (Fig. 3.11A for MacBmE and Fig. 3.11E for MacAPmC) is skewed due to 

the cell confinement effect that the boundary-less motion of the membrane protein on the cell 

surface was distorted by the limited cell volume after 2-D imaging projection. To address this 

confinement effect, we applied an inverse transformation of confined displacement distribution 

(ITCDD) as described in our previous research [18]. Based on the experimental cell geometry, 

displacements on the cell surface were simulated and then 2-D projected. A 2-D matrix can be 

generated to convert the 2-D projected displacements back to the original undistorted simulated 

displacements. By applying this 2-D matrix to the experimental skewed histogram of r (Fig. 3.11A 

for MacBmE and Fig. 3.11E for MacAPmC), we can obtain the actual ITCDD-corrected distribution 

(Fig. 3.11B for MacBmE and Fig. 3.11F for MacAPmC) for more robust diffusion states analysis. 

Compared to cells in petri dish, cells in microfluidic device undergo more deformation. Cell length 

and width are highly related to the distance travelled in the taper and ȹP applied. Cell geometry 

varies more in microfluidic device (Fig. 3.12). Therefore, after cells in microfluidic device are 

sorted into ȹP groups, cells in each ȹP group are further sorted into three population based on 

their cell length. For each length group, ITCDD is performed with its corresponding 2-D matrix, 
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and the three ITCDD-corrected distributions were added up as the ITCDD-corrected distribution 

of this ɲP group. 

 

Figure 3.11 Distribution of the first displacement lengths of MacBmE and MacAPmC . (A) 

Experimental data of the first displacement lengths of MacBmE in live E. coli, (B) ITCDD-

corrected distribution of MacBmE, dash line: cutoff at 1 ɛm, (C) truncated ITCDD-corrected 

distribution fitted with one diffusion-state model (D) fitted with two diffusion-state model, (E) 

Experimental data of the first displacement lengths of MacAPmC, (F) ITCDD-corrected 

distribution of MacAPmC, dash line: cutoff at 1 ɛm, (G) truncated ITCDD-corrected distribution 

fitted with one diffusion-state model (H) fitted with two diffusion-state model. Red: faster 

diffusion state (mobile); blue: slower diffusion state (quasi-stationary). 
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Figure 3.12 Cells in microfluidic device have more variations in cell geometry compared to 

cells in petri dish. Normalized width (A) and length (B) distribution of cells with mEos3.2 

tagged MacB; normalized width (C) and length (D) distribution of cells with PAmCherry1 

tagged MacA. Microfluidic device is designated MD and petri dish is designated PD. 

3.4.5 Extrusion Loading Microfluidic Device 

3.4.5.1 Microfluidic device manufacturing 

Microfluidic devices were manufactured using a process similar to our previously 

published works [18], [65]. Microfluidic devices were manufactured in the Cornell NanoScale 

Science and Technology Facility (Ithaca, NY, USA). Microfluidic device patterns were etched into 

100 mm diameter 500 µm thick fused silica wafers (WF3937X02031190, Mark Optics, Santa Ana, 

CA, USA) using Deep UV photolithography. First, the fused silica wafers were coated with ~55 

nm of chrome using AJA Sputter Deposition Tool (AJA International, Scituate MA, USA). Then 

the wafers were coated with ~60 nm anti-reflective coating (ARC, DUV 42P, Brewer Science, 

Rolla, MO, USA) and 510 nm of photoresist (UV210, MicroChem, Westborough, MA, USA) 

using a Gamma Automatic Coat-Develop Tool (Suss MicroTec Gamma Cluster Tool, Garching 

Germany). The photoresist on the wafers was patterned with the microfluidic design by exposure 

to deep UV photolithography with a ASML Deep UV stepper (Veldhoven Netherlands). Six 

microfluidic devices were patterned on each wafer. The photoresist was then developed in the 
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Gamma Automatic Coat-Develop Tool. The pattern was transferred to the ARC layer through 

plasma etching with the Oxford 82 tool (Oxford, Abingdon, UK), to the chrome layer using plasma 

etching in the Plasma-Therm 770 ICP tool (Plasma-Therm St. Petersburg FL, USA), and to the 

fused silica using plasma etching in the Oxford 100 tool (Oxford, Abingdon, UK).  

The depth of the etched channels was characterized with a profilometer (P-7, KLA Inc, 

Milpitas CA, USA) and AFM for high aspect ratio channels (Veeco Icon Bruker, Billerica MA, 

USA). The average channel depth was 1.08 ± 0.04 µm. The channel depth was chosen to be greater 

than the average cell diameter plus one standard deviation (1.02 µm) so the cells could flow 

through the feeder channels in the device unobstructed. A scanning electron microscope (Zeiss 

Ultra 55 SEM microscope, Oberkocken Germany) was used to measure the width of the inlet and 

outlet of the tapered channels. The average inlet size was 1.48 ± 0.10 µm, which is larger than the 

cells (diameter 0.94 ± 0.08 µm) so that cells could easily enter the tapered channels, and the outlet 

size of 0.44 ± 0.07 µm prevented the cells from slipping all the way through.  

Patterned wafers were MOS cleaned and contact bonded to 100 mm diameter and 170 µm 

thick fused silica cover wafers (WF3937X0073119B Mark Optics, Santa Ana CA, USA). The 

fused silica cover wafers are the same thickness as a standard cover slip. The bonded wafers were 

annealed for 5 hours at 1100 C in a nitrogen environment then let sit at room temperature for at 

least one week before use. 

3.4.5.2 Microfluidic device design 

Extrusion loading involves forcing cells into tapered channels under fluid pressure [18], 

[65] (3.13A). The cell is deformed by the channel walls and experiences mechanical stress and 

strain in the cell envelope. Cells submitted to extrusion loading remain alive and continue to grow 

and divide. 
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An extrusion loading device consists of 12 sets of tapered channels (either 5 or 8 channels 

per set) in parallel connected by a larger bypass channel (Fig. 3.13B, Fig. 3.13C). Each set of 

tapered channels is called a pressure level, cells in different pressure levels experience different 

loading magnitudes. Bacteria in liquid media are flowed into the bypass channel entrance. Bacteria 

may then either traverse the bypass channel or enter one of the tapered channels. Bacteria that 

enter the tapered channel become trapped by surrounding fluid pressure and the channel walls. The 

fluid pressure of media flowing through the bypass channel decreases the further it is from the 

bypass entrance, which results in a difference in pressure from one side of the tapered channel to 

the other. The magnitude of the pressure difference across a tapered channel, DP, is greater in 

channels closer to the bypass entrance/exit (Fig. 3.13C), so greater pressure levels have a greater 

pressure difference.  Greater pressure levels are located closer the bypass entrance/exit. In one 

experiment, a single fluid inlet feeds ten bypass channels in parallel (Fig. 3.13D). This system 

makes it possible to trap and observe hundreds of individual bacteria and multiple load magnitudes 

during a single experiment. 
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Figure 3.13 Extrusion loading using a microfluidic device. (A) Extrusion loading involves 

forcing individual bacteria into tapered channels using fluid pressure. The fluid pressure at the 

entrance to the channel is greater than at the exit (arrows). (B) A bypass channel with a neighboring 

set of tapered channels is shown.  Fluid flow through the bypass channel generates the pressure 

differential used to trap individual bacteria within the tapered channels. (C) In implementation 

each bypass channel has 12 sets of tapered channels resulting in 12 different magnitudes of 

differential pressure on trapped cells (determined by the distance along the bypass channel from 
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the entrance to the exit of the tapered channel). (D) A single fluid inlet is connected to eight 

different bypass channels and a fluid exit.  

3.4.5.3 Loading cells in the microfluidic device 

A PneuWave Pump (CorSolutions, Ithaca NY, USA) was used to flow bacteria into the 

microfluidic device. PEEK tubing (Idex 360 µm OD x 150 µm ID, Lake Forest IL, USA) was 

attached to the pump and rinsed for 5 min with ethanol to clean and sterilize. The tubing was then 

rinsed for 5 min with M9 minimal media to flush out the ethanol. The PEEK tubing and pump was 

attached to the microfluidic device using a magnetic connecter (Fluidic Indexing Probe, 

CorSolutions, Ithaca NY, USA) and ferrule (N-123-03 IDEX, Lake Forest IL, USA) to form a 

compression seal. The microfluidic device was pre-wet with M9 and checked to make sure no 

bubbles were blocking channels in the device. The tubing was detached from the microfluidic 

device and flushed with bacteria culture for 5 min at 60 kPa applied pressure. The bacteria culture 

was then exchanged with M9 minimal media to prevent too many cells from entering and clogging 

the microfluidic device. The tubing was reattached to the microfluidic device and an applied inlet 

pressure of 60 kPa was maintained for the duration of the experiment.  

After attaching the cell culture to the microfluidic device, cells start to flow into the tapered 

channels. Cells occupy the pressure levels with the greatest pressure difference first. Over the 

course of the experiment, cells gradually occupy tapered channels at all pressure levels. Once a 

cell occupies a channel, that channel remains occupied for the remainder of the experiment. 

Imaging began once pressure levels 11 and 12 were at least 80% occupied (30-60 minutes after 

starting the flow of cells). Cells within tapered channels were imaged in order from highest 

pressure level to lowest pressure level. 

3.4.5.4 Hydraulic pressure calculations 
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The pressure in the microfluidic device was determined using a hydraulic circuit model with the 

Hagenï Poiseuille law (Equation 3.1), where ȹP is the change in pressure between upstream end 

and downstream end of a channel, Q is the flow rate, and R is the hydraulic resistance of the 

channel.  

 ȹP ὗ Ὑz  Eq. 3.1  

The hydraulic resistance (R) is dependent upon channel geometry. If the ratio of the width 

of the channel to the height of the channel cross section of the channel was less than 20, then the 

hydraulic resistance equation for Poiseuille flow was used (Equations 3.2 and 3.3), where А is fluid 

viscosity (assumed viscosity of water = 8.9e-4  Pa·s), r is the hydraulic radius, L is the channel 

length, A is the cross sectional  area of the channel, and P is the cross sectional perimeter of the 

channel. 

 

 Ὑ
А
; Eq 3.2 

  

 ὶ  Eq 3.3 

 

If the ratio of width of the channel to height of the channel was greater than 20, then the 

hydraulic resistance equation for Plane Poiseuille flow was used (Equation 3.4), where H is the 

height of the channel. 

 Ὑ
А
 Eq 3.4 
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The cutoff ratio of 20 between Poiseuille flow and Plane Poiseuille Flow was chosen from 

Davies & White (1928) and Fromm (1923). 

The resistance of the linear channels within the device were combined to estimate total 

resistance of the entire device.  Segments in series are combined using Equation 3.5, where Rn  is 

the hydraulic resistance of channel n and RTotal is the equivalent combined hydraulic resistance of 

channel 1 to n. 

 Ὑ Ὑ Ὑȣ Ὑ  Eq 3.5 

  

Segments in parallel are combined using Equation 3.6. 

  ȣ  Eq 3.6 

 

The pressure is measured before entry into the microfluidic device using a pressure sensor 

integrated with the fluid pump (PneuWave Pump, CorSolutions, Ithaca NY, USA). The pressure 

at the exit of the device is assumed to be equal to atmospheric pressure. The hydraulic circuit 

calculations are done using custom software written for use with MATLAB (v. 2019a, Mathworks, 

Natick, MA, USA). 

3.4.5.4.1 Effects of Cell Occupation on Hydraulic Circuit Calculations 

When a cell occupies one of the tapered channels, the cell obstructs fluid flow, and as a 

result increases the hydraulic resistance of that channel. The change in hydraulic resistance caused 

by the presence of the cell influences the hydraulic pressure in other tapered channels in the 

microfluidic device. The number of tapered channels occupied with cells increases over time as 

more cells flow in.  
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The hydraulic resistance of an unoccupied tapered channel was calculated using Equations 

3.2 and 3.3. When a cell becomes lodged in a tapered channel, there is some fluid flow around the 

cell. As flow around the cell is irregular, Equations 3.2 and 3.3 are not valid descriptions of the 

hydraulic resistance of a channel occupied by a cell. Multiphysics simulations of channels 

occupied by cells were performed using COMSOL (v 4.3,  Stockholm, Sweden). The COMSOL 

model used experimental averages for cell geometry and position within the tapered channels: cell 

length of 3 µm, cell diameter of 0.94 µm, and a cell position 51 µm from the inlet of the tapered 

channel. The hydraulic resistance of a channel occupied by a cell determined using the COMSOL 

model was an order of magnitude greater than the hydraulic resistance of a channel without a cell.  

The number of tapered channels occupied by cells increases over time during an 

experiment. Cells rapidly occupy the greatest pressure levels first, and cells occupy lower pressure 

levels at later times. Once a tapered channel is occupied, it remains occupied throughout the 

experiment. We analyzed our experimental data to determine patterns of channel cell occupancy 

by looking at the change in number of occupied pressure levels over time and percentage of cell 

occupancy at each pressure level. We found that the number of occupied pressure levels at the time 

an image is taken includes the pressure level of interest, all greater pressure levels, and one pressure 

level lower. We analyzed over 500 images to determine how many channels were occupied by a 

cell at each pressure level (Table 3.4). Greater pressure had a higher percentage of cell occupancy 

than lower pressure levels. These patterns of cell occupancy were then modelled using hydraulic 

circuit calculations using the hydraulic resistance of an occupied channel (determined using the 

COMSOL model) to determine the pressure difference across the tapered channels. 
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Table 3.4. The average number of cells at each pressure level for the 5 and 8 channel 

microfluidic designs. 

Pressure level 1 2 3 4 5 6 7 8 9 10 11 12 

Average Number of cells per pressure level (5 

channel design) 

4 4 4 4 4 4 4 5 5 5 5 5 

Average Number of cells per pressure level (8 

channel design) 

5 5 5 6 7 6 6 6 7 7 7 7 

 

3.4.6 Cell distance traveled 

The distance a cell travels within a tapered channel is dependent on the pressure difference 

and the cell stiffness. At greater pressure differences, cells travel further into the tapered channel 

(Fig. 3.14) and deform to a smaller width (Fig. 3.5C). At a given pressure difference, a less stiff 

cell will travel further into the tapered channel than a stiffer cell. Cells treated with A22 are less 

stiff and travel further into the tapered channel. 
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Figure 3.14 Cell distance traveled in the tapered channels with and without A22 treatment. 

Cells deform more and travel further into the channel at greater pressure differences. Cells treated 

with 10 µg/mL A22 are less stiff and therefore travel further into the tapered channels than cells 

not treated with A22. 

3.4.7 Pressure difference distribution 

For each experimental group, hundreds of cells were submitted to extrusion loading over a 

range of DP (Fig. 3.15). Cells were separated into three groups with similar DP for the single 

molecule analysis (Fig. 3.5 F,G, and H). Cells were grouped so that the summed standard deviation 

in DP for all three groups was minimized. 
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Figure 3.15 Distribution of pressure difference experienced by MacBmE and MacAPmC 

tagged cells. (A) MacBmE tagged cells. (B) MacAPmC tagged cells. (C)  MacBmE tagged cells 

treated with 10 µg/mL A22. (D)  MacAPmC tagged cells treated with 10 µg/mL A22. 

3.4.8 Finite element model of bacteria during extrusion loading 

The mechanical stresses within a cell submitted to extrusion loading in the microfluidic 

device were determined using finite element models as described in prior work [18] and are 

summarized here. Prior to experiencing extrusion loading, turgor pressure results in mechanical 

stresses within the cell envelope that can be determined using mathematical equations describing 

a thin-walled pressure vessel [29]. The additional mechanical stress and strain caused by extrusion 

loading is determined below. 

/ 5

! .
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Our prior work [18] found that extrusion loading causes a reduction in hoop stress in the 

cell envelope, as the walls of the microfluidic device resist some of the forces caused by turgor 

pressure. The axial stress in the cell envelope increases, as the cell is stretched and increases in 

length. The reduction in cell diameter is greater in magnitude than the increase in cell length, 

resulting in an overall reduction in cell volume during extrusion loading. The volume loss has been 

attributed primarily to loss of water from the cytoplasm [18]. Analytical models of the cell 

envelope derived from a balance of forces show that internal cell pressure must increase during 

extrusion loading, which is consistent with the idea that the reduction of cell volume is caused 

primarily by loss of water from the cytoplasm and a corresponding increase in turgor pressure. 

In this study we used finite element analysis (ABAQUS 2019, Dassault Systèmes, Vélizy-

Villacoublay, France) of cells undergoing extrusion loading to study the effect of A22 on the 

bacterial cell envelope. Specifically, we determined the changes in the three-dimensional stress 

state within the cell envelope as well as the changes in octahedral shear stress (mechanical stress 

associated with volumetric distortion).  

The bacterial cell envelope was modeled as an axisymmetric pressure vessel using solid 

elements. The finite element analysis was performed using three steps. In the first step, the cell 

envelope was placed within the rigid tapered walls in the absence of turgor pressure (Fig. 3.16A). 

In the second step, turgor pressure (Pt) was applied inside of the cell envelope using a pin at the 

middle of the trunk section to prevent excessive rigid body motion (Fig. 3.16B). Lastly, external 

pressures corresponding to upstream (Pu) and downstream (Pd) fluid pressure generated within the 

extrusion loading device was applied, along with an increase in turgor pressure to the value Ploading 

(Fig. 3.16C). The magnitudes of applied fluid pressure are specific to fluid pressure within the 

device, determined using hydraulic circuit calculations in Section 3.4.5.4.  
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Figure 3.16. Steps in the generation of the finite element model of the bacteria undergoing 

extrusion loading is shown. (A) An unstressed cell envelope is originally within a rigid tapered 

channel. (B) The cell envelope is inflated with internal pressure (turgor pressure, ╟◄). (C) The cell 

envelope is pushed into the tapered channel with external pressures (╟◊,╟▀) with an increased 

internal pressure (turgor pressure during loading, ╟■▫╪▀░▪▌). 

