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Abstract: 
The small GTPase RhoA is a principal regulator of 
actomyosin contraction as a result of its ability to simulate 
Rhokinase and induce the cascade of downstream 
phosphorylation of the myosin light chain. Here, we used a 
CFP/YFP RhoA FRET sensor to examine the ways in 
which mechanical loading affects RhoA activity in NIH 
3T3 fibroblasts. We probed our cells at a precise rate and 
magnitude of force by using a stack piezo device that 
pressed on the surface of the microfabricated chamber that 
allowed the cell to be adhered and visualized while under 
stress. The cells’ novel adherence geometry also allowed us 
to individually perturb each cell and observe RhoA’s 
activity response to 3-dimensional forces such as stretching 
or compression.  
 
Introduction: 
 
The small GTPase RhoA is a master regulator of 
actomyosin contraction as a result of its ability to simulate 
Rhokinase and induce the cascade of downstream 
phosphorylation of the myosin light chain.1 RhoA mediates 
a number of essential cellular processes such as adhesion, 
motility, proliferation, and polarization.2 RhoA, as with 
many other small GTPases in its family, is able to 
transduce signals from a wide variety of membrane 
receptors by repeatedly binding (active state) and 
unbinding (inactive state) to GTP. Much is still not known 
about how RhoA integrates different forces into a steady 
signal; though, various studies report that mechanical 
forces such as those sensed near a tumor site likely trigger 
RhoA activation.3 
 
Pertz et al. utilized existing Förster resonance energy 
transfer (FRET) sensor technology in designing a novel 
approach to study the spatiotemporal dynamics of RhoA 
activity in living cells.3 The single-chain genetically 
encoded fluorescent biosensor responded to RhoA 
activation based on the interaction of four major 
components as depicted in Figure 1. GTP-loading 
consequentially causes RhoA to become activated and 
RBD to specifically bind to the Rho protein. The binding of 
RBD induces a conformational change in the biosensor and 
by design brings the two fluorescent proteins closer 
together thus increasing FRET. As a result, the activation 
of RhoA in a section of the cell can then be approximated 

as being proportional to the FRET/CFP emission ration at 
that point.  

 

Figure 1. Design of the RhoA Biosensor. Listed in 
sequential order: a Rho-binding domain (RBD) of the 
effector rhotekin, cyan fluorescent protein (CFP), yellow 
fluorescent protein (YFP), then lastly the full-length RhoA 
GTPase.3 

 
The amount of FRET signal produced can be calculated by 
examining the FRET efficiency in Equation 1: 
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where EFRET is the FRET efficiency, kT is the rate of energy 
transfer, kf is the radiative decay rate, τd is the donor 
fluorescence lifetime, r is the probe separation distance, and 
R0 is the Förster distance of the donor and receptor pair.4 
 
Here, we used a CFP/YFP RhoA FRET sensor to examine 
the ways in which mechanical loading affects RhoA 
activity in NIH 3T3 fibroblasts. To avoid the limitations of 
two-dimensional assays such as abnormal cell behavior 
when spreading, we chose an adherence configuration that 
more closely resembled a cell in vivo. 
 
We probed our cells at a precise rate and magnitude of 
force by using a stack piezo device that pressed on the 
surface of the microfabricated chamber. These chambers 
contained an array of vertical, hanging fibronectin-coated 
micropillars that allowed the cell to adhere to the bottom of 
the post and the glass coverslip, resulting in high quality 
visualization of the cell. The cells’ novel adherence 
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geometry also allowed us to individually perturb each cell 
and observe RhoA’s activity response to 3-dimensional 
forces such as stretching or compression. Due to the large 
number of pillars and adhered cells in each chamber, this 
system allowed for a very high-throughput study. 
Uncovering the details of the mechanotransduction of 
RhoA will serve as a fundamental basis for constructing a 
complete, predictive model of RhoA activation. 
 
Methods: 
A key feature of this experiment was the design of the 
chambers that the cells were contained in. Each 
polydimethylsiloxane (PDMS) chamber was composed of 
hanging micropillars arranged in different spatial 
configurations (Fig. 2).  
 

 
Figure 2. Various spatial arrangements of micropillars. 
 
These specific configurations of the micropillars were 
chosen based on several factors such as: adherence 
probability of NIH 3T3 fibroblasts, spreading area of 
adhered cells, size of cells, and cell population density. The 
cells were to bind to both the underside of the pillar and to 
the glass coverslip underneath, resulting in a vertical 
adherence structure of the cell that would translate the 
applied mechanical load of the piezo instrument uniformly 
across each cell. Another advantage of adhering the cells in 
such a way is that each cell could be imaged with higher 
resolution due to the glass coverslip being at the base. 
 
