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Evanescent field based biosensing systems such as surface plasmon resonance (SPR), diffraction 

gratings, or metal-clad waveguides (MCWGs) are powerful tools for label-free real-time 

monitoring of signaling activity of living cells exposed to hormones, pharmacological agents, and 

toxins. In particular, MCWG-based imaging is well suited for studying relatively thick objects such 

as cells due to its greater depth of penetration into the sensing medium, compared to SPR. Label-

free methods, however, provide only indirect measurements in that the measured signal arises 

from local changes in material properties rather than from specific biomolecular targets. In the 

case of cells, the situation is especially complex as the measured label-free signal may result from 

a combination of very diverse sources: morphological changes, intra-cellular reorganization, 

cascaded molecular events, protein expression etc. Consequently, deconvolving the contributions 

of specific sources to a particular cell response profile can be challenging. In the following, we 

present a cell imaging platform that combines two distinct sensing modalities, namely label-free 

MCWG imaging and label-based surface enhanced fluorescence (SEF), designed to facilitate the 

identification of the underlying molecular and structural contributions to the label-free MCWG 

images. We demonstrate the bimodal capabilities of this imaging platform in experiments 

designed to visualize actin cytoskeleton organization in vascular smooth muscle cells. We then 

monitored the real-time response of HEK293 cells expressing the Angiotensin 1 receptor (AT1R), 

when stimulated by the receptor agonist Angiotensin II (AngII). The analysis of the simultaneous 

label-free signal obtained by MCWG and the intracellular calcium signal resulting form AT1R 

activation, measured by SEF, allows relating label-free signal features to specific markers of 

receptor activation. Our results show that the intracellular calcium levels normally observed 

following AT1R activation are not required for the initial burst of cellular activity observed in the 

MCWG signal but rather indicates signaling activity involving the intracellular kinase ROCK. 
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1. Introduction 

Eukaryotic cells express a wide variety of structural and functional components to fulfill their tasks 

and maintain tissue and organ functions. For example, the cytoskeleton of smooth muscle cells 

generates and maintains forces to regulate vascular tone or engage in rhythmic, synchronized 

contractions.1 To sustain individual cell activity associated with physiological functions, cells 

express a wide variety of membrane-bound receptors that respond to a wide variety of external 

biochemical stimuli. The largest class of such receptors is the G-protein-coupled receptors 

(GPCRs), which control a variety physiological processes including cell–cell communication, 

vascular tone, hormonal signaling, and neuronal transmission.2 The reliable detection and 

quantification of GPCR activity is of great interest in the fields of cellular biology and 

pharmacology.  

Cell-based assays using a variety of label-free transduction methods such as diffraction gratings,3 

electrical impedance,4 and surface plasmon resonance5–11 have been proposed to study cell-

signaling with no need for exogenous markers. Recently, a more flexible type of evanescent field 

transduction based on metal clad waveguides (MCWG) has been used in sensing applications with 

cells and bacteria to probe deeper into the cell body12,13 than is possible with SPR (typically 200 

nm or less for visible and near-IR systems). Using appropriate optics, SPR and MCWG can be used 

for imaging where advanced systems are capable of resolving intracellular structures. Our group 

and others have demonstrated this capability in a variety of cell–substrate interaction 

experiments,8,14–16 in particular to provide insight into the heterogeneous response of a cell 

population undergoing apoptosis.14 Note that spatial resolution in SPR and MCWG images is 

limited along the direction of light propagation by the finite mode attenuation length, rather than 

by diffraction.17,18 Furthermore, there is an intrinsic trade-off between mode attenuation length 

and penetration depth into the sensing medium such that any increase in penetration depth 

comes at the expense of a commensurate decrease in imaging spatial resolution. Compared to 

SPR, MCWG offers the better compromise between spatial resolution and penetration depth.13 

Hence, when imaging relatively thick objects such as eukaryotic cells or bacteria, this tradeoff is 

especially relevant and MCWG-based imaging is preferred. 

Since SPR and MCWG are label-free methods, they yield direct information on local changes in 

material properties (in this case the refractive index), rather than on specific molecular targets. 