For E. coli in standard liquid media the trunk of the cell envelope was modeled as 

transversely isotropic in which the Youngôs modulus in the hoop direction was twice as large as 

that in the axial direction, as shown experimentally by others [31], [68]. Peptidoglycan within the 

poles of each cell do not display the transversely isotropic pattern seen in the cell trunk and are 

instead randomly oriented. We therefore modeled the cell envelope within the poles as isotropic, 

using the average Youngôs modulus between the longitudinal and hoop directions. The greater 

stiffness of the bacterial cell envelope in the hoop direction is caused by the preferential hoop 

alignment of the peptidoglycan as well as the presence of the MreB protein. The small molecule 

A22 depolymerizes the MreB proteins [174], causing a decrease in the hoop Youngôs modulus. 
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Therefore, the cell envelope of E. coli treated with A22 was modeled as isotopic (Youngôs modulus 

in the hoop direction being identical to that in the longitudinal direction). Numerical values for 

cell geometry and mechanical properties used in the finite element model are described in Table 

3.5. 

Table 3.5. Values of parameters for finite element model of E.coli are shown. 

Input parameter Value/range 

Uninflated cell radius (ὶ) πȢτ ‘ά 
Uninflated cell length (ὰ) ςȢπ ‘ά 
Youngôs modulus value in the axial direction 

(Ὁ) 

ρȢυ ὓὖὥ 

Poissonôs ratio (’) πȢσ 
Turgor pressure (ὖ) σφȢπ Ὧὖὥ 
Turgor pressure during the loading (ὖ ) σφȢπ ρπφȢπ Ὧὖὥ 

 

The dimensions of the unstressed cell envelope were derived from thin walled pressure 

vessel calculations [175], and the dimensions of E.coli in the same liquid media used in 

experiments [142] and immediately following loss of turgor pressure [55] as follows: 

The mechanical stress and mechanical strain relationship for thin-walled pressure vessel 

inflated with an internal pressure (ὖ) is written as 

 

‭
‭
‭

ụ
Ụ
Ụ
Ụ
ợ

Ứ
ủ
ủ
ủ
Ủ„

„

„ π

  Eq. 3.7 

where ‭ denotes mechanical strain, „ denotes mechanical stress, subscript ὥ denotes the 

axial direction, subscript Ὤ denotes the hoop direction, subscript ὶ denotes the radial direction, ’ 

is Poissonôs ratio, Ὁ is Youngôs modulus, ὖ is internal pressure, ὶ is initial undeformed radius of 

the pressure vessel, ὸ is thickness of the pressure vessel.  

From Equation 3.7  mechanical strain in the hoop direction (‭) can be written as 
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╟◄►░
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◄

╟◄
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╪ꜗ ⱨ

ⱨ
  Eq. 3.8 

The change in circumference of the pressure vessel (‏) from uninflated state to a turgid 

cell is: 

 ♯▐ ╒ꜗ▐ Ⱬ►░ꜗ▐, Eq 3.9 

The change in radius (‏) is then: 

 ♯► ►█ ►░, Eq 3.10  

 where ὶ is final deformed radius of the pressure vessel. 

The circumference after addition of turgor pressure is then: 

 Ⱬ►█ Ⱬ►░ ♯► Ⱬ►░ ♯▐ . Eq 3.11  

From Equation 3.11 ‏ can be written as: 

‏   . Eq 3.12  

Substituting Equations 3.9 and 3.10 into Equation 3.12 leads to: 

 
◌█ ►░ ►░ꜗ▐ȟ  Eq 3.13  

where × is diameter of pressure vessel after the inflation (or width of free-floating cell in this 

case). 

Rearranging Equation 3.13 with respect to ὶ and substituting values of ύ πȢψφ

πȢπψ‘ά [142], ‭ πȢπωφπȢπςω (change in cell length measured in cells immediately after 

plasmolysis) [34] we get, 
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By propagation of uncertainty (where ὛὈ denotes standard deviation) uncertainty in the 

value of ὶ can be calculated as follows, 
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Therefore, uninflated cell radius (ὶ) is πȢσωπȢπτ ‘ά. It was rounded to 1 significant 

figure and set as πȢτ ‘ά in the finite element models for simplicity (Table 3.5). 

Mechanical strain in the axial direction (‭) is: 

 

 ╪ꜗ
■█ ■░

■░
ȟ  Eq 3.14  

where ὰis length of the pressure vessel after the inflation (length of free-floating cell in 

this case) and ὰ is length of the pressure vessel before the inflation (length of uninflated cell). 
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By writing Equation 3.14  for ὰ and substituting values of ὰ ςȢρτπȢσυ‘ά [142], ‭

πȢπωφπȢπςω (change in cell length measured in cells immediately after plasmolysis) [34], 

 

ὰ
ὰ

‭ ρ

ςȢρτ‘ά

πȢπωφρ
ρȢωυςφȣ‘ά 

By propagation of uncertainty (where ὛὈ denotes standard deviation) uncertainty in the 

value of ὰ is determined as follows: 
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ρ

‭ ρ
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ρ

πȢπωφρ
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πȢπωφρ
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Therefore, uninflated cell length (ὰ) is ρȢωυπȢσς ‘ά. It was rounded to 1 significant 

figure and set as ςȢπ ‘ά in the finite element models for simplicity (Table 3.5). 

The values of Youngôs modulus in the axial direction (Ὁ), Poissonôs ratio (’), and turgor 

pressure (ὖ) were set to values within ranges reported in the literature [31], [32], [57], [176] (Table 

3.5). 

Turgor pressure during loading (ὖ ) is not known, but has been shown to be greater 

than turgor pressure before extrusion loading [18]. We therefore considered values of Ploading 

pressure values ranging from the initial turgor pressure (ὖ) to a larger value. The maximum Ploading 

value in the simulation was assumed to be related to the change in cell volume before and after 

extrusion loading since osmotic pressure is inversely proportional to cell volume (assuming that 

cell content stays the same and water loss is only cause of cell volume change) (Table 3.6). The 
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ranges of turgor pressure during loading were calculated by multiplying the turgor pressure (36.0 

kPa) by factors that are equivalent to change in cell volume (Fig. 3.17). 

 

Table 3.6. Ranges of turgor pressure during loading (╟■▫╪▀░▪▌) are shown for four pressure 

difference levels. 

Pressure 

Difference, DP 

(kPa) 

Factor of change in pressure Turgor pressure during loading 

(kPa) 

1.4 ρ ρȢφ σφȢπ υψȢυ 
3.2 ρ ςȢρ σφȢπ χτȢφ 
7.1 ρȢσ ςȢσ τχȢπ ψσȢς 
12.8 ρȢφ ςȢω υχȢω ρπφȢπ 

 

 

Figure 3.17. Ratio (mean and standard deviation) of cell volume before extrusion loading to 

after extrusion loading is shown for each DP level. 6 denotes cell volume before extrusion 

loading and 6  denotes cell volume after extrusion loading. 

For each pressure level, we ran five finite element analysis simulations using five linearly 

spaced values for turgor pressure during loading (ὖ ) spanning the range shown in Table 3.6. 
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We retrieved mechanical stress information in the cell envelope and determined the octahedral 

shear stress as the average of that determined by five simulations of each DP level (Fig. 3.5E). 
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4.1 Abstract 

In tissues with mechanical function, the regulation of remodeling and repair processes is 

often controlled by mechanosensitive mechanisms; damage to the tissue structure is detected by 

changes in mechanical stress and strain, stimulating matrix synthesis and repair. While this 

mechanoregulatory feedback process is well recognized in animals and plants, it is not known 
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whether such a process occurs in bacteria. In Vibrio cholerae, antibiotic-induced damage to the 

load-bearing cell wall promotes increased signaling by the two-component system VxrAB, which 

stimulates cell wall synthesis. Here we show that changes in mechanical stress and strain within 

the cell envelope are sufficient to stimulate VxrAB signaling in the absence of antibiotics. We 

applied mechanical forces to individual bacteria using three distinct loading modalities: extrusion 

loading within a microfluidic device, compression, and hydrostatic pressure. In all three cases, 

VxrAB signaling, as indicated by a fluorescent protein reporter, was increased in cells submitted 

to greater magnitudes of mechanical loading, hence diverse forms of mechanical stimuli activate 

VxrAB signaling. Mechanosensitivity of VxrAB signaling was lost following removal of the 

VxrAB stimulating endopeptidase ShyA, suggesting that VxrAB may not be directly sensing 

mechanical forces, but instead relies on other factors including lytic enzymes in the periplasmic 

space. Our findings suggest that mechanical signals play an important role in regulating cell wall 

homeostasis in bacteria. 

 

4.2 Introduction  

Mechanical forces have long been recognized as key contributors to the growth and 

function of organisms. In On Growth and Form, DôArcy Thompson highlighted the relationship 

between mechanical forces and the morphology and physiology of living organisms [1]. In 

mammalian systems, mechanical forces regulate a wide variety of processes including cell 

differentiation during development  [4], [177], disease initiation and progression [178], and tissue 

homeostasis [179]. In tissues and organs with load-bearing functions, mechanical forces often act 

as the primary signal that initiates tissue remodeling and repair, thereby enabling the tissue to adapt 

to the mechanical challenges of the environment and quickly return to load bearing. Tissue 
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remodeling thereby maintains homeostasis of mechanical function by balancing the removal of 

damaged tissue with tissue synthesis.  Load-bearing structures including bone [180], blood vessels 

[181], and the plant cytoskeleton [182], [183] use mechanosensitive mechanisms to maintain 

mechanical function.  

Most studies of mechanobiology focus on eukaryotic systems, although recent evidence 

has highlighted the importance of mechanical forces in prokaryotes. In bacteria, extracellular 

appendages including flagella and type IV pili extend from the cell body to sense and respond to 

mechanical cues in the environment. Flagellar motor unit assembly and disassembly respond to 

increases and decreases in external mechanical load [111], [113]. Physical inhibition of flagellar 

rotation by contact with a surface generates reaction forces within the molecular motor, which 

stimulate surface adhesion and biofilm formation [14], [15]. Type IV pili are motorized fibers that 

extend and retract to interact with the environment. In addition, mechanosensing by Type IV pili 

promotes biofilm formation [17] and the release of virulence factors [16], and it guides motility 

after collisions in the environment [184].  

The cell envelope is the primary load-bearing component of bacteria and is also sensitive 

to mechanical forces. Stretch-activated ion channels within the cell membrane rapidly respond to 

changes in osmolarity by opening due to membrane stretching, leading to increased survival 

following hypo-osmotic shock [185]. Mechanical stress and strain within the cell envelope also 

affect the assembly of trans-envelope efflux complexes; for example,  assembly and function of 

the trans-envelope multicomponent efflux pump CusCBA is impaired by increases in octahedral 

shear stress within the cell envelope [18]. Mechanical stress within the cell envelope also affects 

the locations of insertion of new cell wall in bacteria submitted to bending, with greater amounts 

of cell wall inserted at regions of greater tensile strain [186], [187]. Although these 
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mechanosensitive mechanisms within the cell envelope are well recognized, none of the 

mechanisms identified to date have been shown to regulate gene expression related to the 

remodeling of cell wall, an essential component of the cell envelope. If mechanosensitive 

mechanisms are involved in remodeling and homeostasis of the cell envelope, mechanical stress 

and strain would be expected to regulate the synthesis of components of the cell envelope. 

Vibrio cholerae, the causative agent of cholera disease, survives rapid changes in 

osmolarity during the transition between fresh and brackish water, marine environments, and the 

intestines of a host. Osmolarity changes result in fluctuations in turgor that alter mechanical stress 

in the cell envelope. The primary structures counteracting turgor are the peptidoglycan (PG) cell 

wall and the outer membrane (OM) [188]. To maintain adequate mechanical properties, bacteria 

must therefore maintain mechanical integrity of both PG and OM strength, and this indeed seems 

to be the case for the OM [188], [189]. If and how PG strength is homeostatically controlled is 

poorly understood.  

In Vibrio cholerae, the VxrAB two-component system is the major cell wall stress response 

system [19], [190], [191]. VxrAB is induced by exposure to cell wall-acting antibiotics and 

overexpression of cell wall lytic enzymes like endopeptidase ShyA [19], [192]. Upon induction, 

VxrAB upregulates its own expression, as well as cell wall synthesis functions, including the PG 

translocase MurJ, the major PG synthases (penicillin-binding proteins, PBPs), and PG precursor 

synthesis genes (Fig. 4.1A) [19]. Consequently, VxrAB activation results in increased cell wall 

content and enhanced resistance to osmotic shock [19]. These mechanisms are consistent with the 

idea that VxrAB contributes to cell wall homeostasis, similar to WalKR in the Gram-positive 

bacterium Bacillus subtilis  [193]. Consistent with this idea, a ævxrAB mutant exhibits increased 

cell width during normal growth [19], a finding expected if cell wall stiffness were impaired but 



98 

 

turgor pressure remained the same. Importantly, VxrAB is also essential for survival after exposure 

to cell wall-acting antibiotics such as beta-lactams [19], [192]. Beta-lactam exposure induces 

large-scale alterations of cell envelope mechanical properties, including a change from a rigid rod-

shaped cell contained by a cell wall, to a membranous spheroplast [194], [195]. Recovery from the 

spheroplast state relies primarily on VxrAB [192], presumably since rod shape regeneration 

requires increased cell wall synthesis. Thus, the VxrAB system modulates the mechanical 

properties of the cell in response to imbalances in PG turnover. The signal resulting in VxrAB 

induction, however, is still unknown. 

Here we study VxrAB controlled gene expression during mechanical stimulation of the cell 

envelope of Vibrio cholerae. We applied mechanical stress and strain to the bacterial cell envelope 

using three distinct loading modalities: extrusion loading within a microfluidic device, whole cell 

compression, and hydrostatic pressure. In each of these situations we find that bacteria 

experiencing greater magnitudes of mechanical loading exhibit greater VxrAB activation. Our 

findings support the idea that mechanical stress and strain play a role in regulating cell envelope 

synthesis and homeostasis and demonstrate the existence of gene regulatory systems that can be 

induced by mechanical stress in the cell envelope. 

 

 

4.3 Results and Analysis 

4.3.1 VxrAB signaling is activated by extrusion loading 

To investigate the role of mechanical stress on VxrAB signaling, we used a custom 

microfluidic device to apply controlled, reproducible mechanical loads in a process we call 

ñextrusion loading.ò Extrusion loading uses fluid pressure to push bacteria into narrow tapered 

channels with sub-micron dimensions (Fig. 4.1B)  [18], [65]. Cells become lodged in the tapered 
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channels and experience mechanical forces as they are deformed by the channel walls. The 

pressure difference (æP) across the tapered channel regulates the magnitude of mechanical stress 

experienced by a trapped cell. Cells submitted to greater pressure difference inside the tapered 

channels travel further into the tapered channels and experience greater deformation by the channel 

walls and greater magnitudes of mechanical stress. Analytical and finite element models indicate 

that extrusion loading results in increases in axial tensile stress, reductions in hoop tensile stress, 

and increases in octahedral shear (shape-changing) stress in the cell envelope [18]. 
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Figure 4.1. VxrAB signaling responds to mechanical stress from extrusion loading. A) When 

activated, inner membrane histidine kinase VxrA phosphorylates response regulator VxrB, which 

regulates gene expression of regulons that include MurJ and VxrAB. Transcriptional msfGFP 

fusions for MurJ and VxrAB were used as reporters for VxrAB signaling. B) Extrusion loading 

microfluidic device for applying mechanical loading. Top: Cells deform more and experience 
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greater mechanical loading at a greater pressure difference. Bottom: Example transmission image 

with a fluorescent overlay of ȹcrvA PmurJ:msfGFP cells experiencing extrusion loading. C) Vibrio 

cholerae are crescent-shaped. D) Vibrio cholerae with crvA deletion are rod-shaped. E) Single cell 

fluorescence of PmurJ:msfGFP cells vs pressure difference. F) Single cell fluorescence of ȹcrvA 

PmurJ:msfGFP cells (pink) and ȹcrvA ȹvxrB box PmurJ:msfGFP cells (blue) vs pressure difference. 

Solid lines are linear regressions. Slope of  ȹcrvA PmurJ:msfGFP cell (pink) is greater than the slope 

of the ȹcrvA ȹvxrB box PmurJ:msfGFP cells (blue) (P = 2e-12). G) Single cell fluorescence of 

ȹcrvA PvxrAB:msfGFP cells vs pressure difference. Solid line is a linear regression. 

 

We used a transcriptional PmurJ:msfGFP fusion as a well-established reporter for VxrAB 

signaling (Fig. 4.1A). MurJ encodes for lipid II flippase for peptidoglycan precursor, and flipping 

the peptidoglycan precursor into the periplasmic space is critical for cell wall assembly [196]. The 

response regulator VxrB has a high affinity for direct binding of the murJ promoter [192], and 

murJ expression is consequently strongly controlled by VxrAB [19], rendering this construct a 

robust readout of VxrAB activation. We applied extrusion loading to PmurJ:msfGFP cells for two 

hours, then measured the fluorescence of individual cells to quantify the msfGFP expression under 

MurJ promoter control. The fluorescence of PmurJ:msfGFP cells increased with increasing 

magnitude of extrusion loading (Fig. 4.1E), supporting the idea that VxrAB signaling is 

mechanosensitive.  

