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Abstract: Confocal frequency-domain fluorescence lifetime and Förster resonance energy
transfer (FRET) microscopy of Chinese hamster ovary (CHO-K1) cells expressing the vinculin
tension sensor (VinTS) is used to compare vinculin tension in three-dimensional (3D) multicellular
aggregates and 2D cellular monolayers. In both 2D and 3D cultures, the FRET efficiency of
VinTS is 5-6% lower than that of VinTL (p< 0.05), a tail-less control which cannot bind actin
or paxillin. The difference between VinTS and VinTL FRET efficiency can be mitigated by
treatment with the Rho-associated kinase inhibitor Y-27632, demonstrating that VinTS is under
tension in both 2D and 3D cultures. However, there is an overall decrease in FRET efficiency of
both VinTS and VinTL in the 3D multicellular aggregates compared with the 2D monolayers.
Expression of VinTS in 2D and 3D cultures exhibits puncta consistent with cellular adhesions.
While paxillin is present at the sites of VinTS expression in the 2D monolayers, it is generally
absent from VinTS puncta in the 3D aggregates. The results suggest that VinTS experiences a
modified environment in 3D aggregates compared with 2D monolayers and provide a basis for
further investigation of molecular tension sensors in 3D tissue models.
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1. Introduction

Mechanical forces and the cytoskeleton play a significant and central role in shaping cellular
function and behavior. Mechanotransduction, imparted though cell-extracellular matrix (ECM)
and cell-cell interactions, has been implicated in the behavior of cells participating in different
processes, including embryonic development, angiogenesis, cancer cell metastasis, and neuronal
growth [1–6]. The potential to control complex cellular functions via mechanotransduction has
important implications for the design of therapeutic strategies to address pathological conditions,
including degenerative diseases, tissue injury and repair, or cancer, in which tissue mechanics
play a role.

In this context, 3-dimensional (3D) cultures constitute important models for investigating the
role of cell-ECM and cell-cell adhesions in the regulation of cytoskeletal assembly and cellular
behaviors such as attachment, proliferation, and migration, relevant to tissue growth [7,8]. To
investigate neoplastic progression, multicellular cancer cell aggregates have been used extensively
for several decades as avascular models of tumor spheroids [9–11]. Their ability to replicate
the structure and biochemical gradients in in vivo tumors has made these aggregates relevant in
the study of tumor growth, metastasis, and response to chemotherapeutic agents [12–15]. The
influence of tissue mechanics on cellular behaviors within multicellular aggregates can be studied
on different scales [16]. For example, mechanical pressure applied at the level of the whole
multicellular spheroid affects cell motility, proliferation, dormancy and apoptosis [17–20] while
hydrostatic pressure and fluid flow modulate cell migration of epithelial cells out of an aggregate
embedded in a collagen matrix [21]. At the cellular level, methods to probe tension imparted by
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the cells within multicellular aggregates include a variety of approaches such as measuring the
compression of spheres made of fluorescently labeled hydrogels, which are embedded within
3D multicellular aggregates [22], culturing multicellular aggregates surrounded by elastomeric
pillars whose mechanical deformation can be quantified [23], or by inducing the growth of
multicellular aggregates around gelatin fibers whose deformation is subsequently measured to
infer mechanical stresses imparted on them by the surrounding cells [24]. Mechanical forces and
displacements can also be evaluated at the molecular scale and here, we use molecular tension
reporters [25] to measure molecular tension at adhesion sites within 3D multicellular aggregates.
One advantage of these intracellular molecular tension probes is that they can ultimately be
used to link the tension experienced by a specific load-bearing protein, such as vinculin, to the
subsequent subcellular events leading to changes in cytoskeletal assembly and growth dynamics.
Thus, one can elucidate the role of mechanical tension on proteins acting within a specific
molecular pathway.

Molecular tension sensors are genetically constructed and typically comprise two fluorophores,
acting as a Förster resonance energy transfer (FRET) donor-acceptor pair connected by a
mechanosensing linker. Tension measurements rely on the principle of FRET, where upon
excitation, energy is non-radiatively transferred from the donor to the acceptor when they are
in close proximity, on the order of 10 nm. Extension of the linker under mechanical tension
decreases FRET efficiency as the separation between the donor and acceptor increases and can
be quantified by live cell fluorescence microscopy. Consequently, inserting the sensor into a
protein of interest allows the detection of mechanical forces acting on that protein during a
specific cellular process. One of the first tension sensors, designated stFRET and relying on
FRET between mCerulean and mVenus, was integrated into α-actinin, filamin and spectrin [26].
Another, is the tension sensing module, TSMod, which was calibrated in single molecule force
experiments and shown to have pico-Newton sensitivity [25]. TSMod was initially used to create
the vinculin tension sensor (VinTS) to investigate the mechanical behavior of vinculin [25] and
was subsequently inserted in several other proteins acting at cell-ECM and cell-cell adhesions,
including E-cadherin [27], PECAM [28], α-catenin [29] and talin [30]. TSMod was utilized to
probe forces at focal adhesions between the cell and extracellular matrix [31]. TSMod was also
used in conjunction with nanobodies to construct a lamin tension sensor to study tension within
the nuclear lamina located below the inner nuclear membrane [32]. Currently, FRET tension
probes are being extensively employed in the investigation of cell mechanics across numerous
studies and have been the subject of multiple reviews [33,34].