As with all label-free methods, however, it can sometimes be challenging to unambiguously 

identify molecular targets or cell structures from the image data. Indeed, though various SPR-

based imaging experiments have been applied to study cellular structure and functional activity, 

few studies have attempted to identify the particular subcellular structures involved.8,19–22 Some 

of the most successful attempts involve separate corroborating experimental measurements with 

conventional fluorescence microscopy to identify a-posteriori the cellular features in the label-

free micrographs.8,19 

Image fusion methods attempt to provide the best of both worlds by combining distinct imaging 

modalities, ideally in a single instrument, such as with simultaneous atomic force and confocal 

fluorescence microscopy. Evanescent field based methods such as MCWG and SPR are capable of 

simultaneous label-free and fluorescence imaging, where the evanescent field in the dielectric 
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can be used to excite fluorescent markers near the surface in a manner similar to total internal 

reflection fluorescence (TIRF) microscopy. Furthermore, the resonant coupling to the guided 

surface mode in MCWG and SPR produces a significant field enhancement in the sensing medium 

compared to TIRF, as demonstrated with surface plasmon enhanced fluorescence (SPEF).23 

Indeed, SPEF has been shown to increase detection sensitivity in classic fluorescence-based 

biomolecular assays by orders of magnitude.24 More recently, our group and others applied SPEF 

in cell sensing to identify the specific cellular processes underlying an SPR response.22,25,26 

In this work, we introduce the first microscopy platform to combine MCWG and surface-enhanced 

fluorescence (SEF) imaging, a method we term “MCWG-SEF microscopy”. Relative to SPR, the 

enhanced probing depth of MCWG enables simultaneous label-free and fluorescently-labeled 

imaging of cellular structures further up into the cell body, while the improved trade-off between 

resolution and probing depth maximizes the achievable spatial resolution. A first series of 

validation experiments are presented where actin stress fibers are simultaneously imaged by 

MCWG and SEF in vascular smooth muscle cells (VSMC). A second series of experiments is 

presented showing intracellular signaling associated with the activation of AT1R by its agonist 

AngII in a stably transfected cell model. Intracellular calcium levels, a robust and specific marker 

of AT1R signaling, are recorded by SEF with the fluorescent probe Fluo8, while simultaneously 

capturing the whole cell response with MCWG imaging. Use of a pharmacological inhibitor made 

it possible to correlate specific downstream signaling pathways and heterogeneity in the AngII-

dependent cell response with the information in the MCWG images. 

2. Materials and methods 

2.1. MCWG-SEF microscopy platform 

The MCWG-SEF microscopy platform is an expansion on a custom-built MCWG imaging system 

based on a high-numerical-aperture objective described in detail elsewhere.13 The sensor chips 

(MCWG substrate) with the cells under study are placed in a fluid chamber (QR-43C, Harvard 

Apparatus). As shown in Fig. 1, the light sources are collimated low-coherence fiber-coupled LEDs 

(λnom = 470 nm from Thorlabs or λnom = 530 nm from Mightex Systems) chosen to minimize 

diffraction artifacts and phototoxicity. Input light passes through a bandpass filter (530/10 or 

470/20, Chroma Tech) and is focused at the back focal plane of a high-numerical-aperture 

microscope objective (63×, NA = 1.46, Zeiss). The offset of the focused spot from the objective's 

optical axis determines the incidence angle of the collimated input light at the backside of the 

MCWG substrate. The reflected light is collected back through the objective where a polarizing 

beam-splitter separates each component for visualization by a pair of CCD camera (1392 × 1040, 