Vibrio cholerae cells naturally exhibit a crescent shape (Fig. 4.1C). The straightening of a 

crescent-shaped cell inside the microfluidic device during extrusion loading results in additional 

mechanical stresses including greater tensile stresses on the concave side of the cell and 

compressive stresses on the convex side. To determine whether the mechanosensitive fluorescent 
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response was solely due to the stresses caused by cell straightening, we created rod-shaped V. 

cholerae by deleting crvA (Fig. 4.1D) and submitted ȹcrvA PmurJ:msfGFP cells to extrusion 

loading. The fluorescence of ȹcrvA PmurJ:msfGFP cells also increased with increasing pressure 

difference (Fig. 4.1F, magenta), suggesting that cell curvature is not necessary for the 

mechanosensitive fluorescent response of PmurJ:msfGFP cells during extrusion loading. The 

difference in slope of the fluorescence vs pressure difference between the curved and the rod-

shaped cells may be explained by the additional stresses that curved cells experience from 

straightening. All subsequent experiments were performed with rod-shaped, ȹcrvA cells. The 

autofluorescence signal of ȹcrvA non-GFP producing cells was not increased at greater 

magnitudes of extrusion loading (Fig. 4.8). 

To confirm that the mechanosensitive response was due to VxrB-activated expression of 

PmurJ:msfGFP, we used a mutant with a partial deletion of the VxrB binding site on the MurJ 

promoter (ȹcrvA PmurJ
ȹvxrB box:msfGFP); we previously established that this mutant indeed lacks 

VxrAB-responsiveness [192]. Under extrusion loading, the fluorescence of such mutant cells did 

not vary with pressure difference (Fig. 4.1F, blue), demonstrating that VxrB activation is required 

for the mechanosensitive increase in PmurJ:msfGFP expression. In addition to its role in MurJ 

induction, VxrAB signaling is also autoregulated (Fig. 4.1A) [197]. To confirm that the 

mechanosensitive response of VxrAB was not limited to the MurJ promoter, we also used a 

PvxrAB:msfGFP reporter strain as an alternative readout of VxrAB activation. Cell fluorescence of 

PvxrAB:msfGFP cells increased at greater pressure difference (Fig. 4.1G), confirming that 

mechanical stress in the cell envelope regulates VxrAB signaling. We conclude that the VxrAB 

activation is sensitive to mechanical stress from extrusion loading.  

 



103 

 

4.3.2 VxrAB signaling is activated other forms of mechanical loading: compression 

and hydrostatic pressure 

To confirm that the mechanosensitive response of VxrAB signaling was not limited to the 

environment within the microfluidic device environment or mechanical stresses generated by 

extrusion loading, we investigated the response of VxrAB signaling to two other methods of 

mechanical loading: compression and hydrostatic pressure.  

To apply compression, cells were sandwiched between an agarose gel and a weighted glass 

slide (Fig. 4.2A). At greater magnitudes of applied force, cells experienced greater mechanical 

loading and deformed to a greater cell width in the plane of compression, as confirmed by imaging 

and measurements of cell width (Fig. 4.7). Compression causes increases in tensile stress in the 

axial and hoop directions and overall increase in octahedral shear (shape-changing) stress. 

PmurJ:msfGFP cells were submitted to compression loading for two hours (the same duration that 

cells experienced under extrusion loading). Cells sandwiched on agarose pads supplemented with 

M9 media continue to grow and divide at comparable rate to cells suspended in M9 media [198], 

demonstrating that cell have an adequate nutrient supply using this method. The fluorescence of 

individual cells was then measured to quantify expression of PmurJ:msfGFP. Cell fluorescence 

increased 30% with increasing magnitude of applied compression force (Fig. 4.2B, left), indicating 

that VxrAB signaling is sensitive to compression loading. In contrast, upon deleting the vxrB box 

in the promoter (ȹvxrB box), cell fluorescence did not vary significantly with applied compression 

force (Fig. 4.2B, middle), demonstrating that the mechanosensitive increase in cell fluorescence 

for PmurJ:msfGFP cells under compression also required VxrB activation. We again used 

PvxrAB:msfGFP cells  as a secondary reporter for VxrAB signaling. Cell fluorescence of 

PvxrAB:msfGFP cells increased with increasing applied compression force (Fig. 4.2B, right), further 
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supporting that the mechanosensitive response to compression is mediated by VxrAB. We note 

that msfGFP fluorescence shows larger variance among individual cells during compression 

loading than during extrusion loading, which is likely because compression does not apply as 

rigorously controlled cell contact and load distribution. 

  

Figure 4.2. VxrAB signaling responds to mechanical stress from compression and 

hydrostatic pressure A) During compression, cells are sandwiched between agarose gel and a 

weighted glass slide. B) Single cell fluorescence of ȹcrvA PmurJ:msfGFP cells (pink), ȹcrvA ȹvxrB 

box PmurJ:msfGFP cells (blue), and ȹcrvA PvxrAB:msfGFP cells (green) vs applied compression 
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force. Solid lines are linear regressions. The slope of ȹcrvA PmurJ:msfGFP cells (pink) is greater 

than the slope of the ȹcrvA ȹvxrB box PmurJ:msfGFP cells (blue) (P < 2e-16). C) Hydrostatic 

pressure applies force equally to all surfaces of the cell. D) Single cell fluorescence of ȹcrvA 

PmurJ:msfGFP cells (pink), ȹcrvA ȹvxrB box PmurJ:msfGFP cells (blue), and ȹcrvA PvxrAB:msfGFP 

cells (green) vs hydrostatic pressure. Solid lines are linear regressions. The slope of ȹcrvA 

PmurJ:msfGFP cells (pink) is greater than the slope of the ȹcrvA ȹvxrB box PmurJ:msfGFP cells 

(blue) (P < 2e-16). 

 

Next, we assessed the role of hydrostatic pressure in VxrAB induction. Hydrostatic 

pressure exerts force perpendicular to all surfaces of the cell (Fig 4.2C).  Extreme hydrostatic 

pressure (>50 MPa) causes changes to RNA synthesis and DNA replication and can cause cell 

death [66]; here we apply mild hydrostatic pressure from 0-100 kPa (for reference, a bacterium 10 

meters underwater experience approximately 100 kPa hydrostatic pressure). Hydrostatic pressure 

causes reductions in tensile stress in the axial and hoop directions and overall increases in 

octahedral shear (shape-changing) stress. MurJ was again used as a reporter for VxrAB signaling. 

PmurJ:msfGFP cells submitted to two hours of hydrostatic pressure. Cell fluorescence increased 

28% with increasing magnitude of applied compression force (Fig. 4.2D, left), demonstrating that 

VxrAB signaling is also sensitive to hydrostatic pressure. Upon deleting the vxrB box in the 

promoter, cell fluorescence did not vary with applied hydrostatic pressure (Fig. 4.2D, middle), 

confirming that the mechanosensitive increase in cell fluorescence for PmurJ:msfGFP cells required 

VxrB activation. As in the experiments above, the PvxrAB:msfGFP reporter strain recapitulated the 

observations with PmurJ:msfGFP  (Fig. 4.2D, right). We conclude that VxrAB signaling is 

responsive to diverse methods of mechanical load application to the cell envelope. 
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4.3.3 Cell wall turnover affects mechanosensitivity of VxrAB signaling 

Our above results show that VxrAB signaling responds to mechanical stimuli, but it is 

unknown if the kinase VxrA is itself a mechanosensor or if VxrA activation is an indirect response 

to other changes caused by mechanical stress in the cell envelope. VxrAB is known to respond to 

cell wall damage caused by cell wall targeting antibiotics and overexpression of the endopeptidase 

ShyA (Fig. 4.1A) [19]. Cell wall damage could trigger VxrAB mechanically by reducing cell 

envelope stiffness and thereby increasing deformation of the cell envelope caused by turgor, or 

VxrAB could respond to a chemical byproduct of cell wall degradation. Endopeptidases cleave 

peptide strands in the peptidoglycan, allowing for the insertion of new cell wall material and cell 

elongation, but also contribute to cell wall degradation after antibiotic exposure [199], [200]. The 

endopeptidase ShyA plays a key role in cell wall homeostasis and cell elongation through 

controlled cell wall degradation in V. cholerae [201]. ShyA overexpression, by increasing 

degradation of the cell wall, may cause reductions in cell envelope mechanical properties, resulting 

in greater mechanical deformation of the cell envelope under turgor pressure and a resulting 

increase in VxrAB signaling. Alternatively, ShyA-mediated degradation of the cell wall could 

cause the release of cell wall fragments or byproducts leading to the activation of VxrA. To explore 

the possibility that VxrAB mechanosensitive signaling is related to cell wall damage or 

degradation, we exposed mutants with ShyA deletion or ShyA overexpression to extrusion loading 

and measured the resulting changes in VxrAB signaling.   

Under extrusion loading, the fluorescence of cells with ShyA deleted (ȹshyA 

PmurJ:msfGFP) ceased to be correlated with pressure difference (Fig. 4.3A). When ShyA was 

reintroduced in trans, the mechanosensitive response was rescued: cell fluorescence increases with 

increasing pressure difference during extrusion loading for ȹshyA ShyA++ PmurJ:msfGFP (Fig. 
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4.3B). However, we noticed that upon deleting ShyA, cells did not travel as far into the tapered 

channels during extrusion loading as cells with normal ShyA expression (Fig. 4.3C), potentially 

suggesting that cells defective in major endopeptidase activity experienced insufficient cell 

deformation compared with cells with normal ShyA expression. However, cells with ShyA deleted 

outside of the microfluidic devices were wider than cells with normal ShyA expression (Fig. 4.3D, 

top vs. bottom). Due to this width increase, ȹshyA PmurJ:msfGFP cells might experience greater 

mechanical strain/deformation than the PmurJ:msfGFP cells despite not traveling as far in the 

tapered channel. Indeed, when comparing cell width inside and outside the tapered channels, 

ȹshyA PmurJ:msfGFP cells experienced a greater percentage decrease (average of 40% decrease in 

cell width) in cell width as compared to PmurJ:msfGFP cells (average of 25% decrease in cell 

width). Therefore, the lack of mechanosensitive response in the ȹshyA strain is likely not due to 

insufficient deformation of the cell envelope. Furthermore, the cells in tapered channels for both 

groups experience the same pressure difference, so the loss of mechanosensitivity in the ȹshyA 

PmurJ:msfGFP cells is not due to differences in applied mechanical force. Since VxrAB baseline 

levels were elevated in the ȹshyA mutants  (indicating functional VxrA), the inability of VxrAB 

to respond to mechanical loading indicates that it is unlikely that VxrAB directly senses 

mechanical stress and strain and that mechanosensation of VxrAB is either secondary to ShyA 

activity or indirectly due to the deletion of ShyA (perhaps related to consequent changes associated 

with increased expression of other endopeptidases or perturbations cell wall mechanical properties 

or homeostasis in the absence of ShyA). Indeed, ȹshyA PmurJ:msfGFP cells exhibit noticeably 

perturbed physiology with blebs, curves, and abnormal shape, suggesting the possibility of 

impaired cell envelope mechanical properties that might reduce cell stiffness (Fig. 4.3E).  We 

speculate that VxrAB signaling in response to mechanical stress is related to cell wall fragments 
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released during mechanical loading. Mechanical stress might enhance ShyA activity through 

substrate availability, thus resulting in the production of more PG fragments that are sensed by 

VxrA. Indeed, PG lytic enzymes have been previously hypothesized to respond to PG stretching 

state [202].  Another possibility is that the absence of ShyA results in changes in PG structure in a 

way that makes it non-conducive to VxrAB-mediated mechanosensing. Although the mechanism 

of VxrAB mechanosensation remains unclear, our findings suggest that cell envelope remodeling 

and homeostasis are at least in part mechanically regulated.  
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Figure 4.3. ShyA and VxrAB mechanosensitivity ShyA and VxrAB mechanosensitivity. A) 

Single cell fluorescence of ȹshyA ȹcrvA PvxrAB:msfGFP cells vs pressure difference in extrusion 

loading (black). ȹcrvA PmurJ:msfGFP linear fit trendline shown in pink from Fig. 4.1F. Solid black 

line is a linear regression for the ȹshyA ȹcrvA PvxrAB:msfGFP cells. The slope of ȹcrvA 

PvxrAB:msfGFP cells (pink) is greater than the slope of the ȹshyA ȹcrvA PvxrAB:msfGFP cell (P = 

1e-7). B) Single cell fluorescence of ȹshyA ȹcrvA ShyA++ PmurJ:msfGFP cells vs pressure 

difference. Solid green line is a linear regression. C) Distance traveled in the tapered channel for 
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ȹshyA ȹcrvA PmurJ:msfGFP cells (black) and ȹcrvA PmurJ:msfGFP cells (pink) vs pressure 

difference. D) Top: ȹshyA ȹcrvA PmurJ:msfGFP cell width in a petri dish. Bottom: ȹcrvA 

PmurJ:msfGFP cell width in a petri dish. E) Example image of ȹshyA ȹcrvA PmurJ:msfGFP cell 

morphology grown in M9 medium in a petri dish. 

 

We overexpressed ShyA through the introduction of a ShyA plasmid and IPTG induction. 

Under extrusion loading, ShyA++ ȹcrvA PmurJ-msfGFP cell fluorescence increases at greater 

pressure differences (Fig. 4.3B). The trend in cell fluorescence vs pressure difference is not 

significantly different between ȹcrvA PmurJ-msfGFP cells and ShyA++ ȹcrvA PmurJ-msfGFP cells, 

so overexpression of ShyA does not increase VxrAB mechanosensitive response. Cells with the 

ShyA plasmid without IPTG induction also have increasing cell fluorescence with increasing 

pressure difference during extrusion loading. ȹcrvA PmurJ-msfGFP, ShyA++ ȹcrvA PmurJ-msfGFP, 

ShyA+ ȹcrvA PmurJ-msfGFP, and ȹshyA ShyA++ ȹcrvA PmurJ-msfGFP do not appear to differ in 

terms of mechanosensitivity (relationship between pressure difference and ȹcrvA PmurJ-msfGFP 

fluorescence) (Fig. 4.3B). Overexpression of ShyA did not cause significant changes to VxrAB 

mechanosensitive signaling. 

 

4.4 Conclusions 

We have demonstrated that the two-component signaling system VxrAB is activated by 

mechanical stress in the cell envelope caused by three distinct mechanical loading modalities: 

extrusion loading, compression, and hydrostatic pressure. These findings indicate that 

mechanosensitive mechanisms within the cell envelope can regulate gene expression involved in 

cell wall remodeling. While VxrAB responds to mechanical stress, it is unlikely that physical 
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forces directly regulate VxrAB function suggesting that the primary effect of physical forces 

occurs on another process that remains to be identified. 

Although our findings suggest that VxrA does not respond directly to mechanical stress 

and strain, our findings support the idea that mechanical stress and strain may play a role in 

controlling cell wall homeostasis. The ability of mechanical stress and strain to contribute to the 

remodeling of a load-bearing component such as the cell wall is a powerful means of maintaining 

the function of the cell envelope. While we are unaware of other studies directly investigating the 

effects of mechanical stress on cell wall maintenance in other bacteria, there are other two-

component systems that regulate cell wall remodeling. The two component system WalKR in 

Bacillus subtilis responds to the degradation of cell wall constituents to regulate cell wall 

remodeling [193]. Additionally, recent findings indicate that the outer membrane is also capable 

of carrying mechanical loads [188], opening the possibility that the synthesis and transport of outer 

membrane components may be sensitive to mechanical stress. 

The mechanosensitive nature of VxrAB suggests potential applications in the field of 

synthetic biology. Gene regulatory mechanisms that respond to the external environment are key 

tools in the field of synthetic biology. Systems that respond to target chemicals, light, temperature, 

and pH have been used to control synthetic gene circuits [203]. Our work demonstrates that two-

component systems can respond to mechanical stress in the cell envelope, providing an additional 

mechanical mechanism for stimulating gene circuits for synthetic biology applications.  

 

4.5  Supporting Information  

4.5.1 Materials and methods 

4.5.1.1 Microfluidic device manufacturing 
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The methods for microfluidic device manufacturing used here are similar to what is 

described in our previously published works [18], [65] ; the main difference here is that the etch 

depth was reduced to accommodate Vibrio cholerae cell dimensions. Fused silica wafers (100 mm 

diameter and 500 µm thick, WF3937X02031190, Mark Optics, Santa Ana, CA, USA) were 

patterned using Deep UV photolithography in the cleanroom facility at Cornell NanoScale Facility 

Science and Technology Facility (Ithaca, NY, USA). Clean fused silica wafers were first coated 

with ~55 nm of chrome using the AJA Sputter Deposition Tool (AJA International, Scituate MA, 

USA). The Gamma Automatic Coat-Develop Tool (Suss MicroTec Gamma Cluster Tool, 

Garching Germany) was then used to apply a ~60 nm coat of anti-reflective coating (ARC, DUV 

42P, Brewer Science, Rolla, MO, USA) and ~510 nm coat of photoresist (UV210, MicroChem, 

Westborough, MA, USA). The photoresist was exposed to our custom microfluidic device pattern 

using the ASML Deep UV stepper (Veldhoven Netherlands), then the photoresist was immediately 

developed using the Gamma Automatic Coat-Develop Tool. The pattern was transferred from the 

photoresist to the anti-reflective coating using plasma etching in the Oxford 82 Tool (Oxford, 

Abingdon, UK), then transferred to the chrome layer with plasma etching using the Plasma-Therm 

770 ICP tool (Plasma-Therm St. Petersburg FL, USA). Any remaining anti-reflective coating was 

removed with a plasma oxygen clean in the Oxford 82 Tool. Finally, the pattern was transferred 

to the fused silica with plasma etching using the in the Oxford 100 Tool (Oxford, Abingdon, UK). 

Remaining chrome was removed using a wet chemical bath. Through-holes were laser-etched at 

the microfluidic device inlets and outlets using a Versalaser (VLS3.50, Universal Laser Systems, 

Scottsdale, AZ, USA). 