In this paper, we extend our previous fluorescence lifetime (FLIM) measurements [35] of
VinTS made in two-dimensional (2D) cellular monolayers to three-dimensional (3D) multicellular
aggregates. Our goal is to demonstrate the feasibility of utilizing VinTS in 3D aggregates in
conjunction with our frequency-domain FLIM system and to compare directly and side-by-side,
vinculin tension in 3D vs. 2D cultures generated from the same cell line. This study, conducted
using Chinese Hamster Ovary (CHO-K1) cells, provides a baseline for future studies using
human cancer cells. The results demonstrate that VinTS expressed in the 3D aggregates localizes
to punctate structures consistent with adhesion sites. In both 2D and 3D cultures, the lifetime of
VinTS was higher than the lifetime of the tail-less vinculin control probe (VinTL) unable to bind
actin or paxillin. Treatment with the Rho-associated kinase inhibitor, Y-27632, decreased the
lifetime of VinTS, while VinTL’s lifetime remained unchanged, demonstrating an actin-myosin
force-dependent behavior of VinTS lifetime at adhesion sites. However, an overall longer lifetime
(lower FRET efficiency) was observed in the 3D aggregates for both VinTS and the VinTL control
compared with the 2D cell monolayers. This result, along with the lack of spatial colocalization
between VinTS and paxillin within the 3D multicellular aggregates, suggest that the 3D culture
environment and potentially the formation of different types of adhesions, influences the FRET
efficiency measurements within the 3D cultures.
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2. Materials and methods

2.1. Tissue culture and transfection

Monolayers and 3D multicellular aggregates of CHO-K1 cells (ATCC CCL-61) were maintained
at 37 °C in a 5% CO2 in air atmosphere in Complete Growth Medium consisting of F12 K
medium (ATCC 30-2004) supplemented with 10% fetal bovine serum (GeminiBio, Benchmark
FBS 100-106). To avoid cell alterations due to continued cell culture passaging, all the cells used
in the experiments were passaged less than 30 times. A passage corresponds to subculture of the
cells wherein the current cells are subdivided into a new culture. While the experiments spanned
multiple passages, the passage number of the control and experimental groups within each
experimental run was matched. In the case of the multicellular aggregates, the cells were counted
during passaging, and seeded at 18,000 cells per well, by seeding 200µL of a 90,000 cells/mL
cell suspension in individual U-shaped wells of a low-attachment 96-well plate (Thermo-Fisher,
Nunclon Sphera- Treated 96 well microplate). The cells proliferated and formed multicellular
aggregates over the course of 2-5 days. On day 4 of the culture, the spheroids were transfected
with plasmids encoding VinTS, VinTL, mTFP1, or TSMod. Plasmid sources are listed in
Table 1. The tension sensor module (TSMod) comprises two fluorescent proteins, mTFP1 and
mVenus, connected by an elastic linker. In VinTS, TSMod is inserted between the head and tail
of Vinculin while VinTL lacks the vinculin tail preventing its binding to F-actin and paxillin
[25]. VinTS transmits force-induced signals through the interaction of its head domain with
the talin-integrin complex and its tail domain with the actin cytoskeleton. However, a tail-less
vinculin construct (VinTL) can be recruited to focal adhesions (FA) by combining its head domain
with the talin-integrin complex but cannot transmit force due to the lack of the F-actin binding
domain. Therefore, in tension measurements, force-free VinTL can serve as a control compared
to force-transmitting VinTS. VinTL’s FRET efficiency provides a baseline measurement of the
unloaded tension module expressed in vinculin in the environment within the adhesions, while
the difference between the FRET efficiency of VinTS and VinTL reports on the level of tension
present across vinculin. Transient transfection was achieved with Lipofectamine LTX with PLUS
Reagent (Invitrogen). For each well containing a 3D multicellular aggregate, the transfection
mix comprised 200µL of serum-free OPTIMEM (Invitrogen), 1.25 µg of DNA, 1.25 µL of PLUS
reagent and 3 µL of Lipofectamine LTX. After removal of the growth medium, the multicellular
aggregates were incubated with the transfection mix for 5 hours, after which the medium was
switched back to Complete Growth Medium. For 2D monolayers, 50,000 cells were seeded in
3.5 cm culture dishes (9.62 cm2) for a seeding density of ∼5,000 cells/cm2. On the next day, cells
were transfected with 2.5 µg of DNA, 2.5 µL PLUS reagent and 6 µL of Lipofectamine LTX (per
dish) for 1.5 hours in 2 mL serum-free OPTIMEM medium (Invitrogen). After 1.5 hours, the
medium was switched back to Complete Growth Medium. For the immunofluorescence studies,
CHO-K1 monolayers were plated on 12 mm flame-sterilized glass coverslips (12-545-81, Fisher
scientific) coated with 1 mL of 10 µg/mL poly-D-lysine (P0899, Sigma-Aldrich) diluted in sterile
water.