12 bit, gray-scale, Allied Vision) at an acquisition rate of 1 Hz. As designed, the MCWG sensor chips 

support a single (fundamental) transverse magnetic (TM) mode and a single (fundamental) 

transverse electric (TE) mode. The incidence angle of the input light is chosen to couple solely 

with the TM mode since it provides the best tradeoff between spatial resolution and penetration 

depth.13 Thus, only intensity variations in the TM-component of the reflected light contain 

information regarding refractive index variations in the sample. In general, however, there may 

also be source-dependent spatial and temporal intensity variations in the TM-based signal. Since 

the TE-component of the reflected light is totally internally reflected at the glass/metal interface 

of the MCWG chips and thus does not interact with the sample, it can be used as a reference to 
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correct the TM-based signal for source dependent intensity variations. Fluorescence light is 

collected simultaneously through the top window of the sample chamber using a long-working-

distance microscope objective (50×, 0.55, Mitutoyo Inc.), passes through an emission filter 

(HQ525/50 from Chroma Tech or LP615 from Zeiss), and is imaged by a cooled CCD camera (1392 

× 1040, 16 bit, Qimaging). Note that while fluorescence imaging is diffraction-limited, spatial 

resolution in the MCWG images is anisotropic: resolution is limited along the direction normal to 

light propagation in the image plane by diffraction and by the finite mode attenuation length in 

direction of propagation. As stated above, MCWG provides a lower level of anisotropy compared 

to SPR at deeper probing depths.13  

 

 

Fig. 1 Combined MCWG and SEF imaging platform. MCWG imaging is based on a high-

numerical-aperture objective. SEF fluorescence emission is collected from the top by a long 

working distance objective. 

 

The MCWG substrates are in fact planar optical waveguides fabricated on BK7 microscope slides 

consisting of a thin metal layer as the bottom cladding, a dielectric core, and a liquid sensing 

medium with the cells as the topmost cladding.13 Refractive index variations at the sensor surface 
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caused by changes in cell morphology and/or internal cell reorganizations locally change the 

guided mode properties, which in turn result in reflected intensity changes recorded by the TM-

component CCD camera. The relatively large refractive index differences (1.355 < n < 1.60) 

between the cellular organelles and the cytosol, as well as between the organelles themselves,27 

are easily resolvable in the MCWG images. Finally, the evanescent field in the liquid sensing 

medium excites fluorophores near the sensor surface, similarly to TIRF microscopy, yielding 

simultaneous MCWG and SEF imaging. 

2.2. Cell culture and fluorescence staining 

In a first series of experiments, an immortalized rat aortic vascular smooth muscle cell line (A7r5, 

ATCC, USA) was used to image the actin cytoskeleton components, where the cells were seeded 

on ethanol-sterilized MCWG substrates and F-actin was labeled with Alexa Fluor 532-phalloidin. 

Cells were maintained within selective Dulbecco's Modified Eagle's Medium (DMEM) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2.5 μg ml−1 amphotericin B, 50 

IU ml−1 penicillin, 50 μg ml−1 streptomycin and supplemented with 1% non-essential amino acids. 

Post-fixation in 4% paraformaldehyde (Sigma-Aldrich) for 10 min, cells were washed twice with 

phosphate-buffered saline (PBS, Sigma-Aldrich) and incubated in tris-buffered saline (TBS, pH 8.1, 

Sigma-Aldrich) for 5 min. After additional washing with PBS, the cell membrane was permeabilized 

using a 0.1% triton solution (Sigma-Aldrich) for 1 min followed by a thorough wash using PBS. 

Actin was stained by incubating the samples with Alexa Fluor 532-phalloidin (1 : 20 Thermo Fisher 

Scientific) for 20 min. Samples were then washed and used immediately for imaging.  

In a second series of experiments, intracellular GPCR signaling activity was studied in human 

embryonic kidney 293 cells (HEK 293, Qbiogene, QBI HEK-293A cells, USA), stably transfected to 

express the AT1R as described previously.28 Cells were maintained within selective DMEM 

supplemented with 10% heat-inactivated FBS, 0.4 mg ml−1 G-418, 2.5 μg ml−1 amphotericin B, 50 

IU ml−1 penicillin and 50 μg ml−1 streptomycin. To observe intracellular calcium levels, HEK-AT1R 

cells were seeded at a density of 5.75 × 105 on poly-L-lysine-coated sensor chips and grown to 

60% confluence. Cells were washed twice with warm Hank's balanced salt solution (HBSS) and 

incubated with the calcium indicator Fluo-8 (5 μM, Thermo Fisher Scientific) for 1 h at room 

temperature, washed twice and left for another 30 min in HBSS for de-esterification prior to an 

experiment. AT1R-activation was performed by exchanging the media in the sample chamber 

using a syringe pump (100 μl min−1 for 8 min) with HBSS buffer containing 100 nM Angiotensin II 

(American Peptide). ROCK kinase activity was inhibited by pre-incubating the cells with Y27632 

for 30 min (10 μM, Sigma-Aldrich) and the inhibitor was present throughout the experiment. 