The wafer feature dimensions were characterized using a profilometer, an atomic force 

microscope, and a scanning electron microscope. The target etch depth for the channels was at 
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least two standard deviations greater than the cell width (>0.80 µm) so the cells could flow freely 

through all of the feeder channels and would only get stuck in the narrow constriction of the tapered 

channels. The feeder channel etch depth was characterized using a profilometer (P-7, KLA Inc, 

Milpitas CA, USA). The profilometer tip was too wide to measure the tapered channels, so an 

atomic force microscopy high aspect ratio tip was used to measure the etch depth of tapered 

channels (Veeco Icon Bruker, Billerica MA, USA). Channel etch depth was 0.88 ± 0.03 µm. A 

scanning electron microscope (Zeiss Ultra 55 SEM microscope, Oberkocken Germany) was used 

to measure the tapered channel inlet width (1.48 ± 0.07 µm) and outlet width (0.35± 0.02 µm). 

The tapered channel inlet is wide enough the cells can enter, and the outlet is narrow enough to 

prevent cells from flowing out. 

The patterned wafers were bonded to 100 mm diameter and 170 µm thick fused silica cover 

wafers (WF3937X0073119B Mark Optics, Santa Ana CA, USA). Cover wafer thickness was 

chosen to be the same thickness as standard cover slips. Both the patterned wafers and the cover 

wafers were MOS/RCA cleaned before bonding. Wafers were gently hand bonded, then underwent 

nitrogen annealing for 5 hours at 1100°C. Wafers were allowed to sit at least one week before use 

to let the bond mature. 

4.5.1.2 Microfluidic device design 

The microfluidic device design has been described previously in our published works [18], 

[65]. Fluid pressure pushes bacterial cells into narrow tapered channels, a process we refer to as 

extrusion loading (Fig. 4.4A). The cell experiences deformation and mechanical stress and strain 

in the cell envelope as it is constricted by the channel walls. The fluidic pressure is higher at the 

wide inlet of the channel and lower at the narrow outlet of the channel, pushing the cells towards 

the outlet. We refer to the difference in pressure between the wide inlet and the narrow outlet of 



114 

 

the tapered channel as the pressure differential (ȹP). Cells in tapers with a greater pressure 

differential experience a greater magnitude of mechanical loading, travel further into the tapered 

channel, and deform more than cells in tapers with a lesser pressure differential. The distance the 

cell travels into the tapered channel is dependent on the magnitude of the pressure differential, 

initial cell width, and cell stiffness.  

 Hundreds of cells under multiple loading magnitudes are observed during each 

experiment. Twelve sets of five tapered channels are put in parallel and connected by a bypass 

channel (Fig. 4.4B, Fig. 4.4C). Pressure is highest at the inlet of the bypass channel and lowest at 

the outlet of the bypass channel due to pressure loss from hydraulic resistance; therefore, the 

tapered channels near the bypass inlet and outlet experience the greatest pressure differential (ȹP) 

(Fig. 4.4C). Ten bypass channels are put in parallel and connected by feeder channels to a single 

entry port for the microfluidic device (Fig. 4.4D). While trapped in the tapered channels cells 

remain alive for hours and are observed elongating and dividing. 
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Figure 4.4. Extrusion loading microfluidic device to apply controlled mechanical loading to 

individual cells. A) A cell forced into a tapered channel. B) Multiple tapered channels in parallel 

connected by a bypass channel. C) A full bypass channel where pressure difference is greatest near 

the inlet and outlet of the bypass channel. D) The entire microfluidic device design has multiple 

bypass channels connected to a single microfluidic device entry port. 

4.5.1.3 Loading cells into the microfluidic device 

Fluid pressure was used to load the cells into the microfluidic device. Pressure was 

generated using a PneuWave Pump (CorSolutions, Ithaca NY, USA). PEEK tubing (Idex 360 µm 
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OD x 150 µm ID, Lake Forest IL, USA) was attached to the PneuWave pump. Isopropanol alcohol 

was flushed through the PEEK tubing for 5 minutes for sterilization, then M9 minimal media was 

flushed through the tubing for 5 minutes to clear the isopropanol alcohol and prepare the tubing 

for cells. A magnetic connector lever arm (Fluidic Indexing Probe, CorSolutions, Ithaca NY, USA) 

and gasket (N-123-03 IDEX, Lake Forest IL, USA) were used to form a compression seal 

connecting the PEEK tubing to the microfluidic device. M9 minimal media was run through the 

microfluidic device to pre-wet all of the channels and push out any bubbles. 

The tubing and connector were disconnected from the microfluidic device, and cell culture 

was flushing through the tubing at 60 kPa applied pressure for 5 min. The tubing was then 

reattached to the microfluidic device, and cells were flowed into the device. Applied pressure was 

maintained at 60 kPa for the remainder of the experiment. Imaging began two hours after all 

pressure levels in the microfluidic device were loaded with cells. The two hour time point was 

determined from preliminary experiments; fluorescent signal increased from the start of the 

experiment until 2 hours, then remained constant from 2 to 6 hours.  

4.5.1.4 Microfluidic device hydraulic circuit pressure calculations 

The fluidic pressure at the tapered channels within the microfluidic device could not be 

directly measured, so it was calculated using the pressure at the entry of the device (measured with 

the PneuWave Pump) and a hydraulic circuit model with the Hagen-Poiseuille law (Equation 4.1). 

ȹP is the difference in pressure between upstream end and downstream end of a channel, Q is the 

flow rate, and Rh is the hydraulic resistance of the channel. 

 ȹP ὗ Ὑz  Eq. 4.1 

  The hydraulic resistance of each linear channel in the microfluidic device was 

determined individually using either Poiseuille flow (Equations 4.2 and 4.3) or Plane Poiseuille 
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flow (Equation 4.4) where µ is fluid viscosity (assumed to be the viscosity of water = 8.9e-4  Pa·s), 

L is the length of the channel, A is the area of the channel cross section,  r is the hydraulic radius, 

P is the perimeter of the channel cross section, and H is the height of the channel. Poiseuille flow 

(Equations 4.2 and 4.3) was used for channels where the ratio of the channel cross section width 

to channel cross section height was less than 20, and Plane Poiseuille flow (Equation 4.4)  was 

used for channels where the ratio was greater than 20.  

 Ὑ
А
; Eq. 4.2 

 ὶ ; Eq. 4.3 

 Ὑ
А
 Eq. 4.4 

 

The hydraulic resistance of the entire microfluidic device was determined by combining 

the hydraulic resistance of all of the individual linear channels. Channels in parallel were combined 

using Equation 4.5 where RTotal is the combined hydraulic resistance of channels 1 to n.  

  ȣ   Eq. 4.5 

  

Segments in series were combined using Equation 4.6 where RTotal is the combined 

hydraulic resistance of channels 1 to n. 

 Ὑ Ὑ Ὑȣ Ὑ  Eq. 4.6 

 

Due the complex geometry of the devices, these hydraulic circuit calculations have been 

done using a custom script in MATLAB (v. 2019a, Mathworks, Natick, MA, USA). 
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4.5.1.4.1 Hydraulic resistance of tapered channels with cells 

When a cell occupies a tapered channel, the cell partially blocks fluid flow and thereby 

causes an increase in the hydraulic resistance of that channel. Since fluid flow profile around the 

cell is irregular (the tapered channel has a trapezoidal cross section and a cell has a circular cross 

section), Equations 4.2 and 4.3 were not appropriate. To determine the hydraulic resistance of a 

tapered channel occupied by a cell, we created a model using COMSOL Multiphysics (v 4.3,  

Stockholm, Sweden). The hydraulic resistance of a tapered channel occupied by a cell is an order 

of magnitude greater than a tapered channel without a cell. In accordance with experimental 

observations, it was assumed all tapered channels were occupied by a cell. 

4.5.1.5 Measuring cell boundary and fluorescence in microfluidic device 

The cell dimensions and cell fluorescence were determined using a custom script in 

MATLAB (v. 2019a, Mathworks, Natick, MA, USA). The cell dimensions of each cell in the 

microfluidic devices were determined from the optical transmission image The optical properties 

of the channel walls limited the utility of automatic cell detection software necessitating a semi-

automated approach. Regions with cells were manually identified (Fig. 4.5A), horizontal and 

vertical line profiles were generated. The midpoint between the peaks and troughs on the line 

profiles were used to determine the cell boundaries (Fig. 4.5B). The distance the cell traveled into 

the tapered channel was measured as the distance between the cell centroid and the inlet of the 

tapered channel. 

The cell boundary identified from the optical transmission image was mapped to the same 

location on the fluorescent image. The pixel intensity of all pixels in the cell boundary were 

summed to calculate the cell fluorescence. All measurements were corrected for the background 
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fluorescence by subtracting the median fluorescent intensity of the entire fluorescent image 

multiplied by the number of pixels in the cell boundary.  

 

Figure 4.5 Cell boundary determination in the extrusion loading microfluidic device. Adapted 

from [18]. A) Transmission image of cell in the tapered channels of the microfluidic device. B) 

Zoomed in region of interest with a cell. Horizontal and vertical line profiles were used to define 

the cell boundary. 

 

4.5.1.6 Measuring cell boundary and fluorescence for hydrostatic pressure and 

compression experiments   

The cell boundary was identified using a custom-written MATLAB software called iQPALM 

[198], (https://doi.org/10.6084/m9.figshare.12642617.v1) and in the corresponding fluorescent 

image, the cell total fluorescence was quantified as the sum of all pixelsô intensity within the cell 

mask as illustrated in Fig. 4.6. The average fluorescent background was calculated as the average 

of 20 random pixels outside the cells.  
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Figure 4.6  Illustration of total fluorescence calculation on petri dish. A) Transmission image 

with cell masks overlaid of cell after hydrostatic pressure was applied. B) Fluorescence image with 

cell masks overlaid. C) Example of average fluorescence image background. 

The average fluorescence of the background was then subtracted from each pixel in the 

image to produce a corrected image. The total fluorescence of each cell was then found by adding 

the fluorescence of each pixel in the cell mask of the corrected image. This value was further 

linearly scaled based on the integration time, EM gain, and power density (Table 4.1).  

4.5.1.7 Cell sample preparation 

Cells were grown overnight (18 hours) in LB (Sigma-Aldrich) with appropriate antibiotics 

in 37°C with 250 rpm shaking. The overnight culture was diluted in a 1:100 in M9 minimal media 

supplemented with 8% v/v 50X MEM amino acids (GIBCO) and 4% 100X vitamins (GIBCO), 

which is referred to as the supplemented M9 in later methods. The cells were grown for 4 hours at 

37 °C until OD600~0.4 to reach exponential phase then spun down and resuspended in fresh 

supplemented M9 minimal media.   

4.5.1.8 IPTG Induction 

For experiments with Isopropyl ß-D-1-thiogalactopyranoside (IPTG) induction, 100µM of 

IPTG (Sigma-Aldrich) was added to the cell culture after the 4 hr dilution and incubated in 37C 
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for another hour before loading cells into the microfluidic device and maintained throughout the 

entire duration of the experiment. 

4.5.1.9   Hydrostatic pressure experimental protocol 

Hydrostatic pressure was applied to a bulk fluid cell culture using a PneuWave Pump 

(CorSolutions, Ithaca NY, USA). A custom-made plug was used to prevent any flow. Two 

supplemented M9 cell dilutions were prepared and incubated at 37C for 4 hours as described in 

SI Section 4.5.1.7. Meanwhile, , 0.03% poly-L-lysine (Sigma-Aldrich) was added to the petri dish 

and incubated at room temperature for 4 hours to functionalize the coverslip. The excess poly-L-

lysine solution was washed out with nanopure sterile water after 4 hours. One of the supplemented 

M9 dilutions was then held under hydrostatic pressure for two hours, while the other one was kept 

under atmospheric pressure. After releasing pressure, 2 mL of cells were immediately centrifuged 

down, resuspended in 200 uL supplemented M9, and placed 50 uL into one of the compartments 

of a petri dish (CELLview, glass bottom, four compartments). The same procedure was used for a 

control cell dilution in which no pressure was applied. After the cell sample was incubated on the 

petri dish for 3-5 min, the dish was washed with supplemented M9 by pipetting for at least 3 times 

to remove unattached floating cells before adding 200 uL supplemented M9 in each compartment. 

 

4.5.1.10 Compression experimental protocol 

For the compression experiments, the cell overnight culture and dilution were prepared as 

described in SI Section 4.5.1.7. Two millimeters of the 4 h dilution was centrifuged down and 

resuspended in 30 uL of the supplemented M9. The cells were immobilized for weight application 

and imaging after being sandwiched between a 3% (w/v) agarose gel and a coverslip. To make the 

agarose gel for the compression imaging sample, 30 mg of agarose (Sigma-Aldrich) and added to  
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1 mL of the supplemented M9 and heated in a microwave until agarose was completely dissolved. 

Then 50 uL of this molten agarose was pipetted onto the center of a glass slide, and before it 

solidified, another glass slide was put on top of the agarose to flatten the gel. The top glass slide 

was then removed. Two microliters of the concentrated cell sample were placed onto the agarose 

gel surface and topped with a coverslip. The supplemented M9 was added on the side to prevent 

the system from drying, and stainless steel weights were applied on top of the coverslip for 2 hours 

before imaging. We observed that cells at greater applied force experienced greater deformation, 

as evidence by greater cell width (Fig. 4.7). 

 

Figure 4.7. Cell width during compression loading. Cell width (µm) vs applied force (N). 

4.5.1.11 Imaging protocol 

To monitor the change of cellular GFP expression level under diverse mechanical stimuli, 

we used an inverted fluorescence microscope (Olympus IX 71) to illuminate the cells with 488 nm 

laser (Coherent INC, Sapphire 488-200 CW CDRH) in wide-field epi mode. A bandpass filter 

(Semrock, FF01-525/50) was used for the detection of green fluorescence from msfGFP. Due to 
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the difference of intrinsic gene expression level, the illumination pulse duration Tint, EM gain, and 

laser local power density varied for the GFP tags on VxrA promoter and MurJ promoter to not 

saturate the EMCDD camera (Andor Technology, DU-897E-CSO-#BV) as listed in Table 4.1. A 

pi shaper flat top beam shaper (Edmund optics, #12-644) was used to expand the laser beam size 

in the compression experiments for higher throughput. 

Table 4.1 Imaging conditions VxrAB reporters under extrusion loading, hydrostatic pressure and 

compression. 

 
ȹcrvA PvxrAB-

msfGFP 

ȹcrvA PmurJ-

msfGFP 
ȹcrvA 

Tint (ms) 

Extrusion Loading 4 20 20 

Hydrostatic Pressure 4 20 20 

Compression 20 20 - 

EM gain 

Extrusion Loading 100 200 200 

Hydrostatic Pressure 100 150 150 

Compression 150 150 - 

488 power 

density (kw/cm2) 

Extrusion Loading 3.6 3.6 3.6 

Hydrostatic Pressure 3.6 3.6 3.6 

Compression 0.5 0.5 - 

 

4.5.1.12 Strain construction 

Bacterial strains and oligonucleotides used in this study are summarized in Table 4.2 and 

4.3. All V. cholerae strains used in this study were derivatives of V. cholerae WT El Tor strain 

N16961 which were grown on Luria-Bertani (LB) medium with appropriate 

antibiotics: streptomycin (RPI, cat# S62000), 200 ɛg mlī1; ampicillin (RPI, cat# A40040), 100 

ɛg mlī1; carbenicillin (RPI, cat# C46000), 50 ɛgmlī 1; Kanamycin (RPI, cat# K22000), 20 ɛg mlī1. 
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For native or IPTG promoter induction, 100 ɛg ml-1 of Benzylpenicillin potassium salt (PenG-

Fisher BioReagents, cat# BP914-100) or 100~500 ɛM of isopropyl-ɓ-D-1-thiogalactopyranoside 

(IPTG-GOLDBIO, cat# 12481C50) are supplemented, respectively. Unless indicated otherwise, 

LB liquid media were inoculated from an overnight culture and incubated at 37°C with shaking at 

200 rpm until reaching mid-exponential phase (OD600 ~0.4).  

E. coli DH5Ŭ ɚpir and SM10 ɚpir were used for all cloning procedures by Isothermal 

assembly {Gibson Assembly [204]} or conjugal transfer of genes into Vibrio strains. Knockout 

strains were generated by homologous recombination using the suicide vector pCVD442  [205] 

and amplified PCR products from primer combinations and gene block in Table 4.3. For promoter 

and msfGFP fusion strains, amplified promoter DNAs of murJ or vctPDGC cloned into pJL101, a 

suicide vector for chromosomal integration into the lacZ locus. For ShyA overexpression strains, 

ShyA was cloned into pHL100mob using primer pairs for shyA (TD-JHS548/549) and the final 

construct was introduced in a variety of Vibrio strains as an episomal copy plasmid with kanamycin 

resistance gene for plasmid maintenance. 

 

Table 4.2. Bacterial strains used in Chapter 4. 