Prior to seeding the cells into the chamber for adherence, 
the environment of the chamber had to be sufficiently 
prepared. Each PDMS chip was oxygen-plasma treated to 
not only remove impurities and contaminant but to also 
decrease the hydrophobicity of its surface to promote 
absorption of proteins, specifically fibronectin.5 The PDMS 
chips were exposed to oxygen plasa created by dielectric 
barrier discharge for five minutes at a low level (~20% Rf). 
By exposing the chip for a longer amount of time at a low 
level, the structural integrity of the chip and its features 
remained undamaged but its properties were affected for 
sustained period of time (~2 hours of reversed 
hydrophobicity).6 

 
Adherence of the cells to the desired locations of the 
bottom of the pillar and the corresponding position directly 
under each pillar on the glass coverslip was promoted by 
two factors: 1:25 fibronectin:1X Phosphate-Buffer Saline 
(PBS) coating on the target locations and 1:100 Bovine 
Serum Albumin (BSA) coating on all other surfaces. 
Fibronectin encourages cellular adherence by stimulating 
formation of the cells extra cellular matrix and BSA is a 
known blocking agent to help reduce background noise 
(non-specific binding) without altering or obscuring 
antibody binding. In application, the chamber was 
compressed to a point that allowed the bottom of the pillar 
contacted the glass and the 1:100 BSA solution was added 
and allowed to incubate for 30 minutes to allow for 
adequate binding. Next, the chamber was released to 
expose the uncoated portion of the chamber, washed three 
times with 1X PBS, and the fibronectin solution was added 
and allowed to incubate for 45 minutes. The interior of the 
chamber was then washed three times with 1X PBS and the 
adhered NIH 3T3 cells were added and allowed to incubate 
and adhere for 90 minutes. As an optional last step prior to 
imaging or perturbing the cells, membrane dyes could be 
added at this point to the cells. 
 

 
Figure 3. Schematic of adhered cells and applied force. 
 
Once adhered, the cells were perturbed by a vertical 
loading force (compression) applied by an extending piezo 
device. (Fig. 3, shown above) In application, the stack 
piezo device would press upon an acrylic plate that fit the 
dimensions of the chamber to evenly and uniformly 
distribute the force applied to each micropillar and translate 
to each individual cell. By pressing on a plate rather than 
directly on the surface of the chamber, this ensured that 
each cell would experience the same force as all other cells 
within the chamber. 
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Figure 4. Circuit diagram (low-pass filter) transferring 
power to the piezo device. 
 
The extension (thus, compression) of piezo was controlled 
by modifying the voltage applied to the device via 
MATLAB. The voltages that were recognized by the 
device ranged from 0-5V, and a higher voltage 
corresponded to an increased extension. A key component 
in the circuitry was the necessity of a low pass filter which 
attenuated signals with frequencies higher than the cutoff 
frequency (corresponding to 5V). The filter was a safety 
mechanism used to protect the device from being exposed 
to excessive voltage. It was also found that the piezo 
amplifier (upstream of the piezo) drew too much current; 
therefore, an op-amp was used to recover what was needed 
to power the device. A diagram of the circuitry is shown 
above in figure 4. 
 
As for our cells, we aimed to establish a stable cell line that 
included our RhoA FRET sensor using the lentiviral 
Bourne infection. Our target gene was created using the 
polymerase chain reaction (PCR) and cloning techniques 
such as restriction digestion and ligation. Our resulting 
RhoA FRET sensor was subsequently confirmed through 
genetic sequencing. After our target sequence was 
established, letiviruses were produced using 293T cells. To 
produce the viruses, these cells required a 1:1:1 ratio three 
DNA additions: (1) pHRSIN (HIV genome + gene of 
interest), (2) pCMV8.91, and (3) pMD2.G. After two-three 
days, the virus containing the desired gene was produced 
and could be used in the Bourne infection. 
 
The Bourne infection transfected the desired gene (RhoA 
FRET) into the desired cell (NIH 3T3) via exposure to the 
resulting lentiviruses. Three populations of cells were 
created: a no-virus control population, an infected 
population with just lentivirus, and an infected population 
with lentivirus and polybrene. After one day of exposure, 
the cells were centrifuged to separate unactivated virus and 
resuspended to a density of 0.4 Mcells/mL of media. 
 
Two days later, the cells were analyzed using fluorescence 
activated cell sorting (FACS) to separate populations of 
high target gene activity, moderate target gene activity, and 

no target gene activity. Once analyzed, the populations 
were stabilized by consecutively growing them to 
confluency and passaging the cells twice. Once considered 
stable, a portion of the cell line was stored in cryostorage to 
maintain consistency, reduce variability, and for later use. 
 