Table 1. Plasmid description and origin

Plasmid Origin Addgene Web address RRID

VinculinTS (VinTS) M. Schwartz 25 # 26019 http://n2 t.net/addgene:26019 26019

Tail-less VinculinTS
(VinTL)

M. Schwartz 25 # 26020 http://n2 t.net/addgene:26020 26020

TS module (TSMod) M. Schwartz25 # 26021 http://n2 t.net/addgene:26021 26021

mTFP1 B.D. Hoffman (Duke
University)

NA NA NA

http://n2{\protect \leavevmode@ifvmode \kern +.1667em\relax }t.net/addgene:26019
http://n2{\protect \leavevmode@ifvmode \kern +.1667em\relax }t.net/addgene:26020
http://n2{\protect \leavevmode@ifvmode \kern +.1667em\relax }t.net/addgene:26021
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2.2. Fluorescence lifetime imaging

Live cell imaging of the multicellular aggregates was performed on day 3 after transfection.
Prior to imaging, the aggregates were transferred to a glass coverslip and embedded in 1.25%
low-melt agarose (Sigma A9045), which was gelled in Imaging Medium (Leibowitz L15 medium
(Invitrogen)+ 10% fetal bovine serum+ 1% penicillin/ streptomycin). The agarose-embedded
aggregates were immersed in imaging medium and imaged using frequency-domain fluorescence
lifetime imaging microscopy (FLIM), as previously described by Dumas et al. [35]. Two channels
encoding the fluorescence intensity and phase lifetime of mTFP1 are collected simultaneously.
The excitation wavelength is 450 nm, and the emission bandwidth is centered at 479 (+/-20)
nm. The 450 nm excitation laser was sinusoidally modulated at 42.1875MHz and had a power
of 19-22µW at the sample. A solution consisting of 0.1 mM coumarin 6 (Sigma-Aldrich #
546283) in ethanol (0.6 mg dissolved in 20 mL of ethanol) with known lifetime of 2.5 ns was
used to calibrate the lifetime measurement as previously described [35]. In this study, a 60x
water dipping objective with NA 1.0 (Nikon, CFI APO 60X W NIR, MRD07620) was used. Our
FLIM system is an upright microscope and this high NA water dipping objective was chosen due
to its long working distance (2.8 mm). This upright setup was chosen to allow us to focus on the
surface of thick samples from various distances without being affected by the thickness of the
coverslip, as can occur with inverted microscopy. The NA of the objective allowed for resolving
individual focal adhesions. The 2D cellular monolayers were imaged in the 3.5 cm culture dish
in Imaging Medium using the same water immersion objective on day 2 after transfection. In
the case of the multicellular aggregates expressing VinTS, or VinTL, z-stacks consisting of 16
sections (VinTS) or 11 sections (VinTL) with 2µm steps were acquired; for aggregates expressing
mTFP1 or TSMod, z-stacks consisted of 21 sections (mTFP1) or 13 sections (TSMod) with 5um
steps. All images were captured at 1024× 1024 scanned points with a dwell time of 6.8µs per
point (7.1s per frame).

2.3. Image analysis and calculation of FRET efficiency

The images of samples expressing VinTS or VinTL were analyzed by creating a binary mask
to segment the adhesion puncta followed by calculating the intensity-weighted mean lifetime
within these regions of interest. In the case of the image stacks acquired from the multicellular
spheroids, each section was analyzed individually. Initial image segmentation was performed
using the open-source ImageJ Fiji software [36] following the approach taken by Dubois et
al [37]. First, a rolling ball background subtraction (ball radius= 30 pixels) was applied to
the intensity image. Next, a Gaussian blur (σ= 2 pixels) was applied to smooth the outline of
the regions of interest (ROIs). A binary mask was obtained by manually defining a threshold
value to separate the adhesions from the background. This threshold varied depending on the
intensity of the original image. A segmented lifetime image of the adhesions was generated
by multiplying the binary mask with the original lifetime image. The details are shown in
Supplement 1. The intensity-weighted mean lifetime within each segmented ROI was calculated
using MATLAB (MathWorks, Inc.) and assigned to the corresponding ROIs (Sup. Fig. S1i).
The intensity-weighted mean lifetime was calculated using the following formula:

τ̄w =

∑︁n
i=1 τi × Ii∑︁n

i=1 Ii
(1)

Ii is the intensity value at each pixel, τi is the corresponding lifetime value at each pixel, and n
is the number of pixels in the ROI. Pixels with relative intensity value less than 0.01(less than
10% of maximum) or lifetime value above 5 ns are excluded from analysis. A similar approach
was used to analyze the images of cells expressing mTFP1 or TSMod. In this case, the cells were
segmented using a manual threshold and the intensity-weighted mean lifetime was calculated on
a per-cell basis.

https://doi.org/10.6084/m9.figshare.26501347
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The intensity-weighted phase lifetime measured by the FD-FLIM system was converted to an
Apparent FRET efficiency (EApp) for each ROI:

EApp = 1 −
τ̄w
τD

(2)

τ̄w is the measured intensity-weighted mean lifetime (Eq. 1), τD is the established lifetime of the
donor, mTFP1, without an acceptor. We set the value of τD= 3.11 ns, based on a previous fit of
phase data performed at multiple modulation frequencies [38]. We had shown that the apparent
FRET efficiency is linearly related to True FRET efficiency in the frequency range between 14
and 56 MHz [38]. Thus, at the modulation of 42.2 MHz used in this study, we expect:

EApp = m · ETrue + b (3)

The slope, m, and intercept, b, were determined in this study by measuring the phase lifetime
and apparent FRET efficiency of mTFP1 and TSMod corresponding to a true FRET efficiency of
0 for mTFP1 and 0.279 for TSMod in CHO-K1 cells [37], respectively. A non-zero intercept

corresponds to b =
(︃
1 −

τTFP
φ

τD

)︃
where τTFP

φ is the measured phase lifetime of mTFP1 that may

differ slightly from τD= 3.11 ns at a given frequency. The apparent FRET efficiency calculated
from the measured phase lifetime of VinTS and VinTL can therefore be converted to true
FRET efficiency using Eq. 3 after determining the slope and intercept. A decrease in lifetime
corresponds to an increase in FRET efficiency.