Strain 

/plasmid 
Relevant description 

Reference 

/source 

V. cholerae strains 

N16961 

 Wild-type O1 Inaba; Strr Lab stock 

TDW933 ȹvxrAB 
Dorr et al., 2016 

(PNAS) [19] 

JHS302 ȹcrvA This study 

JHS615 ȹcrvA PmurJ-msfGFP This study 

JHS623 ȹcrvA ȹvxrAB PmurJ-msfGFP This study 

JHS619 ȹcrvA PvctPDGC-msfGFP  This study 

JHS626 ȹcrvA ȹvxrAB PvctPDGC-msfGFP This study 

JHS513 ȹcrvA PmurJ-ȹVxrB Box+msfGFP This study 

JHS514 ȹcrvA ȹvxrAB PmurJ-ȹVxrB Box+msfGFP  This study 
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JHS587 ȹcrvA PmurJ-msfGFP+pHL100mob This study 

JHS595 ȹcrvA PmurJ-msfGFP+pHL100mob ShyA This study 

JHS591 ȹcrvA ȹvxrAB PmurJ-msfGFP+pHL100mob  This study 

JHS603 
ȹcrvA ȹvxrAB PmurJ-msfGFP+pHL100mob 

ShyA 
This study 

JHS641 ȹcrvA ȹshyA PmurJ-msfGFP This study 

JHS742 ȹcrvA ȹshyA PmurJ-msfGFP+pHL100mob This study 

JHS763 
ȹcrvA ȹshyA PmurJ-msfGFP+pHL100mob WT 

ShyA  
This study 

E. coli strains 

SM10 

ɚpir 

 

ȹ(ara-leu)7697 ȹlacX74 ȹphoA PvuII phoR 

araD139 ahpC galE galK rpsL (DE3) F'[lac+ 

lacIq pro] gor522::Tn10 trxB pLysSRARE 

(CamR, StrR, TetR) 

Lab stock 

TJES001 pCVD442 æcrvA This study 

 pCVD442 ævxrAB 
Dörr et al., 2016 

(PNAS) [19] 

TJES002 pCVD442 æshyA This study 

TJES003 pJL1 PmurJ-msfGFP  This study 

TJES003 pJL1 PvctPDGC-msfGFP This study 

TJES005 pJL1 PmurJ ȹVxrB Box-msfGFP This study 

 pHL100mob Lab stock 

 pHL100mob ShyA 
Murphy et al., 2021 

(mBio) [206] 

 

Table 4.3 Oligonucleotides and gene blocks used in Chapter 4. 

 Primer sequence (5ô to 3ô) Description 

Strain 

construction 
 

TD-JHS 548 GAGTTTGACCCGGGTAACAAGAAGT

T 

ShyA XmaI F 

TD-JHS 549 GTTCACTATTGAGCATGCAGAAACG

G 

ShyA SphI R 

TD-JHS 550 GAGTTTGACATGATTAACAAGAAGT

TCCT 

ShyA Veri New F 2323 

TD-JHS 551 ACGAGTTCACTATTGAGCTGACAGA

AACG 

ShyA Veri New R 2323 

TD-JHS 260 CATGATTGGCATGGTGGAGC pJL1 new-F 

TD-JHS 261 GTATTGCACAGGACGCGATG pJL1_new-R 

TD-JHS 452 
CATGCTGCTTCATGTGATCCGGGTA

AC 
msfGFP m Rev 
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TD-JHS 028 
CACCATCAGGCAGTTGGCGATCAAG

G 
VxrA Ver 253TTG 

TD-JHS 033 
GCGAACTTGCTGCCTTACATGCACA

TCC 
VxrA Ver F1 

TD-JHS 034 GCAGTCTGACAGTAAACCACTCGCG VxrA Ver F2 

TD-JHS428 CTGAAATGAGCTGTTGACAATTAAT

C 

pHL100 For 

TD-JHS429 GCTACTGCCGCCAGGCAAATTCTG pHL100 Rev 

TD-JHS 533 GTAAATCACTGCATAATTCGTGTCG

CTCAAG 

pHL100 F 

TD-JHS 571 CTGTTTGTCTGCGGTGATGTAAACG msfGFP Ver Rev 500 

Gene block 

GAGTTTGACCCGGGTAACAAGAAGT

TCCTTAAAACAAAAGATGAAGTGG

AAGTCACTTTTGAATGCGATGCCCC

GCAAGCGGCCTCTGAAGTAGCGATT

GTGGCCGATTTTTTAGGTTGGCAGC

CTGAGCCAATGAAAAAAGTGGCCA

AATCAAGCACGTTCAAATTTAAAAC

TCGTTTGCCGAAAGATCGTGAATTT

CAGTTCCGTTATTTGCTCGATAAAC

AAGAGTGGGTCAATGATCCCCATGC

CGATCAGTATATTGCTAACGGTTTT

GGTGAAGAAAACTGTTTGTTAACCA

CCTATCAGTGATTTGGGTAGCATTT

TTTGACGAAAGCTCAAAAAATCACA

AACAACTAAGTTGCTGCCAGCACAC

AAAATCCTCTATTTTTGAAAGGCAC

AAATGTGCCTTTTTTGCTTTAAATTG

ACGAAAGCGTAGGTGACAAACCGC

GCTGAAACCCTTACTCTTGGCCGAG

TTTTGACTTTTTTCCACAGGTAAACT

GTCTCACATCAACTGTTTTTAGTGGT

ACCGATTTCTTGAGTATTGCCTTATT

TTTGATTGAGGCAAGCGTTGAGAAT

ATGGGCTTTTACCGTTTAGGCTACA

TTCGTTTCTTTTCTCCAGCGTTCAAT

CATCACACTCGGTAAATCAGGTCGA

CTGAAGTAATACCCTTGAATTTGCT

CACAGCCCATTTGATAGAGTTTATC

CAGTGCTTGTTGGTTCTCTACCCCCT

CAGCGACGAGATCGAGTTTAAGCTG

GTTAGCAAGCTGAATAATCAACCAC

ACGATACTCTCAGAGGTTTGGTTGG

TAAGTAGGTTACGCACAAATGCAGC

ATCAATCTTGATGCAATCAATCGGA

TAACTGTGAATGTAGTTAAGGCTCG

shyA deletion 
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AATAACCTGTCCCAAAATCATCCAA

GGCAATTTTAAAACCCAATTCACGC

AATATGGTGAGAATACTGCATACTT

CTGCGGCCTTAGAGAGTAAAACCGT

TTCTGCATGCTCAATAGTGAAC 

GGGTCTAACTCCCAAAAACTTAGTT

CGGTGACATTTTAAGGGCGGGAAAT

ATCCCCGATTTGCTCTTTAATGTCAA

ATGATTTGTGCAAAAACCCAACTGG

ACCAAACAAACTTGGTATCGAAGA

GCCTTCGCGGTTAAGATGGCGGGGA

CTTATCTGATCTCACTATGACATTCT

TATCCTTTCGAATCAGATAATGTGG

TTTTGACTCTTTGTTCGAGGTTACCG

TGAGTAAACGCTTATTAAGGAGGAA

AGTCACATTCATGATCATGGGAATT

CATAAAGGTGAAGAACTGTTCACCG

GTGTTGTTCCGATCCTGGTTGAACT

GGATGGTGATGTTAACGGCCACAAA

TTCTCTGTTCGTGGTGAAGGTGAAG

GTGATGCAACCAACGGTAAACTGAC

CCTGAAATTCATCTGCACTACCGGT

AAACTGCCGGTTCCATGGCCGACTC

TGGTGACTACCCTGACCTATGGTGT

TCAGTGTTTTTCTCGTTACCCGGATC

ACATGAAGCAGCATGATTTCTTCAA

ATCTGCAATGCCGGAAGGTTATGTA

CAGGAGCGCACCATTTCTTTCAAAG

ACGATGGCACCTACAAAACCCGTGC

AGAGGTTAAATTTGAAGGTGATACT

CTGGTGAACCGTATTGAACTGAAAG

GCATTGATTTCAAAGAGGACGGCAA

CATCCTGGGCCACAAACTGGAATAT

PmurJ DVxrB Box-msfGFP 
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AACTTCAACTCCCATAACGTTTACA

TCACCGCAGACAAACAGAAGAACG

GTATCAAAGCTAACTTCAAAATTCG

CCATAACGTTGAAGACGGTAGCGTA

CAGCTGGCGGACCACTACCAGCAG

AACACTCCGATCGGTGATGGTCCGG

TTCTGCTGCCGGATAACCACTACCT

GTCCACCCAGTCTAAACTGTCCAAA

GACCCGAACGAAAAGCGCGACCAC

ATGGTGCTGCTGGAGTTCGTTACTG

CAGCAGGTATCACGCACGGCATGG

ATGAACTCTACAAATAA  

GGGTCTAACTCCCAAAAACTTAGTT

CGGTGACATTTTAAGGGCGGGAAAT

ATCCCCGATTTGCTCTTTAATGTCAA

ATGATTTGTGCAAAAACCCAACTGG

ACCAAACAAACTTGGTATCGAAGA

GCCTTCGCGGTTAAGATGGCGGGGA

TTCTATCAGCATTTTTTTACCAATGC

TAATACTTATCTGATCTCACTATGA

CATTCTTATCCTTTCGAATCAGATA

ATGTGGTTTTGACTCTTTGTTCGAGG

TTACCGTGAGTAAACGCTTATTAAG

GAGGAAAGTCACATTCATGATCATG

GGAATTCATAAAGGTGAAGAACTGT

TCACCGGTGTTGTTCCGATCCTGGTT

GAACTGGATGGTGATGTTAACGGCC

ACAAATTCTCTGTTCGTGGTGAAGG

TGAAGGTGATGCAACCAACGGTAA

ACTGACCCTGAAATTCATCTGCACT

ACCGGTAAACTGCCGGTTCCATGGC

CGACTCTGGTGACTACCCTGACCTA

TGGTGTTCAGTGTTTTTCTCGTTACC

CGGATCACATGAAGCAGCATGATTT

CTTCAAATCTGCAATGCCGGAAGGT

TATGTACAGGAGCGCACCATTTCTT

TCAAAGACGATGGCACCTACAAAA

CCCGTGCAGAGGTTAAATTTGAAGG

TGATACTCTGGTGAACCGTATTGAA

CTGAAAGGCATTGATTTCAAAGAGG

ACGGCAACATCCTGGGCCACAAACT

GGAATATAACTTCAACTCCCATAAC

GTTTACATCACCGCAGACAAACAGA

AGAACGGTATCAAAGCTAACTTCAA

AATTCGCCATAACGTTGAAGACGGT

AGCGTACAGCTGGCGGACCACTACC

PmurJ-msfGFP 
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AGCAGAACACTCCGATCGGTGATGG

TCCGGTTCTGCTGCCGGATAACCAC

TACCTGTCCACCCAGTCTAAACTGT

CCAAAGACCCGAACGAAAAGCGCG

ACCACATGGTGCTGCTGGAGTTCGT

TACTGCAGCAGGTATCACGCACGGC

ATGGATGAACTCTACAAATAA  

 

4.5.1.13 Statistical Analysis 

Ordinary least squares linear regression models were used to determine trends in the data. 

When comparing the trends between separate groups, multivariate linear regression was used with 

the Tukey method for correcting for multiple comparisons. Statistical analyses were performed 

with a significance level of Ŭ=(0.05). Data were analyzed using RStudio.  

 

4.5.2 Additional results and figures 

4.5.2.1 Analysis of extrusion loading on non-GFP producing cells 

To ensure our microfluidic device and imaging arrangement did not inherently introduce a 

pressure difference-dependent bias in cell fluorescence, we submitted æcrvA non-GFP producing 

cells to the same 2 hour extrusion loading protocol as detailed above (Fig. 4.8). Cell fluorescence 

had no pressure difference dependent trend. 
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Figure 4.8 Cell fluorescence vs pressure difference for æcrvA non-GFP producing cells submitted 

to extrusion loading. 

4.5.2.2 Analysis of extrusion loading on PmurJ:msfGFP cells within 0-30 min of 

loading 

We collected images of the æcrvA PmurJ:msfGFP cells within 0-30 min of loading in the 

microfluidic device as a control to see if there would be a pressure dependent fluorescent trend 

due to the initial loading procedure. Cell fluorescence had no pressure difference dependent trend 

(Fig. 4.9).  
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Figure 4.9 Cell fluorescence vs pressure difference for æcrvA PmurJ:msfGFP cells imaged within 

30 minutes of being loaded into the microfluidic device. 

 

4.5.2.3 Analysis of extrusion loading on ȹvxrAB æcrvA PmurJ:msfGFP cells 

To further investigate if the MurJ expression and GFP production was mediated by VxrAB 

signaling or another factor (Fig. 4.1H), we submitted ȹvxrAB æcrvA PmurJ:msfGFP cells to 

extrusion loading. Interestingly, ȹvxrAB æcrvA PmurJ:msfGFP cell fluorescence did increase with 

pressure difference (Fig. 4.10A). However, ȹvxrAB æcrvA PmurJ:msfGFP cells exhibited a 

surprising pressure difference-dependent increase in cell volume, while cell volume for æcrvA 

PmurJ:msfGFP cells was constant with pressure difference (Fig. 4.10B and Fig. 4.10D). When cell 

fluorescence was adjusted for cell volume (Fig. 4.10C), æcrvA PmurJ:msfGFP cells had a 

significantly greater slope than ȹvxrAB æcrvA PmurJ:msfGFP cells (p<0.05), demonstrating that 

VxrAB is required for the mechanosensitive increase in cell fluorescence for PmurJ:msfGFP cells.  
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Figure 4.10. ȹvxrAB æcrvA PmurJ-msfGFP cells under extrusion loading. A) Cell 

fluorescence vs pressure difference for ȹvxrAB æcrvA PmurJ:msfGFP cells. B) Cell volume vs 

pressure difference for ȹvxrAB æcrvA PmurJ:msfGFP (grey) and æcrvA PmurJ:msfGFP (pink) C) 

Cell fluorescence / volume vs pressure difference for ȹvxrAB æcrvA PmurJ:msfGFP and æcrvA 

PmurJ:msfGFP. D) Example transmission images of ȹvxrAB æcrvA PmurJ:msfGFP and æcrvA 

PmurJ:msfGFP at 0.7 kPa pressure difference and 4.7 kPa pressure difference. 
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4.5.2.4 Compression represented with boxplots and scatter 

The effect of applied pressure during compression on cell fluorescence for the æcrvA 

PmurJ:msfGFP, æcrvA PmurJ-ævxrB box :msfGFP, and æcrvA PvxrAB:msfGFP strains is represented 

with a violin plot in the main text in Fig. 4.2B. The same data is represented here but using a 

boxplot plot and scatter.  

 

Figure 4.11 Cell fluorescence during compression loading. Cell fluorescence vs applied force 

(N) for æcrvA PmurJ:msfGFP (left, pink), æcrvA PmurJ-ævxrB box :msfGFP (middle, blue), and 

æcrvA PvxrAB:msfGFP (right, green).  

4.5.2.5 Hydrostatic pressure represented with boxplots and scatter 

The effect of hydrostatic pressure on cell fluorescence for the æcrvA PmurJ:msfGFP, æcrvA 

PmurJ-ævxrB box :msfGFP, and æcrvA PvxrAB:msfGFP strains is represented with a violin plot in the 

main text in Fig. 4.2D. The same data is represented here but using a boxplot plot and scatter.  
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Figure 4.12 Cell fluorescence under hydrostatic pressure. Cell fluorescence vs applied pressure 

(kPa) for æcrvA PmurJ:msfGFP (left, pink), æcrvA PmurJ-ævxrB box :msfGFP (middle, blue), and 

æcrvA PvxrAB:msfGFP (right, green). 
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Chapter 5. Conclusions and Future Directions 

5.1 Summary and Conclusions 

The cell envelope is the primary load-bearing structure of a bacterial cell. Components of 

the cell envelope experience changes in mechanical stress and strain in the cell envelope due to 

environmental mechanical stimuli and are therefore ideally positioned to be mechanosensitive and 

mechanoresponsive. The objective of this thesis was to investigate the influence of mechanical 

stress on two systems with components in the cell envelope: multicomponent efflux complex 

MacAB-TolC and two-component signaling system VxrAB. We found that physical force in the 

cell envelope affects cell physiology - both by affecting functional structures in the cell envelope 

(MacAB-TolC ï Chapter 3) and changes in gene expression (VxrAB ï Chapter 4). In this section 

I will summarize the findings, discuss the significance, and propose future work. 

5.1.1  Chapter 3 Summary and Significance 

In Chapter 3 we sought to determine the effects of mechanical stress and cell envelope 

stiffness on multicomponent efflux complex MacAB-TolC in Escherichia coli. MacAB-TolC 

complex disassembly increased with increased mechanical loading, which we attribute to greater 

octahedral shear stress in the cell envelope. This is in agreement with our previous work that found 

increased disassembly of multicomponent efflux complex CusCBA with greater mechanical 

loading and octahedral shear stress in the cell envelope [18]. These findings highlight the 

importance of mechanical stress on the function of trans-envelope protein complexes. In MacAB-

TolC and CusCBA, increased efflux complex disassembly in cells experiencing mechanical 

loading resulted in inhibited efflux complex functionality, suggesting decreased antibiotic and 

toxin resistance capacity. Based on these findings, future work could explore the relationship 

between mechanical stress in the cell envelope and antibiotic efficacy, and even the possibility of 
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altering the mechanical environment as a strategy for enhancing antibiotic efficacy. Additionally, 

these findings suggest that mechanical stress in the cell envelope may more broadly influence cell 

physiology by affecting the function of other types of trans-envelope complexes such as systems 

that translocate outer membrane proteins and type III secretion systems. 

To investigate the role of cell envelope stiffness on MacAB-TolC mechanosensitivity, we 

applied mechanical loading to cells with decreased cell stiffness through exposure to antibiotic 

A22. In cells with decreased cell envelope stiffness, we found that extrusion loading caused a 

decrease in the mobile fraction of MacAPmC with greater mechanical loading and no change in the 

mobile fraction of MacBmE with mechanical loading. We identified two competing factors that we 

attribute to altered efflux complex behavior: octahedral shear stress and cell surface area. We 

attribute changes in protein mobility and clustering to changes in cell surface area. Cells with 

decreased stiffness experienced a greater reduction in cell surface area during extrusion loading. 