Results: 
Figure 5 confirms that the piezo device linearly extended 
with increased voltage and found to have a full extension to 
600 um (0.6mm), which is a large distance relative to the 
height of an unadhered cell, roughly 20 um. The small 
imperfections are primarily attributed to human 
measurement errors, as we measured the empirical distance 
with digital calipers. 
 

Figure 5. Piezo extension relation to voltage. 
 
After realizing that the potential maximum expansion of the 
piezo device could be damaging to the expensive 
microscope setup, we devised a failsafe for the device, 
shown below in figure 6. In this revised system, a pair of 
magnets would securely suspend the piezo device on an 
axis that would pivot if the piezo was hyper-extended. 
Once the axis was pivoted, the pressure coupled with the 
device would be alleviated, and the potential for damage to 
the coverslip or microscope objective would be avoided.  
 

 
Figure 5. Failsafe mechanism for piezo device. 
 
The sequences and primers used to clone the RhoA FRET 
sensor gene and the lentivirus as well as the genomic lab 
sequenced vector data used to confirm the sequences can be 
found in the supplemental materials. 
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Below (Fig. 7a-c) is the FACS data for the three 
populations of cells infected via the Bourne infection. 
 

(a)  

(b)  

(c)  
 

 
Figure 7a-c. FACS data for three populations: control 
(no virus), infected with only virus, infected with virus 
and polybrene 
 

The FACS sorter excited with two wavelengths: FITC-A 
and MCherry-A. In theory, FITC-A would excite our 
flourophore as if it was being activated (simulated FRET, 
would the biophysical activation) and would indicate to use 
that our desired gene was successfully integrated into the 
cell.  We used MCherry-A as a negative control to ensure 
that no defects persisted in our gene because this 
wavelength should theoretically illicit not response. 
 
The control population (Fig 7a) shows no fluorescence 
when excited with FITC-A, as expected, and the low 
fluorescence when excited with mCherry can be 
disregarded as autofluorescence. The population that was 
infected without polybrene showed initial positive signs of 
our gene: a population fluorescing under FITC-A and no 
fluorescence under MCherry-A. (Fig 7b) This population, 
due to there being some fluorescence, was sorted into 
populations of high and low activity of our RhoA FRET 
sensor. The population that was infected with the lentivirus 
with the addition of polybrene showed an amplified activity 
of our gene in comparison to the previous two populations. 
(Fig 7c) A very positive response was seen when excited 
with FITC-A as well as no response when excited with 
MCherry-A. This population was our best case, was sorted 
into high and low activity populations, and was used in all 
the future tests due to its positive response and potency. 
 
We then imaged our cells in TIRF, using the the excitation 
filter for CFP and the emission filter for YFP, to confirm 
the localization of our RhoA FRET sensor. Notice in Fig. 8 
that our gene is embedded throughout the cell membrane, 
but most importantly all along the edges of the cell as it 
spreads on the substrate. RhoA is involved in many cellular 
processes such as adhesion and motility, and as observed is 
important especially on the edges and protrusions of the 
cell, where the fluorescence is observed. 
 

 
Figure 8. TIRF imaging of NIH 3T3 with RhoA FRET 
sensor. 
 
After confirming baseline fluorescence, our next step was 
to test out our experimental setup of adherence in the 
chamber. To do this, we added a membrane dye (Cye8) to 
the chamber. The dye bound to the cell and (due to the 
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reverse hydrophobicity of the chamber from oxygen plasma 
treatment) it was also absorbed into the PDMS.5 This, 
however, was desired because it allowed us to visualize not 
only the cell, but what the cell was attached too, namely the 
bottom of the pillar and the glass. Below, figure 9, is a 
confocal image, taken with the spinning disk setup, of a 
correctly adhered cell underneath the pillar and above the 
glass. Notice how the cell fills the entirety of the bottom 
surface of the pillar as well as being firmly attached to the 
corresponding section of glass. By being under this 
configuration, a force can be applied by the piezo and will 
uniformly compress the cell – as well as all the other cells. 
A controlled, uniform compression is most desired and will 
be most easily achieved if the cells are in this 
configuration. However, this attachment is not the only way 
a cell can adhere within the chamber. 
 

 
Figure 9. Confocal image of our cell correctly adhered 
underneath pillar. 
 
Figures 10 and 11 show a phenomenon that we have termed 
“creeping cell”. This particular cell initially started 
adherence as in figure 9, but has since secreted its own 
extra cellular matrix environment to move in the 
environment that has the most surface area to adhere to, 
namely it wants to move up the side of the pillar. 
 