2.4. Treatment with Y27632

The 5 mM stock solution of Y-27632 (688001, Sigma-Aldrich) was diluted to a final concentration
of 10 µM in serum-free F12 K medium, which was used to treat the samples. Cells and multicellular
aggregates expressing VinTS or VinTL were treated with 10 µM Y-27632 or vehicle (4 µL
sterile water in 2 mL serum-free F12 K medium) for 2 hours (2D cultures) or between 2 and 2.5
hours (3D cultures) at 37°C and 5% CO2. The drug treatment time was extended to allow for
penetration of the reagent into the 3D aggregates. After incubation, the medium was switched to
Imaging Medium, and the treated samples were imaged as described in Section 2.2 above.

2.5. Immunofluorescence

2D cell monolayers and 3D multicellular aggregates were rinsed 1x with phosphate buffered
saline (PBS) (Gibco, 10010), and then fixed with 4% paraformaldehyde (PFA) for 15 min at room
temperature. The 4% PFA solution was prepared by dissolving 4 g of PFA powder (Sigma-Aldrich,
P6148) in 100 mL of PBS and then heating the solution to 60°C while stirring continuously until
it turns clear. After fixation, samples were washed 3x with PBS with 10- minute intervals between
washes. The samples were permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, 93443) in
PBS for 15 min at room temperature followed by 3x PBS washes. The samples were incubated
with blocking solution consisting of 5% bovine serum albumin (BSA) in PBS, for an hour at
room temperature to prevent non-specific binding. After blocking, samples were incubated with
primary antibodies diluted in blocking solution overnight at 4°C. The samples were then washed
3x 10 min with PBS and incubated with secondary antibody diluted in blocking solution for 1
hour at room temperature. Samples were rinsed in PBS and incubated with 2 µg/mL Hoechst
33342 (Thermo-Fisher, Molecular Probes, H-21492) for 15 minutes to stain nuclei. Following a
1x rinse with PBS, the multicellular aggregates were transferred to glass bottom slides (Ibidi,
80807) for imaging. The stained coverslips (2D monolayers) were mounted on a glass slide
with Fluoromount solution (Thermo-Fisher, 00-4958-02) and were allowed to dry overnight
before imaging. Primary antibodies include mouse monoclonal anti-vinculin (Thermo-Fisher)
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and mouse monoclonal anti-paxillin (Thermo-Fisher). Secondary antibodies include AlexaFluor
488 goat-anti-mouse (Invitrogen), and AlexaFluor 647 goat-anti-mouse (Invitrogen). Table 2
lists the primary and secondary antibody sources and concentrations used in this experiment.
Fluorescence imaging of the immunostained samples was conducted using confocal microscopy
(Zeiss 780 LSM) independently of the FLIM system. The excitation and emission settings for
immunofluorescence are listed in Table 3. The cross-talk between the Alexa 488 and 647 channels
was negligible (Supplement 1).

Table 2. Antibody source and concentration

Antibody Primary/
secondary

Stock
concentration

Dilution Host Published
Target
Species

Source

Anti-Vinculin Primary 1 mg/mL 1:200 Mouse Hamster Millipore-
Sigma:
SAB4200729

Anti- Paxillin Primary 5.9 mg/mL 1:250 Mouse Hamster Thermo-
Fisher:
MA1-24952

Alexafluor-488 Secondary 2 mg/mL 1:1000 Goat Mouse Invitrogen:
A28175

Alexafluor-647 Secondary 2 mg/mL 1:1000 Goat Mouse Invitrogen:
A21236

Table 3. Laser settings in the
immunofluorescence study

Dye Excitation Emission

Hoechst 405nm 415-450nm

Alexa Fluor 488 488nm 498-535nm

Alexa Fluor 647 633nm 652-693nm

3. Results

3.1. Expression of VinTS in 2D and 3D cultures

VinTS expression was localized to punctate structures in CHO-K1 cells cultured in monolayers
and in 3D multicellular aggregates (Fig. 1). In cultured 2D monolayers, the fluorescent puncta
displayed a similar morphology to that of focal adhesions in adherent cells [25]. VinTS expression
in the multicellular aggregates was limited to the periphery of the spheroid (Fig. 2) with the
fluorescent region on the periphery accounting for 20-30% of the entire spheroid. Within
the peripheral region of the aggregates, the transfection efficiency was 4-15% (based on the
fluorescent images collected) compared to >50% in the 2D monolayers. In optical sections
imaged at high magnification, the puncta’s appearance in the 3D multicellular aggregates appeared
sparser and less elongated compared with the focal adhesions of 2D monolayers. To confirm
the presence of vinculin at the observed puncta, the transfected samples were immunostained
with anti-vinculin antibody. Observations were made in N= 35 cells from 2 experimental repeats
in 2D monolayers, and N= 30 cells from 3 experimental repeats in multicellular aggregates).
As seen in Fig. 1, vinculin immunostaining (red) co-localized with VinTS (green) expressed
in the transfected cells, and also labeled endogenous vinculin in the surrounding untransfected
cells (dotted yellow boxes in Figs. 1(a) and 1(e)). In both 2D and 3D culture environments, the
morphology and distribution of VinTS puncta were similar to those of endogenous vinculin in
the untransfected cells. Some cells in the 3D multicellular aggregates expressed VinTS but were

https://doi.org/10.6084/m9.figshare.26501347
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not labeled with anti- vinculin antibody (white arrow in Fig. 1(e)) likely due to less uniform
antibody labeling in the 3D aggregate compared with the 2D monolayers.