The reduction in surface area increased protein density and corresponded with increased protein 

clustering and reduced diffusion coefficients for MacA and MacB. 

This study was not designed to characterize the effects of cell surface area on membrane 

protein diffusion since extrusion loading causes changes to both octahedral shear stress and cell 

surface area and we observed proteins with both mobile and stationary fractions. Further 

investigation using a more controlled system such as a supported lipid bilayer would be necessary 

to directly define the relationship between cell envelope stress, cell surface area, and membrane 

protein diffusion characteristics. Changes in membrane protein diffusion have a widespread impact 

on cell physiology including chemotaxis [207], cell elongation [208], cell division [209], and spore 

formation [210], so investigating the role of mechanical stress on protein diffusion could uncover 

the influence of mechanical stress on many aspects cell physiology. Additionally, this study 



137 

 

highlighted the importance of cell envelope stiffness. During extrusion loading, cell stiffness plays 

a significant role in both octahedral shear stress and cell surface area, thereby determining the 

results of mechanical loading. Still little is known about the significance of cell stiffness regulation 

for cell survival and cell growth. 

5.1.2 Chapter 4 Summary and Significance 

In Chapter 4 we sought to determine the effect of mechanical stress on VxrAB signaling 

and subsequent VxrAB mediated cell-wall synthesis in Vibrio cholerae. We applied three different 

forms of mechanical loading to the cell envelope using a custom, fused silica microfluidic device, 

hydrostatic pressure, and compression, and we used multiple reporters of VxrAB signaling. In each 

instance, cells experiencing greater magnitudes of mechanical loading exhibit greater VxrAB 

signaling. We conclude that VxrAB signaling is activated by diverse forms of mechanical load 

application to the cell envelope. Additionally, we found that the deletion of endopeptidase ShyA 

disrupted mechanically sensitive VxrAB signaling.  

Here we demonstrated that mechanical stress in the cell envelope causes changes in gene 

expression. Although previous work has shown pili and flagella-mediated mechanosensation can 

regulate gene expression, to our knowledge, this is the first observation of a mechanosensitive 

mechanism within the cell envelope controlling gene expression. Mechanical stimuli function as a 

primary signal for tissue remodeling of other biological load-bearing structures, but it was 

previously unknown if mechanical stress influenced bacterial cell envelope homeostasis. We 

identified VxrAB as a mechanosensitive mechanism that controls cell wall synthesis, and our 

findings suggest that cell wall homeostasis may be, in part, regulated by mechanical stress and 

strain in the cell envelope. Future work can expand upon these findings by exploring the role of 
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mechanical stress on cell wall homeostasis through characterization of cell wall structure, cell wall 

thickness, cell wall hydrolysis, and cell wall stiffness. 

5.2  Future work  

Taken together, Chapters 3 and 4 show the importance of mechanical stress for components 

of the bacterial cell envelope. My work has helped establish the field of bacterial mechanics and 

mechanobiology through the identification of novel mechanosensitive mechanisms in bacteria. 

While there are many directions of research that could be pursued, I propose future work in two 

areas: exploring the relationship between mechanical stress and antibiotic resistance and advancing 

technologies for assessing bacterial mechanics. 

Antibiotic resistance is an emerging global health crisis. The cell envelope is a common 

antibiotic target [211], as well as being the primary load-bearing component of the cell. My work 

has shown that two mechanisms of antibiotic resistance with components in the cell envelope, 

MacAB-TolC and VxrAB, are sensitive to mechanical stress in the cell envelope. In addition, 

VxrAB also contributes to cell envelope biomechanics by controlling cell-wall synthesis after 

mechanical loading and after antibiotic exposure. There are likely other components of the cell 

envelope that are important for both antibiotic resistance and either mechanosensitive and/or 

contribute to cell biomechanics. Therefore, I propose future research focusing on the relationship 

between mechanical stress in the cell envelope and antibiotic resistance. Pursuing this work will 

yield valuable fundamental knowledge on the relationship between mechanical stress and antibiotic 

resistance that will hopefully contribute to the fight against antibiotic resistance.  

Research on antibiotic resistance and mechanical stress can be achieved by screening many 

different mechanisms of antibiotic resistance for mechanosensitivity. A mechanical loading technique 

can be combined with antibiotic exposure, and then cell survival or growth can be measured using 

live/dead staining and/or growth assays. A mechanosensitive mechanism would have a change in cell 
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survival or growth that is greater than the change expected for antibiotic exposure or mechanical 

loading alone. Initial tests for mechanosensitivity can be done using a less costly approach, such as 

compression loading, then verified using the more sensitive but costly method of extrusion loading.  

Similar screens can be conducted of the major components that contribute to cell envelope stiffness 

since the mechanical properties of the cell envelope could also likely affect the efficacy of antibiotics. 

A cell with a stiffer or stronger cell wall may need greater exposure to cell envelope targeting 

antibiotics to sustain sufficient damage to the cell envelope integrity to cause cell lysis. Through these 

mechanosensitivity and antibiotic sensitivity screens, this avenue of research has the potential to 

benefit society by informing new antibiotic treatment strategies in the future. 

Advancements in technology for assessing cell stiffness would greatly accelerate research 

in the field of bacterial mechanics. Current methods for evaluating cell stiffness are either not high 

throughput, do not apply rigorously controlled mechanical loading, or do not allow for the retrieval 

of the cells after evaluating cell stiffness (Chapter 2). The main tool I used in this dissertation, 

extrusion loading, is high-throughput and applies controlled mechanical loading, but cells cannot 

be retrieved after extrusion loading. Cell retrieval would allow for valuable further analysis. A 

stiffness sorting platform with cell retrieval capabilities would enable exciting new avenues of 

research, for example, entire knockout collections could be mechanically evaluated to identify key 

contributors to cell envelope stiffness; cells could be propagated to form new populations with 

differential stiffness ï which may have applications for creating durable strains for embedding in 

engineered living materials; and cell survival in antibiotic conditions could be tested as a function 

of stiffness to further understanding of the relationship between antibiotics and cell mechanics. 

The creation of the proposed cell stiffness sorting platform can be achieved through the 

creative application of current concepts and technologies. Design for a high-throughput cell 

stiffness sorter for bacteria can be inspired by cell stiffness sorting devices created for mammalian 
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cells; however,  it must be taken into consideration that bacteria are stiffer than mammalian cells, 

bacteria have diverse profiles including spherical, crescent-shaped, and rod-shaped, and bacteria 

are an order of magnitude smaller and mammalian cells. Because of these differences, methods 

such as cell deformation using fluidic flow [212] or optics [213] would be difficult to translate to 

bacteria.  A promising potential method to achieve cell stiffness sorting is to pass a cell population 

through a series of filters that have sequentially decreasing pore sizes. This concept of constrained 

transit can also be translated into a microfluidic device with constrictions or barriers that force the 

cells to transit through passages of decreasing size, similar to the microfluidic device created for 

mammalian cell stiffness sorting by Wang and colleagues [214]. However, it would be necessary 

to account for cell width, as the passage is dependent on both cell stiffness and cell width; cell 

width sorting could be achieved by hydrodynamic particle sorting prior to filter or constriction 

passage. While there are challenges in creating a new stiffness sorting platform, advancing 

techniques for evaluating bacterial mechanics will be valuable and will  greatly facilitate future 

work in the field. 
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Appendix ï 1: SOP Microfluidic Device Manufacturing 

Cornell University 

Hernandez Research Group 

Standard Operating Procedure 

 

Microfluidic Device Manufacturing  

SOP Version 05 

3/22/2022 

 

Author: Melanie Roberts, Updated by Christine Harper 

Principal Investigator: Christopher J. Hernandez 

 

ðððððððððððððððððððððððððððððððððððð 

Summary: Process steps for transferring the device pattern into fused silica, followed by putting 

through-holes in the silica and bonding a blank silica wafer to form a seal. This process flow 

describes one batch. Batch sizes may be changed as desired. 
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Key Words: Bacterial Mechanics, Testers, Profilers, CNF, fused silica, resist exposure and 

development, etching, wafer bonding 

ðððððððððððððððððððððððððððððððððððð 

Materials:  

¶ Fused silica wafers; will be patterned 

o Quantity: 4 

o Diameter: 4ò (100mm) 

o Thickness: 500µm 

o Manufacturer: Mark Optics; can be purchased at CNF 

o Part No: WF3937X02031190 

¶ Fused silica wafers; will remain blank (cover wafers) 

o Quantity: 4 

o Diameter: 4ò (100mm) 

o For the Testers (will need to use Peng Chenôs PALM microscope) 

Á Thickness: 170µm 

Á Manufacturer: Mark Optics 

Á Part No: WF3937X0073119B 

o For the Profilers 

Á Thickness: 500µm; can be purchased at CNF 

Á Manufacturer: Mark Optics 

Á Part No: WF3937X02031190 

¶ Silicon wafers; will be dummies 

o Quantity: 3 

o Diameter: 4ò (100mm) 

o Thickness: 500µm 

o Manufacturer: Various; can be purchased at CNF 

o Part No: Various 

¶ Diamond Drill Bits 

o Quantity: 4 

o Diameter: 1mm 

o Shank: 0.6mm 

o Length: 1ò 

o Manufacturer: Lasco Diamond Products 

o Part No: WD_1; Small Diamond Drills; 10/PK 1mm DIAMOND DRILL 

ðððððððððððððððððððððððððððððððððððð 
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1.1 MOS CLEAN; Initial Wafer Clean  
Purpose: To clean any residues that may have been built on the wafer surface in storage. 

Location: MOS Clean Hood in the CNF Cleanroom furnace area. Training required. 
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Time Dependence: Preferably right before chrome coating. Although the MOS clean hood can 

be reserved, it is almost always open. Pouring up a new bath and cleaning a batch of wafers will 

take about 1 and a half hours. 

Methods 

1. 10min in base bath  (6:1:1 H2O:NH4OH:H2O2 ) at appx 70°C 

2. Base bath rinser until 16Mɋcm 

3. 10min in acid bath (6:1:1 H2O:HCl:H2O2) at appx 70°C 

4. Acid bath rinser until 16Mɋcm 

5. Spin-Rinse-Dryer (SRD) at 700rpm for ~30s, 1400rpm for ~120s, 30s ramp down, 60s at 

600rpm 

Notes 

1. Follow all protocols established by CNF. Do not use unless trained. 

2. Only use A182-39M Teflon wafer boats labeled on their side with ñMOS.ò 

3. Always use the green gloves when handling the MOS boats. 

4. The SRD recipe should be irrelevant. 

5. 67-71°C is fine for the base and acid baths. Lower may be possible as well. 

6. If either rinser does not gradually increase its Mɋcm reading and you instead see it jump 
around, or if the rinser takes longer than 10mins and is not close to finishing, then hit the 

green Reset button and start it over. If the problem is not resolved, used the other rinser 

(base rinser if the acid rinser is not working or vice versa) 

 

1.2 CHROME COATING  
Purpose: To lay down a 50-60nm Cr coating for use as an etch hard mask. It also helps ASML 

focusing. 

Location: AJA Sputter Deposition 2 tool in the CNF Cleanroom. Training required. 

Time Dependence: Preferably same day as 01 MOS CLEAN. No more than one day delay. 

Check if the chrome target is installed; you may have to request a target change from the tool 

manager. 

Reserve: 2hrs to 2.5hrs  

Methods 

1. OClean, 60s; 16mTorr, 40sccm Ar, 30W, No Rotation 

2. GUN# (Cr), 450s; 3mTorr, 30sccm Ar, 150W, 20s Sputter Delay, Rotation 



145 

 

 

Notes 

1. Be sure the chrome target is in the tool before starting. Request the chrome target ahead 

of time if itôs not scheduled to be in the tool. Chrome may be the AJA deposition 2 tool, 

or the AJA deposition 1. 

2. Witness piece from 2/12/15 determined an appx thickness of 55.9nm. Toolôs performance 
may vary with time. 

 

2.2 GAMMA COATING  
Purpose: To spin an even layer of ARC (~60nm) and DUV photoresist (~510nm) onto chrome 

covered wafers. 

Location: Gamma tool in the CNF Cleanroom photolithography room. Training required. 

Reserve: 1hr 

Methods 

1. Check that wafer bottoms are clean. If not, use IPA on an alpha swab and/or a SRD to 

clear off any residue 

2. Process 1030 on one silicon dummy wafer (two if staff have adjusted protocols) 

3. Process 1002 on one silicon dummy wafers (~60nm ARC DUV 42P) 

4. Process 1009 on one silicon dummy wafers (~510nm UV210 photoresist) 

5. Review the dummy wafer for defects or uneven coatings. If defects are significant, 

discontinue and inform staff. 

6. Process 1002 on silica wafers (~60nm ARC DUV 42P) 

7. Process 1009 on silica wafers (~510nm UV210 photoresist) 

8. Visually inspect silica wafers for any signs of an uneven coating or defects. If defects are 

significant enough, do not use the wafer in further steps. 

9. Check that the silica wafer bottoms are clean. If not, use IPA on an alpha swab to clear 

off any residue in the photolithography hood. 

a. Do NOT clean too close to the wafer edge, it may wick onto the front of the wafer 

and affect the resist coating. 

b. Do not press too hard with the alpha swab or it will leave residue. 

Notes 

1. Always check that the resist and ARC tubes are dispensing properly while the dummy 

wafers are going through. If not, call staff. If staff is unavailable, leave a problem report 

on Coral and log off the tool. Do not try to coat silica wafers when either ARC or resist is 

not dispensing properly. 
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2. Remember that wafers with defective coatings can always be stripped and cleaned. Do 

not attempt to salvage a bad coating. Small defects are fine for focus-exposure matrix 

wafers. 

 

2.3.1 ASML EXPOSURE; Focus-Exposure Matrix 
Purpose: To expose the resist coating in the pattern to different focus-exposure settings. From 

the focus exposure matrix, you can choose the combination with finished tapers with 

exits about 250 nm wide. 

Location: ASML tool in the CNF Cleanroom stepper room. Training required. 

Time Dependence: Preferably right after 2.2 GAMMA COATING. No more than a four hour 

delay with minimal exposure to light (this time frame is an estimate, could be more or less). A 1-

2hr wait should be fine. 

Reserve: 1hr (also have Gamma reservation start 30min after start of this reservation) 

Methods 

1. ONLY do this part of the process on ONE silica wafer. 

2. Double check that the wafer back is clean before loading into the ASML wafer boat 

3. Whichever mask you load (XS0001 for Testers and XS004 for Profilers) will be the taper 

pattern exposed by the ASML 

4. Job Name for XS004 reticle: scratch/00USERS/hernandez/flowcelltst  

5. Layer ID: 1; Layer Number: 1; Control Mode: W; Batch Size: 1 

6. Batch Type: M; X-Axis: Energy, Y-Axis: Focus 

7. Search ID/Reticle ID: XS* 

8. Energy: 28.00mJ/cm2 for XS004.  26.00mJ/cm2 for XS009 and XS011. Change if the 

tool/resist/etc has changed. 

9. Step: 1.00mJ/cm2. Change as necessary. 

10. Focus Offset: -0.20um. Change if the tool/resist/etc has changed. 

11. Step: 0.20um. Change as necessary. 

12. Focus Tilt Rx: 0; Focus Tilt Ry: 0; 

13. Illumination Mode: Conventional 

14. Numerical Aperture: 0.63; Sigma Outer: 0.750 (0.8 used at times) 

 

Notes 
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1. The matrix will put the specified energy and focus offset values at the center of the wafer. 

Adjacent matrix cells will count up or down from those values as appropriate based off of 

the step size specified. 

2. The focus exposure must be done every single time you make a new batch of wafers 

because the ASML varies day to day. 

 

2.3.2 GAMMA DEVELOP; Focus-Exposure Matrix 
Purpose: To develop the freshly exposed focus-exposure matrix.  

Location: Gamma tool in the CNF Cleanroom photolithography room. Training required. 

Time Dependence: Immediately. Every minute between exposure and develop matters. 

Reserve: 1hr (start this reservation 30mins after the ASML reservationôs start) 

Methods 

1. Process 2010 

Notes 

1. There is no need to use dummies or a nozzle clean when developing. 

2. The resist degraded by the ASML is fully dissolved and washed away by the developer, 

leaving exposed ARC in the pattern of the device. 

 

2.3.3 MICROSCOPE REVIEW; Focus-Exposure Matrix 
Purpose: To review the developed focus-exposure matrix and determine which focus and 

exposure setting to develop the production wafers. 

Location: Olympus MX-50 or other available microscope in the CNF Cleanroom. 

Time Dependence: Immediately. Youôre still on the clock for both ASML and Gamma. 

Methods 

1. Set wafer on top of two microscope slides. Do not use a beta wipe underneath the wafer 

on the microscopeôs platform. Follow CNF protocols. 

2. Focus on the edge of the wafer at a low magnification. 

3. Move to one of the features and focus. 

4. Increase magnification to 150X. 

5. Review the taper exits at different focus-exposure settings. 

6. If using the Olympus MX-50, put a scale bar on the live feed (NIS-Elements F) and 

compare to the taper exit. 

a. Make sure that the correct 150X scale is being used 
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b. Right click on the scale bar for properties and adjust to 0.5um. 

c. Ensure that the taper finishes and is a reasonable size. Ideally the taper exit will be 

about half of the 0.5um scale bar. 

d. Check that there is no resist clogging the taper exit. See Notes for more detail. 

7. Review at least half of the tapers in one focus-exposure setting before confirming your 

decision. It is possible to have tapers that look clear and clean in some parts of one focus-

exposure cell but be unfinished at the same setting in other parts. 

8. Double check which cell of the matrix you are on. Reviewing the matrix is not useful if 

you use an incorrect focus-exposure setting from it. 