The microscopy platform relies on two separate optical systems to acquire the MCWG and SEF 

images from a sample, where the images reflect distinct types of information (MCWG: refractive 

index variations across the entire field of view, SEF: fluorescence intensity from specifically 

labeled cellular components). Although the fields of view and pixel correspondence between the 

two systems could be matched with appropriate optics, the depths of fields for both techniques 

are quite different and MCWG-based imaging has a characteristic planar spatial resolution 

imbalance. As a result, even with perfect pixel-correspondence, sub-cellular structural features 

may be difficult to correlate between the MCWG and SEF images. Indeed, this “correspondence 

problem” is common to all image-fusion systems, such as with PET (position emission 
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tomography) and CT (X-ray computed tomography) for example. In general, the solution to this 

problem is to ensure that the samples contain clearly identifiable anatomical features in both 

images which can be used as spatial references. In the case of sub-cellular resolution imaging, this 

can be particularly challenging. 

3. Results and discussion 

3.1. Actin cytoskeleton imaging by MCWG-SEF microscopy 

VSMCs exhibit a densely structured network of actin filaments29 and are the mechanically active 

cell layer responsible for regulating vascular muscle tone and blood pressure. Fig. 2A shows a 

series of MCWG micrographs of a single VSMC adhered to the sensor surface taken at increasing 

angles of incidence (θi) to resonantly couple to a range of refractive indices in the sensing medium. 

At 64.17° (Fig. 2A), resonant coupling to the fluid medium is achieved (darkest background 

indicating lowest reflectivity) and evanescent field intensity is maximized, where the dominant 

features in the MCWG micrograph are filamentous structures aligned with the long cellular axis. 

The greater probing depth provided by MCWG enables the visualization of structures in these 

cells that are consistent with actin filaments.30 To confirm that these structures are indeed actin 

fibers, the high-affinity F-actin probe phalloidin-Alexa Fluor 532 was used to label the cell 

cytoskeleton and SEF micrographs were simultaneously recorded (Fig. 2B). As expected, the 

highest SEF signal intensity is achieved at 64.17°, an angle at which a good correlation between 

the elongated structures in the MCWG and SEF micrographs is observed. As explained above, 

spatial resolution in the imaging plane is anisotropic for label-free imaging modality. In our 

MCWG-SEF microscope, spatial resolution in the MCWG images is limited by diffraction limit of 

∼0.18 μm in the direction normal to mode propagation and to ∼5.0 μm in the direction of mode 

propagation (black arrow in leftmost image in Fig. 2A) due to the finite attenuation length of the 

mode.13 This effect can also be seen in the second image from the left in Fig. 2A (64.17°) where 

the fibers aligned in the direction of propagation are clearly resolved (white arrow) while 

structures that are slightly off-axis appear partly blurred (white dotted arrow). Note since the 

fluorescent labels acts as point sources of light, the SEF signal is not subject to this effect (spatial 

resolution in the SEF images is isotropic and diffraction-limited in both axes). In addition, as 

observed by others with SPR,31 the presence of fluorophores with an absorption band that 

overlaps the excitation light spectrum locally modulates the (complex) refractive index in the 

sensing medium, acting as a contrast enhancement agent in the MCWG images.  
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Fig. 2 Vascular smooth muscle cell simultaneously imaged by MCWG and SEF. (A) MCWG 

micrographs of a single VSMC taken at different angles of incidence. The black square in the 

leftmost image represents the location of ROI used to calculate average reflected intensity, 

while the black arrow indicates the direction of mode propagation; (B) SEF micrographs 

simultaneously taken at the same angles of incidence, F-actin was labeled with Alexa Fluor 532 

Phalloidin; (C) plots of normalized average reflected light intensity within the ROIs in A and 

overall average SEF intensity in B as a function of incidence angle. 