 

Fig. 1. CHO-K1 cells expressing VinTS alongside untransfected cells (dotted yellow boxes) 
were immunostained with vinculin primary antibody labeled with Alexa-647-conjugated 

secondary antibody in a 2D monolayer (top panels) and a 3D multicellular aggregate (bottom 
panels). (a, d) Alexa-647 fluorescence (red pseudocolor)

Fig. 1. CHO-K1 cells expressing VinTS alongside untransfected cells (dotted yellow boxes)
were immunostained with vinculin primary antibody labeled with Alexa-647-conjugated
secondary antibody in a 2D monolayer (top panels) and a 3D multicellular aggregate (bottom
panels). (a, d) Alexa-647 fluorescence (red pseudocolor). (b, e) VinTS fluorescence (green
pseudocolor). The white arrow in (e) indicates a region with VinTS expression but no
antibody staining likely due to less uniform antibody labeling in the 3D aggregate compared
with the 2D monolayers. (c, f) Merged images including Hoechst staining of the nuclei (blue
pseudocolor). (g) and (h) Signal cross sections along the lines in the merged images (c and f)
show overlapping peaks in the Alexa-647 and VinTS channels at sites of VinTS expression.

 

Fig. 2. CHO-K1 multicellular aggregate expressing VinTS observed by confocal microscopy at 
low magnification. (a) Volume reconstruction, (b) Slice at z= 80 

Fig. 2. CHO-K1 multicellular aggregate expressing VinTS observed by confocal microscopy
at low magnification. (a) Volume reconstruction, (b) Slice at z= 80 µm showing VinTS
expression primarily at the periphery of the aggregate.

3.2. VinTS is under tension in 2D and 3D cultures

Donor (mTFP1) intensity and lifetime images of cells expressing VinTS or VinTL are shown
in Fig. 3 for the 2D monolayers and 3D aggregates. 3D volume rendering of the multicellular
aggregates is presented in Supplement 1. In both culture environments, VinTS exhibited longer

https://doi.org/10.6084/m9.figshare.26501347


Research Article Vol. 15, No. 9 / 1 Sep 2024 / Biomedical Optics Express 5206

lifetime values and expanded lifetime range compared with VinTL (Fig. 3(d), 3(e)). In 2D cultures,
the intensity-weighted mean lifetime at focal adhesion sites is 2.18 ns +/- 0.113 ns for VinTL
(N= 4806 adhesions from 4 experimental repeats) and 2.31 ns +/- 0.13 ns for VinTS (N= 5268
adhesions from 4 experimental repeats) (Fig. 3(d)). The difference is statistically significant
(p< 0.0001). In 3D multicellular aggregates, the lifetime of VinTL at putative adhesions is
2.34 ns +/- 0.121 ns (N= 1889 adhesions from 3 experimental repeats) compared with 2.50 ns +/-
0.149 ns (N= 1186 adhesions from 3 experimental repeats) for VinTS (p< 0.0001) (Figure 3(e))..  

 
Fig. 3. Representative images of CHO-K1 cells expressing VinTS or VinTL in 2D
monolayers (top panels) and in an optical section of a multicellular aggregate (bottom
panels). (a) Donor intensity, (b) corresponding fluorescence lifetime, and (c) processed
lifetime images after assigning the intensity-weighted mean lifetime value to each segmented
adhesion region. A 3D volume rendering of the multicellular aggregates is presented
in Supplement 1. (d) and (e) Violin plots of the intensity-weighted mean lifetime of all
adhesions analyzed in the 2D monolayer cultures (d) and the multicellular aggregates (e).
The lifetime of VinTS is significantly longer than that of VinTL (**** denotes p< 0.0001 by
Mann-Whitney test).

To demonstrate that the measured lifetime difference between VinTS and VinTL is force
dependent, samples expressing VinTL and VinTS were treated with 10 µM Y-27632. Y-27632
inhibits actin-myosin contractility by inhibiting Rho-associated protein kinase (ROCK). After
treatment, the lifetime of VinTS was significantly decreased from 2.3 to 2.2 ns (p< 0.05, N= 3
experimental repeats) in the 2D cultures, while the lifetime of VinTL remained unchanged
(Fig. 4(a)). Treatment of the 3D multicellular aggregates with Y-27632 resulted in reducing the

https://doi.org/10.6084/m9.figshare.26501347
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lifetime of VinTS from 2.45 ns to 2.34 ns (p< 0.05, N= 3 experimental repeats), while the VinTL
lifetime remained unchanged (Fig. 4(b)). The observed decrease in the lifetime of VinTS in
response to myosin inhibition indicates that VinTS is under tension in 2D monolayer cultures as
well as within the 3D multicellular aggregates.

 

Fig. 4. VinTS and VinTL lifetime in (a) 2D monolayers and (b) 3D multicellular aggregates 
after treatment with the Rho-associated kinase inhibitor Y-27632. VinTS-C and VinTL-C are 
controls treated with sterile water, VinTS-Y and VinTL-Y are treated with 10

2D Monolayers 3D Aggregates(a) (b)

Fig. 4. VinTS and VinTL lifetime in (a) 2D monolayers and (b) 3D multicellular aggregates
after treatment with the Rho-associated kinase inhibitor Y-27632. VinTS-C and VinTL-C are
controls treated with sterile water, VinTS-Y and VinTL-Y are treated with 10µM Y-27632. *
p< 0.05 (ANOVA with repeated measured followed by Fisher’s Least Significance Difference
post-hoc test). Each point within the box plot represents a separate experiment. The boxes
length extends from the minimum to the maximum value and the line denotes the mean.
Results of multi-comparisons statistics tests may be found in Supplement 1.