Notes 

1. Note that there should NOT be resist clogging the end of the channel. If that is the case, 

look at a higher exposure level. This can be seen by a sudden restriction at the end of a 

taper. 

2. It is possible to do a quick 10s oxygen plasma clean in the Oxford 81 or Oxford 82 to 

clear out a resist clog at the end of the taper. Be sure to remember to do this step before 

doing the ARC etch if you choose to do so. 

 

2.3.4 ASML EXPOSURE; Testers or Profilers 
Purpose: To expose the resist coating in the Tester or Profilerôs for production wafers. Only four 

of the five wafers will be used here (the matrix wafer should now be set aside for resist 

and chrome stripping, it will not be used in future steps). 

Location: ASML tool in the CNF Cleanroom stepper room. Training required. 

Time Dependence: Immediately. Still on the clock. 

Reserve: Reservation still active from step 2.3.1. 

Methods 

1. Do this part of the process on the four remaining silica wafers. 

2. Double check that the wafer back is clean before loading into the ASML wafer boat 

3. Whichever mask you load (XS004 for the original design or XS007 for the new design) 

will be the taper pattern exposed by the ASML 

4. Job Name for XS004 reticle: scratch/00USERS/hernandez/flowcell 

Job Name for XS009 and XS011 reticle: 

scratch/00USERS/hernandez/flowcellXS005 

5. Layer ID: 1; Layer Number: 1; Control Mode: W; Batch Size: # of wafers in batch 

(normally 2-4) 

6. Batch Type: P 
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7. Search ID/Reticle ID: XS* 

8. Energy: Use setting from Focus-Exposure Matrix 

9. Focus Offset: Use setting from Focus-Exposure Matrix 

10. Focus Tilt Rx: 0; Focus Tilt Ry: 0; 

11. Illumination Mode: Conventional 

12. Numerical Aperture: 0.63; Sigma Outer: 0.750 

Notes 

1. Make sure to clean wafer backsides with IPA and an alpha swab before putting into the 

ASML.  

2. Use the four wafers not already exposed in this step. The matrix should no longer be 

involved in processing. 

 

2.3.5 GAMMA DEVELOP; Testers or Profilers 
Purpose: To develop the freshly exposed wafers. 

Location: Gamma tool in the CNF Cleanroom photolithography room. Training required. 

Time Dependence: Immediately. Every minute between exposure and develop matters. 

Reserve: Reservation still active from step 2.2. 

Methods 

1. Process 2010 

Notes 

1. There is no need to use dummies or a nozzle clean when developing. 

 

2.4 ARC ETCH 
Purpose: To etch the ARC layer in the pattern exposed/developed. 

Location: Oxford 81 or Oxford 82 tool in the CNF Cleanroom. Training required. 

Time Dependence: Preferably same day as step ASML exposure and Gamma develop. No more 

than one day wait. 

Reserve: 1hr. Should take 50mins. 

Methods 
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1. 10min OXYGEN recipe on silicon dummy (50sccm O2, 60mTorr, 150W). Chamber 

plasma should appear yellow-green. Blue is a very dirty chamber, do not continue if the 

chamber appears blue. 

2. 10min AR3 ARC ETCH on silicon dummy (42.5sccm Ar, 7.5sccm O2, 15mTorr, 40W). 

Chamber plasma should appear purple. 

3. 1:20min AR3 ARC ETCH on two silica wafers. 

4. 1:20min AR3 ARC ETCH on two silica wafers. 

Notes 

1. The 10min oxygen plasma is to clean the chamber. The 10min ARC etch is to season the 

chamber. If only three silica wafers are being done, they can be done in the same etch. 

 

2.5 CHROME ETCH 
Purpose: To etch the chrome hard mask layer in the pattern exposed/developed. 

Location: PT770 tool in the CNF Cleanroom. Training required.  

Time Dependence: No more than a four day wait since the ARC etch. This is a guess, could go 

up or down. Sooner is better since resist is still playing a role. 

Reserve: 1.5 hours. 

Methods  

1. Remove the resist from the edges of the wafers with acetone. Be careful not to spray any 

acetone near the device pattern. 

2. 10min chrome etch on sapphire wafer  

3. 3:50 min chrome etch on 1st silica wafer 

4. 3:50 min chrome etch on 2nd silica wafer 

5. 3:50 min chrome etch on 3rd silica wafer 

 

Notes 

1. The PT770 is a new process, so note the etch times. They may need to be adjusted. 

2. In the past the Trion was used for the Cr etch, but the machine is no longer available for 

this process. 

 

3.1 OXYGEN CLEAN 
Purpose: All resist should be removed from the waferôs surface before going into the Oxford 

100. 
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Location: Oxford 81 or Oxford 82 in CNF Cleanroom. Training required 

Time Dependence: None. 

Reserve: 1hr. Should take 40mins. 

Methods 

1. 10min OXYGEN on silicon dummy (50sccm O2, 60mTorr, 150W) 

2. 3min OXYGEN on 3 silica wafers 

 

Notes 

1. If only three silica wafers being used, they can be done all together. 

2. The 3min etch can be shortened as desired. 

 

3.2 SILICA ETCH  
Purpose: To etch the silica in the exposed/developed pattern, transferable by the etched hard 

mask. 

Location: Oxford 100 in the CNF Cleanroom. Training required. 

Time Dependence: None. 

Reserve: 3hrs. 

Methods 

1. 10min ñOxygen plasma cleanò on silicon dummy (50sccm Ar, 10mTorr, 25 RF, 3000 
ICP, 50 C) 

2. 5 min ñCH2F2/high He oxide etchò on silicon dummy  

3. 5:45min ñCH2F2/high He oxide etchò on 1st silica wafer 

4. 7:00min ñOxygen plasma cleanò on silicon dummy 

5. 5:00min ñCH2F2/high He oxide etchò on silicon dummy 

6. 5:45min ñCH2F2/high He oxide etchò on 2nd silica wafer 

7. 7:00min ñOxygen plasma cleanò on silicon dummy 

8. 5:00min ñCH2F2/high He oxide etchò on silicon dummy 

9. 5:00min ñCH2F2/high He oxide etchò on 3rd silica wafer 

10. 10:00min ñOxygen plasma cleanò on silicon dummy 

Notes 

1. Note that the 5:45min etch time may drift over time. Characterization every few months 

or so is necessary. 5:45min etch time should yield ~0.88 µm etch depth ( which is 
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appropriate for Vibrio cholerae. 7:00  min etch time should yield ~1.05 µm (which is 

appropriate for Escherichia coli). 

2. CHF3/Ar Fused Silica 5 used in the past, but currently the Oxford 100 is restricted to 10C 

recipes 

3. Do NOT put wafers with leftover resist in the Oxford 100 at 50 C, the resist will bake on. 

Colder etches can have resist leftover at features, but there must be at least 1cm of resist 

cleared around the edges for the Oxford 100ôs clamp. 

4. Do NOT click on any wafer control buttons while an etch is running. The tool may get 

confused and not unload your wafer. 

5. If a wafer doesnôt unload, submit a Coral problem report and put a filled out pink 
problem slip on the tool, another on the computerôs keyboard, and tape a third to block 

the computerôs screen. 

6. Venting between each wafer exchange takes about 5 min. 

7. The 3min season, 4:35min etch, and 7:35min clean pattern was determined by the Oxford 

100 cleaning protocol established on 9/1/15 by CNF staff: 

a. New cleaning protocol for Oxford 100: 

1. 10 min. O2 clean at the start. 

2. Equivalent time of O2 clean to etch time between etches. 

3. Equivalent time of O2 clean as the etch time of the final wafer. 

The equipment log will be checked for compliance. 

Violators will have their tool access removed.  

b. Note from Vince Genova on 9/1/15: Seasoning should be done prior to a process 

run for only a couple of minutes, after the O2 clean. 

 

3.3 OXYGEN CLEAN 
Purpose: To remove any residual resist or ARC. 

Location: Oxford 81 or Oxford 82 in CNF Cleanroom. Training required. 

Time Dependence: None. 

Reserve: 1hr. Should take 40mins. 

Methods 

1. 10min OXYGEN on silicon dummy (50sccm O2, 60mTorr, 150W) 

2. 3min OXYGEN on two silica wafers 

3. 3min OXYGEN on two silica wafers 

Notes 

1. If only three silica wafers being used, they can be done all together. 

2. The 3min etch can be shortened as desired. 

 

3.4  WET CHROME ETCH 
Purpose: To remove all remaining chrome and leave bare silica wafer. 
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Location: General Chemistry Acid Hood in the CNF Cleanroom. 

Time dependence: None 

Methods 

1. Place wafers in separate dishes with approximately 100 mL of Cr Etch. 

2. Leave the wafers in the chrome etch for at least an hour (preferably overnight) or until all 

chrome is gone. 

3. SRD 

Notes 

1. The chrome near the edges may take longer to etch, but be sure everything is gone before 

continuing processing. If necessary, the wafers can remain in the chrome etch overnight. 

 

4.1.1 VERSALASER 
Purpose: To create the through-holes at the entry and exit of each device. 

Location: Duffield 224. CNF training required. 

Time dependence: None 

Methods  

1. Load the correct file for your wafer. The file name for the XS004 design is 

2020_10_20 1 mm drill bits. The file name for the XS007 design is 2019_01_25 1 

mm drill bits. The file name for the XS009 and XS011 designs is 

2021_10_29XS009011. All are in the folder ceh272. 

2. Put the wafer in the holder with the patterned side facing down. 

3. Align the laser with your wafer. Set the large circle to vector mode and use the circle 

to trace the edge of your wafer. Keep the lid open so the laser remains at zero power. 

For the XS009 and XS011 designs (x=24 mm, y=36 mm) should align the circle. 

4. Once aligned, set the circle to be skipped and run the program with the lid down and 

the parameters set to 6% power, 1.4% speed, 333 ppi, and 4.5mm z axis. 

5. Use tweezer to tap lightly on any glass circles that havenôt fallen through. Do not 

push too hard, as the wafer can shatter. If the circles donôt fall through easily, then 

run the laser program again. 

Notes 

1. Safety glasses are required in Duffield 224. 

 

4.1.2 DRILL BITS 
Purpose: To remove the bumps caused by the versalaser at the through-holes. The wafer must be 

flat so it can bond to the cover wafer. 

Location: Grumman 283 
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Time Dependence: None 

Methods 

1. Place the wafer in a single wafer holder with the patterned side facing up. 

2. Using your hand, spin the drill bit in the through-holes. Each through hole will need 200 

rotations. Be careful not to scratch other parts on the wafer. 

3. SRD as soon as you bring the wafer back to the clean room in order to remove any 

remaining silica flakes. 

Notes 

1. Drilling is tedious and your hand will get tired. Do not expect to do more than two wafers 

in one sitting. 

2. Try not to touch or breathe on the surface of the wafer. Wearing a mask is recommended. 

Turn off the fan in Grumman 283 to reduce dust. 

 

4.1.3 BOE DIP 
Purpose: Buffered oxide etch (BOE) etches silica. A quick BOE dip helps further smooth out 

the bumps near the through-holes  

Location: General Chemistry Acid Hood in the CNF Cleanroom. 

Time Dependence: None 

Methods 

1. Pour 100 mL of BOE 6:1 

2. Submerge a wafer for 30 seconds, then immediately wash off the wafer with the 

water hose. 

3. Repeat for remaining wafers. The same BOE can be used for all wafers. 

4. SRD 

Notes 

1. Be careful not to leave the wafers in for too long. The BOE etches silica nonspecifically, 

so the features are also being etched and enlarged. 

 

4.2 PROFILOMETER  
Purpose: To ensure the wafers are smooth enough at the through-holes for bonding. 

Location: P10 Profilometer in the CNF cleanroom. 

Time Dependence: None 
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Methods 

1. Measure the depth of the feeder channels and bypass channel. 

 

5.1 ATOMIC FORCE MICROSCOPY  
Purpose: To measure the depth of the tapered channels. 

Location: AFM Veeco Icon in the CNF cleanroom. 

Time Dependence: None 

Reserve:1.5 hours. You may need an extra hour if you break an AFM tip. 

Methods 

1. Begin by focusing at the edge of one of the through-holes. Focusing can be difficult on 

silica, so be patient. Be careful not to zoom in too much because the AFM tip will break. 

2. Choose one channel on each wafer and measure the depth in three places along the 

length. 

Notes 

1. The channels will most likely be more deep at the inlet. 

 

5.2 SEM 
Purpose: To measure the entry and exits of the tapered channels. 

Location: Zeiss Ultra SEM or Zeiss Supra SEM in the CNF cleanroom. 

Time Dependence: None 

Reserve: 2 hours 

Methods 

1. Add 2 or 3 small pieces of copper tape around the edge of the wafer so that the tape 

covers the edge of the wafer and the wafer holder. Load the wafer into the chamber. 

2. Apply the following parameters: 

4ò wafer  high res WD=3, tilt =5  

Exciting voltage (EHT): 0.5 kV 

Detector: SE2 

Brightness: 50% 
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Contrast: 30% 

Aperture 30 mm standard 

Z distance = 46 mm 

3. Focus at a through-hole. On the XS009/XS011 device a through hole can be found at 

(x=66.9 y=67.1). On the XS004 device a through hole can be found at (x=69.2 

y=69.7). When focusing the WD should be 3.8-4.3. 

4. Once focused, move to image the tapered channels. In the XS009/XS011 devices 

tapered channels can be found at (x=66.7, y=85.4). In the XS004 devices tapered 

channels can be found at (x= 68.3, y= 88.4). 

5. Measure the tapered channels at the entry and exits. Take images with and without 

annotation. Zoom out and take an image of the entire tapered channel. 

6. Record the measurements in your notebook and save images in your labxfer file. The 

labxfer file gets cleared every week, so be sure to transfer images to a flashdrive 

before then. 

 

6.1.1 OXYGEN CLEAN 
Purpose: To remove any residue from storage. 

Location: Oxford 81 or Oxford 82 in CNF Cleanroom. Training required. 

Time Dependence: None. 

Reserve: 1hr. Should take 40mins. 

Methods 

1. 10min OXYGEN on silicon dummy (50sccm O2, 60mTorr, 150W) 

2. 10 sec OXYGEN on three silica wafers 

3. 10 sec OXYGEN on one silica wafer and two cover wafers 

4. 10 sec OXYGEN on two cover wafers. 

 

Notes 

1. Do this immediately before the MOS clean. 

 

 

6.1.2 MOS CLEAN 
Purpose: MOS cleaning is required before using the furnaces. 
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Location: MOS Clean Hood in the CNF Cleanroom furnace area. 

Time Dependence: Directly before the hand bond. Should take about 2 hours if you pour up a 

new bath. 

Methods 

1. 10min in base bath  (6:1:1 H2O:NH4OH:H2O2 ) at appx 70°C 

2. Base bath rinser until 16Mɋcm 

3. 10min in acid bath (6:1:1 H2O:HCl:H2O2) at appx 70°C 

4. Acid bath rinser until 16Mɋcm 

5. 10min in base bath  (6:1:1 H2O:NH4OH:H2O2 ) at appx 70°C 

6. Base bath rinser until 16Mɋcm 

7. Spin-Rinse-Dryer (SRD) at 700rpm for ~30s, 1400rpm for ~120s, 30s rampdown, 60s at 

600rpm 

Notes 

1. Follow all protocols established by CNF. Do not use unless trained. 

2. Only use A182-39M Teflon wafer boats labelled on their side with ñMOS.ò 

3. Always use the green gloves when handling the MOS boats. 

4. The SRD recipe should be irrelevant. 

5. The thin cover wafers can go in the SRD without being damaged. Do not attempt to dry 

with a nitrogen gun, the wafers are likely to crack. 

6. 67-71°C is fine for the base and acid baths. Lower may be possible as well. 

7. If either rinser does not gradually increase its Mɋcm reading and you instead see it jump 
around, or if the rinser takes longer than 10mins and is not close to finishing, then hit the 

green Reset button and start it over. If the problem is not resolved, used the other rinser 

(base rinser if the acid rinser is not working or vice versa) 

 

6.2 HAND BOND  
Purpose: To close the device by bonding the cover wafer and patterned wafer. 

Location: MOS clean bench 

Time Dependence: Directly before furnace anneal 

Methods 

1. Begin opening the furnace tube before you start the hand bond. See section 6.3 

Anneal. 

2. Lay an alpha wipe down on the MOS clean bench. 

3. Grab a thin wafer cover using the MOS clean tweezers. Do not use the vacuum wand 

because it will break the thin wafers. Place the thin cover wafer with the clean side up 

and the flat bottom facing towards you. 
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4. Grab the back of the patterned wafer with the vacuum wand. Align the wand so that 

the vacuum is not over any of the patterned sections because the vacuum will cause 

slight deflection in the wafer.  

5. Align the patterned wafer and the wafer cover and slowly press them together. Try to 

press them together flat so the first point of contact is not at the edge. 

6. Allow for the bond to spread. You may need to tap large unbonded areas to begin the 

bond. 

Notes 

1. The thin wafer covers break easily. Handle with care. 

2. If the patterned sections of the wafer have bubbles, you can use the edge of the wand or 

tweezers to try to push the bubbles away. The bubbles will not disappear during 

annealing. Be very gentle, as the wafer can crack easily. 

 

6.3 ANNEAL 
Purpose: To increase the bond strength of the cover wafer and patterned wafer. 

Location: MOS Clean Anneal - Furnace tube B1 in the CNF Cleanroom furnace area. 

Time Dependence: Directly after the hand bond 

Reserve: 8 hours. The entire process from open to close should take about 7.5 hours. 