 

Fig. 2C shows simultaneously acquired normalized plots of MCWG reflected light intensity 

(averaged within the ROI shown by the black square in Fig. 2A at 62.05°) and SEF intensity (overall 

image average) as a function of incidence angle. The minimum in MCWG reflected light intensity 

at θi = 64.82° is known as “critical coupling”. At this angle, the electric field intensity at the sensor 

surface is very strong, yielding high fluorescence intensity (grey trace), as previously observed by 

our group and others for SPR.13,23 As expected, maximum fluorescence intensity (θi = 64.17°) is 

slightly shifted from the minimum MCWG reflected light intensity since critical coupling occurs 

slightly off-resonance, where there is just enough out-coupled light from the guided mode to 

cancel the un-coupled incident light by destructive interference (in the SPR literature,32 this is 

referred to as the internal and re-radiation damping being balanced). 

3.2. AT1-induced cell activity analyzed by MCWG-SEF microscopy 

Cell-based, label-free technologies are now routinely used to monitor cellular responses 

associated with the activation of signaling pathways in cell populations to provide insight into 

their complex mechanisms and functions.33,34 While GPCR signaling is often assumed to be 

homogeneous within a cell population, receptor expression levels and variations in individual cell 

phenotypes can alter their overall response profile and lead to heterogeneous population 

responses.35,36 To demonstrate the possibility of assessing such population-dependent behavior, 

we used a HEK293 cell model stably transfected with AT1R.37 In this cell model, two major 

signaling cascades are involved following receptor activation by AngII, namely the Gq-protein 

dependent signaling cascade leading to intracellular calcium mobilization and the 
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G12/13/Rho/ROCK pathways. These pathways are known to be involved in both the regulation of 

the cytoskeleton organization and actin-myosin-dependent contractile activity.38,39  

We used the MCWG-SEF microscopy system to follow intracellular calcium levels with the 

fluorescent probe Fluo8 (SEF imaging) while simultaneously monitoring the overall cellular 

morphological response (MCWG imaging) resulting from AT1 receptor activation by AngII. Fig. 3 

shows a time series sample of eight individual cells imaged with MCWG (left image column) and 

SEF (right image column). As expected, the cell morphology in the MCWG and SEF images (Fig. 3A 

and G) appear slightly different since the MCWG signal in our configuration originates from non-

specific refractive index differences within a ∼0.5 μm thick sensing volume13 whereas the SEF 

signal originates from the presence of a calcium indicator distributed within a ∼1 μm thick volume 

above the sensor surface. MCWG micrographs B–E are color-coded maps of percentage 

reflectance difference relative to the reference (Fig. 3A), where the blue end of the spectrum 

indicates a decrease, the red end of the spectrum indicates an increase, and green indicates no 

change. Following AngII stimulation at 0 min, a burst of intracellular calcium is observed within 

the first 5 min in the SEF images and quantified in the average fluorescence intensity plots, 

confirming receptor activation and functionality of the signaling pathway in this cell model. The 

burst of intracellular calcium is followed by the appearance of localized decreases in MCWG 

reflectance (blue regions) attributable to a reduction in cellular mass density within the effective 

sensing range of the evanescent field, consistent with increased acto-myosin contractile 

activity,21,28 where the minimum MCWG average signal intensity occurs at ∼6.5 min. The initial 

burst in intracellular calcium level is then followed by a recovery phase were calcium levels return 

to near basal levels after 15 min to 35 min for most cells (Fig. 3I and J), as generally observed for 

receptor coupled to the calcium pathway. In contrast, the MCWG micrographs (Fig. 3D and E) 

show a distinctly heterogeneous behavior within the cells with both localized increases and 