3.3. FRET efficiency of VinTS and VinTL in 2D and 3D cultures

To convert the measured phase lifetime to FRET efficiency, the FD-FLIM system was used to
measure the fluorescence lifetime of mTFP1 and TSMod and determine the slope and intercept
of Eq. 3 (Methods) (Fig. 5(a-c)). The average lifetime of mTFP1 was 2.86 ns +/- 0.036 ns
(N= 55 cells) in CHO-K1 monolayers and 2.84 ns +/- 0.086 ns (N= 67 cells) in multicellular
aggregates, respectively. Meanwhile, the measured average lifetime of TSMod was 2.25 ns
+/- 0.074 ns (N= 79 cells) in the monolayers and 2.11 ns +/- 0.11 ns (N= 76 cells) in the
multicellular aggregates. The significant difference in the fluorescence lifetime of TSMod
between 2D monolayers and 3D multicellular aggregates is likely due to photobleaching of the
acceptor (mVenus) in the case of the 2D monolayers as explained in Supplement 1. However,
photobleaching tests on VinTL showed that the lifetime of VinTL in the 2D monolayers was
not affected by acceptor photobleaching (Supplement 1). Thus, we used the lifetime of mTFP1
and the unbleached lifetime of TSMod taken from the 3D culture data in Fig. 5(c) to obtain a
two-point calibration (Supplement 1) with:

EApp = 0.8452 · ETrue + 0.08676 (4)

Equations 2 and 4 were applied to both 2D and 3D culture samples to convert the measured
phase lifetime of VinTL and VinTS to True FRET efficiency (Fig. 5(d)).

https://doi.org/10.6084/m9.figshare.26501347
https://doi.org/10.6084/m9.figshare.26501347
https://doi.org/10.6084/m9.figshare.26501347
https://doi.org/10.6084/m9.figshare.26501347
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Fig. 5. Conversion of measured lifetime to FRET efficiency based on mTFP1 and TSMod.
Representative donor intensity (a) and lifetime (b) images of mTFP1 and TSMod in 2D
monolayers (top panels) and multicellular aggregates (bottom panels). (c) Analysis of
intensity-weighted mean lifetime per cell for all mTFP1 and TSMod data. **** denotes
p< 0.0001, ‘ns’ (not significant) denotes p> 0.05 (One-way ANOVA followed by Dunn’s
post hoc multiple comparisons tests). The boxes length is the interquartile range (IQR)
extending from the 25th to th 75th percentile, the line denotes the median, the point the
mean, and the whiskers extend to the minimum and maximum value. (d) FRET efficiency of
VinTS and VinTL after conversion of the measured phase lifetime to True FRET efficiency
(Eqs. 2-4). Each point within the box plot represents a separate experiment. The boxes length
extends from the minimum to the maximum value and the line denotes the mean. * denotes
p< 0.05; ** p< 0.01 (Two-way ANOVA followed by Tukey’s post hoc multiple comparisons
test). Results of multi-comparisons statistics tests may be found in Supplement 1.

The calculated FRET efficiency of VinTL was 25.07% +/- 4.31% and of VinTS 20.07% +/-
4.92% in 2D monolayers, while the FRET efficiency of VinTL and VinTS were 18.99% +/- 4.6%
and 13.12% +/- 5.66%, respectively, in 3D multicellular aggregates (Fig. 5(d)). A summary of
the lifetime and FRET efficiency values is included in Table 4.

In both 2D monolayers and 3D multicellular aggregates, the difference between VinTS and
VinTL was statistically significant (p< 0.01). A two-way ANOVA resulted in a p-value of 0.36
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Table 4. Summary of Lifetime and FRET efficiency values

Culture Construct Lifetime(ns) FRET Efficiency (%)

2D
monolayers

VinTL 2.18 +/- 0.113 25.07 +/- 4.31

VinTS 2.31 +/- 0.130 20.07 +/- 4.92

3D aggregates
VinTL 2.34 +/- 0.121 18.99 +/- 4.60

VinTS 2.50 +/- 0.149 13.12 +/- 5.66

for the interaction between plasmid (VinTS/VinTL) and culture environment (2D monolayers/
3D cultures), suggesting that the FRET efficiency difference between VinTS and VinTL was
not significantly affected by the culture environment. However, the results show that the FRET
efficiency of both VinTL and VinTS was significantly lower in the 3D multicellular aggregates
compared with the 2D monolayers (Table 5 p< 0.001 for culture method). To investigate if this
difference is due to a difference in the environment of cell adhesions in 2D and 3D cultures, we
used immunofluorescence to compare the presence of paxillin at the VinTS expression sites. The
co-staining results indicate that paxillin is present at the VinTS sites in the 2D monolayers (N= 52
cells observed in 2 experimental repeats). However, while paxillin was present throughout the 3D
multicellular aggregates, VinTS was not typically localized with paxillin (N= 12 cells observed
in 2 experimental repeats). An example is shown in Fig. 6. In particular, the cell in which VinTS
is expressed contains paxillin but the paxillin signal peaks are spatially distinct from the VinTS
fluorescence signal peaks. In the cells observed, there were only three individual adhesions
where VinTS and paxillin overlapped, each located within a different cell.