Methods 

1. Input the following parameters in MOS Clean Anneal - Furnace tube B1: 

N2 ANNEAL recipe: 

01-STANDBY 800 P 

04-UNLOAD 

86-PROG HOLD 

08-UNLOAD HOLD 

05-LOAD 

15-RAMP 1100 P (set at 10 Min, will take longer) 

11-PURGE/ANNEAL 300 Min 

15-RAMP 800 P (set at 20 Min, will take longer) 

04-UNLOAD 
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88-PROG RESET 

00-IDLE 

2. Load wafers into the furnace boats using MOS gloves and tweezers. 

3. Run the N2 ANNEAL recipe. 

4. Remove the wafers after the process runs and set the tube at standby. 

 

Notes 

1. Hit step then run to start loading. If you only hit step, the only next step will run and not 

the entire process. 

2. You may leave the cleanroom once the furnace begins the ramp stage. 

3. Let the wafers cool for 10 minutes after the tube opens before removing them.  
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Appendix ï 2: SOP Microfluidic Device Pressure Calculations 

Cornell University 

Hernandez Research Group 

Standard Operating Procedure 

 

Microfluidic Device Pressure Calculations 

 

SOP Version 01 

Date: 1/11/2022 

 

Author: Christine Harper 

Principal Investigator: Christopher J. Hernandez 

 

ðððððððððððððððððððððððððððððððððððð 

Summary: This SOP describes how to use the MATLAB programs to determine 

pressure differential (dP) across the tapered channels in microfluidic designs XS004, XS007, 

XS009, and XS011. The MATLAB program uses the dimensions of each wafer as measured 

during wafer manufacturing, and this SOP also includes instructions on wafer dimension 

labelling and formatting. 

 

Key Words: Bacterial Mechanics, pressure, pressure differential, dP 

ððððððððððððððððððððððððððððððððððððððð 
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Mater ials: MATLAB 2018 or MATLAB 2019 (may work in other versions of 

MATLAB, but unverified) 

Pressure_Calculations_XS004_2022_01_11.m 

Pressure_Calculations_XS007_2022_01_11.m 

Pressure_Calculations_XS009_2022_01_11.m 

Pressure_Calculations_XS011_2022_01_11.m 

parallel.m 

recResistance.m 

taperResistance.m 

poiseuilleResistance.m 

Wafer dimensions file formatted correctly (see Wafer Dimensions sections below) 

ððððððððððððððððððððððððððððððððððððððð 
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ðððððððððððððððððððððððððððððððððððð 

 

For XS004 Pressure Calculations 
1. Put Pressure_Calculations_XS004_2022_01_11.m, parallel.m, recResistance.m, 

recResistance.m, taperResistance.m, poiseuilleResistance.m, and the formatted excel file 

with wafer dimension in the same file folder.  
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a. Note: See section Wafer Dimensions sections on correct excel file formatting. 

2. Open Pressure_Calculations_XS004_2022_01_11.m in MATLAB. 

3. Edit line 28 to match the excel file name of the wafer dimensions excel file. 

dim = xlsread('dimensionsXS004.xlsx'); 

4. Edit line 205 to the desired input pressure in Pascals. 

P=60*10^3;   

5. Click Run. 

6. Extract and record desired variables. 

a. pressure is a 12x1 matrix with the pressure differential (dP) across the tapered 

channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is 

(2,1) and so on. 

b. pinAv is a 12x1 matrix with the pressure at the inlet of the tapered channels in Pa 

for each pressure level. 

c. poutAv is a 12x1 matrix with the pressure at the outlet of the tapered channels in 

Pa for each pressure level. 

 

Additional Notes:  

Average Cell Occupancy at Each Pressure Level 

The MATLAB script currently has each pressure level occupied with 4 or 5 cells (Table 

1). Cell occupancy is based on previous experimental results. This script assumes that every 

single group within a pressure level fills to the same occupancy. If the cell occupancy needs to be 

changed, edit the lines 87-91. When Blocked2(13-k,:)=1, the tapered channel is modelled as 

occupied by a cell. When Blocked2(13-k,:)=0, the tapered channel is modelled as unoccupied. 

In order to model every single tapered channel as occupied for the entire experiment, 

uncomment line 91: Blocked2(:,:)=1;Blocked1=(:,:)=1; Note the Blocked1 represents sections 1 

and 4 of the device where there are 6 pressure level and a wider bypass channel, and Blocked 2 

represents section 2 and 3 of the device where there are 12 pressure levels and a narrower bypass 

channel. See Figure 1 in the appendix. 

*In the script occupied and blocked mean the same thing. 

 

Time Dependence for Occupied Pressure Levels 

Cell occupancy increases over the course of the experiment. This MATLAB script runs 

12 iterations to simulate 12 different time points. Each time point corresponds with the time at 

which a pressure level is imaged. In the first iteration, only pressure levels 11 and 12 are 

occupied by cells; this simulates the cell occupancy when pressure level 12 is imaged. In the next 

iteration, pressure levels 10, 11, and 12 are occupied by cells; this simulates the cell occupancy 

when pressure level 11 is imaged, and so on. The pressure at each pressure level is recorded in 

the variable pressure when the current pressure level, one pressure level below, and all pressure 

levels above are occupied with cells. This method of estimating cell occupancy was determined 

empirically by from the CusCBA and MacABTolC projects.  
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Table 1. Cell occupancy at each pressure level for XS004 and XS007 designs. 

Pressure level 1 2 3 4 5 6 7 8 9 10 11 12 

Number of tapered channels occupied 

by cells XS004 (out of 5 channels) 
4 4 4 4 4 4 4 5 5 5 5 5 

Number of tapered channels occupied 

by cells XS007 (out of 8 channels) 
5 5 5 6 7 6 6 6 7 7 7 7 

 

For XS007 Pressure Calculations 
 

1. Put Pressure_Calculations_XS007_2022_01_11.m, parallel.m, recResistance.m, 

recResistance.m, taperResistance.m, poiseuilleResistance.m, and the formatted text file 

with wafer dimension in the same file folder.  

d. Note: See Wafer Dimensions sections on correct text file formatting 

2. Open Pressure_Calculations_XS007_2022_01_11.m in MATLAB. 

3. Edit line 28 to match the excel file name of the wafer dimensions text file. 

dim = dlmread('dimensionsXS007.txt',' ',1,1); 

4. Edit line 143 to the desired input pressure in Pascals. 

P=60*10^3;   

7. Click Run. 

8. Extract and record desired variables. 

a. pressure is a 12x1 matrix with the pressure differential (dP) across the tapered 

channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is 

(2,1) and so on. 

b. pinAv is a 12x1 matrix with the pressure at the inlet of the tapered channels in Pa 

for each pressure level. 

c. poutAv is a 12x1 matrix with the pressure at the outlet of the tapered channels in 

Pa for each pressure level. 

 

Additional Notes:  

Average Cell Occupancy at Each Pressure Level 

The MATLAB script as is assumes that each pressure level is occupied with 5,6, or 7 

cells (Table 1). Cell occupancy is based on previous experimental results. If the cell occupancy 

needs to be changed, edit the lines 67-82. When Blocked(13-k,:)=1, the tapered channel is 

modelled as occupied by a cell. When Blocked(13-k,:)=0, the tapered channel is modelled as 

unoccupied. 

In order to model every single tapered channel as occupied for the entire experiment, 

uncomment line 83: Blocked=(:,:)=1; 

Time Dependence for Occupied Pressure Levels 
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Same as method used with XS004 design. 

 

For XS009 Pressure Calculations 
 

1. Put Pressure_Calculations_XS009_2022_01_11.m, parallel.m, recResistance.m, 

recResistance.m, taperResistance.m, poiseuilleResistance.m, and the formatted text file 

with wafer dimension in the same file folder.  

a. Note: See Wafer Dimensions sections on correct text file formatting 

2. Open Pressure_Calculations_XS009_2022_01_11.m in MATLAB. 

3. Edit line 27 to match the excel file name of the wafer dimensions text file. 

dim = dlmread('dimensionsXS009.txt',' ',1,1); 

4. Edit line 202 to the desired input pressure in Pascals. 

P=60*10^3;   

5. Edits lines 80-83 to model desired amount of cell filling. Each pressure level (1-4) can be 

assigned a different filling pattern. Potential cell filling patterns can be taken from lines 

86-100. See additional notes 

6. Click run. 

7. Extract and record desired variables 

a. pressure is a 4x1 matrix with the pressure differential (dP) across the tapered 

channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is 

(2,1) and so on. 

b. pressureSTD is a 4x1 matrix with the standard deviation for the pressure 

differential (dP) across the tapered channels in Pa for each pressure level. The 

standard deviation comes from multiple simulations with unique cell occupancy 

patterns (see notes below). 

c. pinAv is a 4x1 matrix with the pressure at the inlet of the tapered channels in Pa 

for each pressure level. 

d. pinSTD is 4x1 matrix with the standard deviation for the pressure at the inlet of 

the tapered channels in Pa for each pressure level. 

e. poutAv is a 4x1 matrix with the pressure at the outlet of the tapered channels in 

Pa for each pressure level. 

f. poutSTD is 4x1 matrix with the standard deviation for the pressure at the outlet 

of the tapered channels in Pa for each pressure level. 

 

 

Additional Notes:  

Average Cell Occupancy at Each Pressure Level 

The MATLAB script for the XS009 and XS011 designs models the inherent randomness 

of how cells fill into the tapered channels (this was not practical for the XS004 and XS007 

designs because the time dependent filling caused more significant pressure error). Although all 

groups within a given pressure level will fill to a similar level of cell occupancy, not every single 

group within a pressure level will fill the same way. For example, all groups in pressure level 1 
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might have 4 to 5 cells, but which groups are occupied by 4 cells and which groups are occupied 

by 5 cells cannot be predicted. For the groups that are only occupied by 4 cells, it also cannot be 

predicted which of the location of the unoccupied taper. This script models the randomness of 

the cell filling in a given pressure level. Each pressure level had a matrix of potential filling 

patterns (variables possilbeBlockn), and a filling pattern was chosen randomly from the matrix 

for each group within each pressure level for every simulation. The script runs 10 simulations 

and reports an average and standard deviation for the pressure at each pressure level. 

 

Time Dependence for Occupied Pressure Levels 

Unlike the XS004 and XS007 designs, the pressure calculations for the XS009 and 

XS011 designs assumes the there is no time dependence on cell occupancy. This is because the 

XS009 and XS011 designs only have 4 pressure levels (compared to the 12 pressure levels in the 

XS004 and XS007 designs) and should fill with cells quickly before imaging starts, rather than 

over the course of the experiment. If it is necessary to model time dependent cell filling, run the 

script multiple time and adjust the possibleBlockn variables to fill with more cells for each 

subsequent run. 

 

For XS011 Pressure Calculations 
 

1. Put Pressure_Calculations_XS011_2022_01_07.m, parallel.m, recResistance.m, 

recResistance.m, taperResistance.m, poiseuilleResistance.m, and the formatted text file 

with wafer dimension in the same file folder.  

a. Note: See Wafer Dimensions sections on correct text file formatting 

2. Open Pressure_Calculations_XS0011_2022_01_07.m in MATLAB. 

3. Edit line 24 to match the excel file name of the wafer dimensions excel file. 

dim = dlmread('dimensionsXS011.txt',' ',1,1); 

4. Edit line 198 to the desired input pressure in Pascals. 

P=60*10^3;   

5. Edits lines 78-81 to model desired amount of cell filling. Potential cell filling patterns can 

be taken from lines 83-97. 

6. Click Run. 

7. Extract and record desired variables 

a. pressure is a 4x1 matrix with the pressure differential (dP) across the tapered 

channels in Pa for each pressure level. Pressure level 1 is (1,1); pressure level 2 is 

(2,1) and so on. 

b. pressureSTD is a 4x1 matrix with the standard deviation for the pressure 

differential (dP) across the tapered channels in Pa for each pressure level. The 

standard deviation comes from multiple simulations 

c. pinAv is a 4x1 matrix with the pressure at the inlet of the tapered channels in Pa 

for each pressure level. 
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d. pinSTD is 4x1 matrix with the standard deviation for the pressure at the inlet of 

the tapered channels in Pa for each pressure level. 

e. poutAv is a 4x1 matrix with the pressure at the outlet of the tapered channels in 

Pa for each pressure level. 

f. poutSTD is 4x1 matrix with the standard deviation for the pressure at the outlet 

of the tapered channels in Pa for each pressure level. 

 

Additional Notes: 

Average Cell Occupancy at Each Pressure Level 

See notes for XS009 design. 

 

Time Dependence for Occupied Pressure Levels 

See notes for XS009 design. 

 

Wafer Dimensions 

Purpose: Pressure calculations are done individually for each wafer based on the waferôs 

dimensions. Including the wafer dimensions for each wafer makes the pressure differential  (dP) 

calculations more accurate and helps explain wafer to wafer variations in experimental results. 

Wafer dimensions must be recorded in the correct format in order to be read by the MATLAB 

script. Wafer dimensions come from the profilometer, AFM, and SEM measurements taken 

during wafer manufacturing. Every linear segment of the microfluidic device has a label. Each 

microfluidic design has its own labeling scheme. 

 

XS004 Wafer Dimensions 
1. Open XS004 dimensions template excel file dimensionsXS004.xlsx 

2. Edit width and height measurements based on profilometer, AFM, and SEM 

measurements taken during wafer manufacturing. Length measurements do not change. 

Segment labelling in the excel file corresponds to Figures 1 and 2 in the device design 

and labelling schematics section. 

a. R0 is the tubing connecting the pressure sensor and the microfluidic device. The 

format for the excel file is: length, radius, radius. 

b. All G segments are tapered, so there are two measurements of width. In the excel 

file the format is length, width 1 (wider), width 2 (narrower), and height. 

c. All L segments is a tapered as well as having a trapezoidal cross section. For all L 

channels, the format is: length, width at the top of the inlet, width at the bottom of 

the inlet, width at the top of the outlet, width at the bottom of the outlet, height. 

3. Save the file as dimensionsWaferName.xlsx 

XS007 Wafer Dimensions 
1. Open XS007 dimensions template text file dimensionsXS007.txt 
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2. Edit width and height measurements based on profilometer, AFM, and SEM 

measurements taken during wafer manufacturing. Length measurements do not change. 

Segment labelling in the text file corresponds to Figures 3 and 4 in the device design and 

labelling schematics section. 

a. R0 is the tubing connecting the pressure sensor and the microfluidic device. The 

format for the text file is: length, radius, radius. 

b. Segment G is tapered, so there are two measurements of width. In the excel file 

the format is length, width 1 (wider), width 2 (narrower), and height. 

c. Segment L is a tapered as well as having a trapezoidal cross section. For all L 

channels, the format is: length, width at the top of the inlet, width at the bottom of 

the inlet, width at the top of the outlet, width at the bottom of the outlet, height. 

3. Save the file as dimensionsWaferName.txt 

 

XS009 Wafer Dimensions 
1. Open XS009 dimensions template text file dimensionsXS009.txt 

2. Edit width and height measurements based on profilometer, AFM, and SEM 

measurements taken during wafer manufacturing. Length measurements do not change. 

Segment labelling in the text file corresponds to Figures 5 and 6 in the device design and 

labelling schematics section. 

a. R0 is the tubing connecting the pressure sensor and the microfluidic device. The 

format for the text file is: length, radius, radius. 

b. Segment E, G, and I are tapered, so there are two measurements of width. In the 

ext file the format is length, width 1 (wider), width 2 (narrower), and height. 

c. Segment O is a tapered as well as having a trapezoidal cross section. For all O 

channels, the format is: length, width at the top of the inlet, width at the bottom of 

the inlet, width at the top of the outlet, width at the bottom of the outlet, height. 

3. Save the file as dimensionsWaferName.txt 

XS011 Wafer Dimensions  
1. Open XS011 dimensions template text file dimensionsXS011.txt 

2. Edit width and height measurements based on profilometer, AFM, and SEM 

measurements taken during wafer manufacturing. Length measurements do not change. 

Segment labelling in the text file corresponds to Figures 7 and 8 in the device design and 

labelling schematics section. 

a. R0 is the tubing connecting the pressure sensor and the microfluidic device. The 

format for the text file is: length, radius, radius. 

b. Segment E, G, and I are tapered, so there are two measurements of width. In the 

excel file the format is length, width 1 (wider), width 2 (narrower), and height. 

c. Segment J is a continuation of segment I. This segment is split in two because the 

width to height ratio changes from width/height >20 to width/height <20, 

meaning hydraulic resistance calculations must be switched from plane Poiseuille 

to Poiseuille flow.  

d. Segment O is a tapered as well as having a trapezoidal cross section. For all O 

channels, the format is: length, width at the top of the inlet, width at the bottom of 

the inlet, width at the top of the outlet, width at the bottom of the outlet, height. 
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3. Save the file as dimensionsWaferName.txt 

Device Design and Labelling Schematics 

 

Figure 1. Segment labelling scheme for the XS004 design. Sections 1 and 4 have 6 pressure 

levels and a wider bypass channel. Sections 2 and 3 have 12 pressure levels and a narrower 

bypass channel. 
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Figure 2. Segment labelling scheme for the XS004 design. This is an enlarged view of the dashed 

boxed section in Fig 1 from section 2.  
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Figure 3. Segment labelling scheme for the XS007 design.  
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Figure 4. Segment labelling scheme for the XS007 design. This is an enlarged view of the dashed 

boxed section in Fig 3. Segment H includes the vertical and horizontal segments of the corner. 
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Figure 5. Segment labelling scheme for the XS009 design. The right side is an enlarged view of 

the solid boxed section. 
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Fig 6. Segment labelling scheme for the XS009 design. This is an enlarged view of the dashed 

boxed section in Fig 5. Segment K includes the vertical and horizontal segments of the corner. 
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Figure 7. Segment labelling scheme for the XS011 design. The right side is an enlarged view of 

the solid boxed section. 

 

 




















