 
Figure 10. Confocal image of the “Creeping Cell” 
 

 
Figure 11. Reconstructed Z-Slice image, reanalyzed for 
side-view for Figure 9’s “Creeping Cell” phenomenon 
 
The creeping cell phenomenon mostly occurs 3-4 hours 
after initial seeding and adherence has started. The time 
delay is due to the time it takes for the cell to fully adhere 
(~60 minutes) and the time it takes for the cell to start 
secreting enough ECM factors to overcome the BSA 
blocking put forth in the PDMS treatment prior to cellular 
interaction. 
 
Discussion: 
The bourne infection was an excellent system used for 
transfection of our gene into the appropriate cells. 
However, the bourne infection was not the only approach 
that we tried. We also tried methods of lipofection and 
electroporation. Note: in all cases of transfection, we used 
the same target gene sequence that we wanted to insert. 
 
Lipofection is a transfection method that utilizes lipid 
interaction with the cell membrane to insert the target 
sequence into the cell. Electroporation is a transfection 
methods that pulsates small electric pulses to create pores 
in the cell membrane that the target sequence can diffuse 
through. Both methods were inefficient and yielded poor 
results possibly due to instability of the target sequence 
while undergoing these processes or possible toxicity of the 
gene in such high concentrations. Lentiviral transfection 
proved to the be most desirable competitor due to its ability 
to absorb high concentrations of target DNA as well as the 
beneficial necessity to use FACS sorting to confirm and 
sort affected cells into appropriate populations. 
 
Oxygen plasma treatment was a new idea that we tried to 
apply to our PDMS chips. Traditionally, plasma treating 
was meant for primarily cleaning, reducing imperfections 
and contaminants on hard substances like glass. However, 
it was found that plasma treating also reverse 
hydrophobicity to short periods of time. This period can be 
lengthened by the right protocol such as immediate 
placement in a hydrophilic environment and application of 
the oxygen plasma treatment at lower intensities but for 
longer periods of time. The lower intensities also are 
beneficial for PDMS primarily for the reason of lowering 
the chance of surface fractures or other imperfections being 
negatively affected and damaged.6 
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Initially, BSA blocking was not considered, but after 
multiple attempts and seeing irregular adherence patterns, 
BSA blocking became a necessity. The addition of BSA 
greatly reduced the number of irregular adherence patterns 
but also reduced the strength of adherence in some cases. 
This could be due to imperfections in the micropillar 
structure leading to an imperfect contact with the glass 
coverslip when BSA is being seeded in the chamber. These 
imperfections may cause BSA to mistakenly bond to the 
bottoms of pillars – perhaps even just at the edges – and 
therefore cause less surface area for the fibronectin to bind 
to. However, this can be combated by more carefully 
extracting PDMS from the silicon wafer to lead to less 
imprefections and breakages in the micropillars. 
 
Initially results positively support the idea of compressing 
the cells to illicit a response of RhoA. However, it is 
possible to also conduct experiments in pulling the cells, 
rather than compression. Pulling is a similar force to 
compressing, due it to force being applied uniaxially. 
However, pulling experiments adds a new dimension of 
complications. Just after the cells have been seeded into the 
chamber, the piezo instrument would compress the top of 
the pillars (still prior to adherence). The cells would then 
adhere and become accustomed to the environment. The 
piezo instrument could then slowly decompress, and due to 
the adherence of the cells, they would feel a sensation of 
pulling. This may stimulate different activities in RhoA. 
Another complication is that when the chamber is initially 
compressed, the cells may or may not have a difficult time 
adhering to the bottom of the pillar, depending on how low 
the pillar is. If the pillar is too low, the cell may not have 
enough room to fit underneath, and may just start adhering 
to other parts of the chamber (however unfavorable due to 
the recent BSA blocking). In any case, we will first aim to 
compress the cells before we try to stretch or pull the cells. 
 
Conclusion and Future Work: 
The proof of concept for our mechanical setup is at a level 
that is suitable for carrying out this experiment. Our stable 
cell lines containing our RhoA FRET sensor has been very 
selectively sorted in the FACS sorter to ensure maximum 
efficiency. There is early evidence in the viability of the 
adherence geometry arrangement and compression element. 
At this point, adherence arrangement and the “creeping 
cell” phenomenon is our most major problem, but we are 
working on many different solutions to these minor 
problems. 
 
In addition to improving the percentage of correctly 
adhered cells, our next step is to compress the cells without 
causing structural damage to them (ruptured membrane). 
As a final experiment, pulling can be explored in terms of 
how this force activates RhoA. 
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