 

Fig. 6. CHO-K1 cells expressing VinTS and immunostained with paxillin primary antibody labeled with Alexa-647-
conjugated secondary antibody in a 2D monolayer (top panels) and a 3D multicellular aggregate (bottom panels). (a, 
d) Alexa-647 fluorescence (red pseudocolor), (b, e) VinTS fluorescence (green pseudocolor). (c, f) Merged images 
including Hoechst staining of the nuclei (blue pseudocolor). (g) and (h) Signal cross sections along the lines in the 

merged images (c and f) show overlapping peaks in the Alexa-647 and VinTS channels at sites of VinTS expression 
in the 2D monoloayer but separate peaks in the 3D multicellular aggregate. 

 

Fig. 6. CHO-K1 cells expressing VinTS and immunostained with paxillin primary antibody
labeled with Alexa-647-conjugated secondary antibody in a 2D monolayer (top panels) and a
3D multicellular aggregate (bottom panels). (a, d) Alexa-647 fluorescence (red pseudocolor),
(b, e) VinTS fluorescence (green pseudocolor). (c, f) Merged images including Hoechst
staining of the nuclei (blue pseudocolor). (g) and (h) Signal cross sections along the lines in
the merged images (c and f) show overlapping peaks in the Alexa-647 and VinTS channels
at sites of VinTS expression in the 2D monoloayer but separate peaks in the 3D multicellular
aggregate.
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Table 5. Descriptive statistics of the two-way ANOVA test (Fig. 5(d) data)

Source of Variation P value P value summary

Interaction (method.plasmid) 0.3638 not significant (ns)

Culture method (2D/3D) 0.0003 ***

Plasmid (VinTS/VinTL) 0.0003 ***

4. Discussion

We investigated the vinculin tension sensor, VinTS, in 2D monolayers and 3D multicellular
aggregates using fluorescence lifetime microscopy. In both types of cultures, VinTS was expressed
at discrete puncta (Fig. 1). In cells grown as monolayers, the puncta had the typical morphology
and distribution of focal adhesions observed in previous studies of VinTS in cultured adherent
cells [25]. The colocalization of VinTS with paxillin (Fig. 6(a-c),(g)) is also consistent with the
formation of focal adhesions at the VinTS sites observed in CHO-K1 monolayers. Paxillin is
recruited to the integrin signaling layer of focal adhesions [39,40] and possesses a binding site
(LD Motif) capable of binding the C-terminal (tail) of vinculin [41]. In contrast, the puncta in
the 3D multicellular aggregates had varying shapes and their distribution appeared less regular.
Using immunofluorescence, the presence of vinculin was confirmed at the VinTS puncta within
3D multicellular aggregates. However, the VinTS puncta in the 3D aggregates did not coincide
with the presence of paxillin (Fig. 6(d-f),(h)). This suggests that the puncta containing VinTS in
3D aggregates differ from the focal adhesions found in the 2D monolayers. One hypothesis is that
VinTS is primarily expressed at cadherin-mediated adherens junctions in the 3D multicellular
aggregates. Nonetheless additional studies are required to support this possibility. The presence
of vinculin antibody at the VinTS sites in Fig. 1 may be consistent with co-localization of VinTS
with endogenous vinculin, or direct labeling of vinculin within VinTS. In either case, positive
vinculin staining at the VinTS sites supported further investigation of vinculin tension at these
sites in the 2D and 3D cultures.

Fluorescence lifetime measurements show that in both 2D and 3D cultures, the lifetime of
VinTS is longer than the lifetime of VinTL (Fig. 3). This result is consistent with the properties
of VinTS and VinTL. VinTS may be under tension via the binding of its head domain with talin
and tail domain with F-actin [25]. Tension across VinTS decreases FRET between the donor
(mTFP1) and acceptor (mVenus) and results in a longer lifetime. In addition, variations in the
forces transmitted within the cell result in a broad range of lifetimes measured for VinTS. VinTL,
on the other hand, is present at cell adhesions but remains unloaded due to the absence of the
F-actin binding tail [25]. Consistent with this, VinTL measurements exhibited a shorter lifetime
with less variance (Fig. 3). Furthermore, the lifetime of VinTS decreased after treatment with the
Rho-associated kinase inhibitor Y-27637, while the lifetime of VinTL remained unchanged after
treatment (Fig. 4). Taken together these results demonstrate that VinTS is under tension in both
2D and 3D culture conditions.

The measured lifetime was converted to FRET efficiency using a calibration technique
previously developed to convert Apparent FRET efficiency, based on phase lifetime, to True
FRET efficiency [35,38]. The FRET efficiency of VinTS measured here in CHO-K1 cells in 2D
monolayers is 20.07%, which is comparable to the 18.07% FRET efficiency of VinTS measured in
monolayers of iBMK cells using the same FLIM instrument [35]. However, both of these values
are lower than the 25.1% FRET efficiency of VinTS we previously measured using the sensitized
emission method in monolayers of CHO-K1 cells plated on Poly-D-lysine-coated coverslips or
the 23.7% measured on fibronectin-coated coverslips [37]. VinTL FRET efficiency, which is
25.1% in the present study, is also lower than the 31.9% VinTL FRET measured in monolayers
of CHO-K1 cells using the sensitized emission method [37]. A more pertinent comparison may
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be to consider the difference (absolute difference) between VinTS and VinTL FRET efficiency.
In this FLIM-FRET study, this difference is 5% for the CHO-K1 monolayers cultured on plastic
dishes and is comparable to a 6.6% difference measured using the sensitized emission method in
CHO-K1 cells plated on Poly-D-lysine coated glass coverslips, but lower than the 8.2% difference
measured in CHO-K1 cells plated on fibronectin-coated glass coverslips. While the lower VinTL
FRET efficiency measured on the FLIM system compared with the sensitized emission method
may be attributed to experimental or calibration differences, the FRET efficiency difference
between VinTL and VinTS may be additionally affected by the cell’s attachment to the different
substrates.

In the 3D multicellular aggregates, the absolute FRET efficiency difference between VinTS
and VinTL was 5.87%. Statistical analysis of the data by two-way ANOVA provide evidence that
the interaction between plasmid condition (VinTS vs. VinTL) and culture condition (2D vs. 3D)
was not significant (p= 0.36, Table 5). However, the FRET efficiency of both VinTS and VinTL
was significantly lower in the 3D cultures compared with the 2D monolayers (p< 0.001, Table 5).
This lower FRET efficiency could not be accounted for by photobleaching or calibration error.
The FRET efficiency of mTFP1 remained unchanged in both culture conditions, demonstrating
that the phase offset calibration of the FLIM system was not affected by the culture condition. In
addition, while acceptor photobleaching was observed when measuring TSMod lifetime in the
2D monolayers, this had the effect of increasing the lifetime in the 2D monolayers compared
with the 3D samples (Supplement 1). As such, a lower FRET efficiency (and longer lifetime)
of VinTL and VinTS in the 3D cultures could not be explained by acceptor photobleaching in
the 2D monolayers. Another potential explanation for the lower FRET efficiency of VinTS and
VinTL in the 3D cultures could be the local environment present within the adhesions and the
potential presence of distinct types of adhesions containing VinTS in the two types of cultures.
This hypothesis is partially supported by the immunofluorescence data showing co-localization of
paxillin at the sites of VinTS expression in the 2D monolayers but different spatial distribution of
paxillin and VinTS in the 3D multicellular aggregates (Fig. 6). This may be due to a predominance
of cadherin-mediated cell-cell contacts in the 3D aggregates that do not contain paxillin, while
the presence of paxillin in the 3D aggregates without VinTS may reflect the presence of nascent
focal adhesions to which vinculin was not recruited. Differences in FRET efficiency between
the 2D monolayers and the 3D multicellular aggregates may be due to reported differences in
cell-cell and cell matrix-interactions owing to changes in adhesion protein expression [42–45].
Changes in cell-cell and cell-matrix interactions, in turn, can influence the synthesis of different
ECM components, which give rise to different mechanical properties such as changes in matrix
stiffness [8]. Conversely, differences in ECM composition in 2D monolayers compared with 3D
aggregates can affect cellular behaviors including the formation of stress fibers, migration and
proliferation [8,46–48], which can further affect cell adhesions.

Our study demonstrates how 2D vs. 3D culture conditions utilized with the same cells can give
rise to different outcomes. However, it is not clear whether the specific differences we observed
between 2D and 3D cultures will be replicated in other cell types, or whether new differences
will be found. Different types of adhesions predominate in 3D spheroids formed by different
cell types [42–45] that could directly affect measurements of FRET efficiency such as those
presented here. Thus, a priori, not all types of multicellular spheroids are necessarily the same.
Nonetheless, the methods presented in our work may themselves be extended to other cell types
and provide a way to probe these differences. Our results suggest that VinTL’s FRET efficiency is
sensitive to alterations in the adhesion environment around vinculin, while the difference between
VinTS and VinTL FRET efficiency reports on whether vinculin is under tension. The ability to
probe vinculin’s environment and vinculin tension in different contexts can provide insight about
the status of cell-mediated adhesions and the forces affecting a variety of fundamental cellular
dynamics within living tissues. In two-dimensional cellular monolayers, actomyosin contractility
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and vinculin tension are involved in the assembly of focal adhesions, the establishment of cell
polarity, the control of cell migration, and YAP translocation to the nucleus [49–53]. In 3D
collagen matrices, vinculin tension promotes matrix degradation, cell polarity and cell migration
[54–56], while decreased vinculin expression decreases FAK activation and accumulation at
focal adhesions in 3D collagen cultures but not on 2D substrates [55]. Vinculin tension measured
in vivo can report on cortical force oscillations contributing to the development of the murine
mandibular arch [57]. Vinculin may even contribute to cancer cell resistance to chemotherapeutic
treatment [58].

In summary, this study presents a side-by-side comparison of vinculin tension in 2D monolayers
and 3D multicellular aggregate cultures from the same cell line. The results show that VinTS is
under tension in both 2D and 3D cultures and therefore provide evidence that VinTS is present at
adhesion sites within the 3D multicellular aggregates. However, preliminary evidence suggests
that these adhesion sites may differ in composition from the typical focal adhesions observed
in cells cultured in 2D monolayers on flat substrates. Further research is necessary to fully
characterize the specific types of adhesions that form within the 3D multicellular aggregates and
the properties of their environment that may influence the FRET efficiency measurements. We
also note here that the 3D volumes were analyzed slice-by-slice in this study. Direct volumetric
analysis in 3D by considering the mean lifetimes of 3D puncta, such as the ones depicted in
Supplement 1, may be more appropriate in the future and might also result in slightly different
mean values. A limitation of this study is the inefficiency of transfection and of labeling the
cells within the aggregates coupled with limited optical imaging depth, thus restricting the
data primarily to cells at the periphery of the 3D multicellular aggregates. In future work,
VinTS expression could be increased using viral transduction. However, optical imaging may
remain limited to a thickness a few cells deep at the edge of the multicellular aggregates. Still,
investigation of cell attachment at the edge of tumor spheroids remains relevant in future studies
aimed at applying the methods developed here to study the migration behavior of cells at the
periphery of 3D aggregates.
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