decreases in signal levels, indicating a re-modeling of intracellular structures associated with cell 

activation14 and possibly as a result of AT1 receptor-signaling activity.21,40 
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Fig. 3 Simultaneous monitoring of intracellular calcium by SEF imaging and cellular 

morphological response by MCWG imaging (A) reflectance micrograph of 8 individual HEK-AT1 

cells; (B–E) reflectance variation micrographs showing local changes in reflectance following 

stimulation with 100 nM AngII at t = 0 min (blue end of the spectrum indicates a decrease, red 

end of the spectrum indicates an increase, green indicates no change); (F–J) simultaneous SEF 

micrographs, where cells were loaded with calcium indicator Fluo-8; (K) plots of the full-time 

sequence of average MCWG reflected intensity and SEF average intensity, normalized by cell 

surface area. 

 

The plots in Fig. 3K show the time sequences of averaged MCWG reflected intensity and SEF 

average intensity, with both signals normalized by cell surface area as presented in Fig. 3A and F. 

Note that some cells show a certain degree of signal variation during the baseline phase as well 

as during the onset of the media exchange. Such drifts could be associated with minute changes 

in the fluid cell temperature or with flow induced effects from the media exchange. The plots 

show a biphasic response in both the SEF and the MCWG time profiles. Phase I is associated with 

the initial burst of intracellular calcium following stimulation of the cells with AngII (5 min), 

confirming the receptor activation and subsequent Gq signaling known to mobilize calcium from 

the endoplasmic reticulum.28 Phase II of the reflectance signal is associated in time to the recovery 

of the intracellular calcium levels for all cells. Intriguingly, these oscillations in calcium levels were 

not found to be associated to the MCWG signal, indicating that they do not induce significant 

morphological changes or cell body contraction in this cell model. It should be noted here that 

oscillating calcium signals are a well-known phenomenon and provide a digital signal to 

downstream effectors, involved in the regulation of gene expression, a process that normally 

occurs over several hours.41 

As expected, the SEF and MCWG data are strongly correlated, confirming the receptor-dependent 

cell signaling response origin of the MCWG label-free signal. However, significant differences can 

also be observed when comparing individual responses. During phase I, though all cells showed 

an intracellular calcium burst (indication of AT1R functionality), only cells #1–4 and 7 showed a 

subsequent marked decrease in average MCWG reflectance. During phase II, cells #1, #5, #7 and 

#8 exhibited oscillations in their intracellular calcium levels with varying periodicity (116 s, 230 s, 

265 s and 173 s, respectively), while cells #2, #3 and #4 showed sustained elevated calcium levels. 

The absence of such distinct features within the MCWG signal further demonstrates that changes 

in the intracellular calcium levels seem to not interfere with the observed MCWG signal, which 

has also been demonstrated for other label-free detection modalities.21 These observations 

indicate that the Gq-dependent calcium signal alone is be insufficient to explain the first phase of 

the MCWG signal, indicating that other pathways may be required for the phase I of the MCWG 

signal. 

3.3. Role of ROCK and G12/13 during AT1 signaling and link to cellular activity 

In addition to the calcium-dependent Gq signaling cascade, AT1R is also coupled to a calcium-

independent G12/13 signaling pathway.39 The activation of this pathway ultimately leads to 

activation of ROCK, which is a ubiquitous intracellular kinase38 involved in actin remodeling and 

the regulation of actomyosin contractile activity via myosin light chain (MLC) phosphorylation and 

inhibition of the myosin light chain phosphatase (MLCP). To test the involvement of G12/13 
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signaling and thus the involvement of ROCK in the measured cellular response, HEK293-AT1R cells 

were treated with the ROCK inhibitor Y-27632 prior to activation with AngII.  

Fig. 4A–J show MCWG (A: reference, B–E: differences) and SEF micrographs from the experiment, 

alongside plots of cell-specific average MCWG and SEF responses for the time series normalized 

by cell area (Fig. 4K). As expected, the MCWG data do not show a signal decrease (phase I) 

following AT1 activation, confirming the robust suppression of cell signaling activity through ROCK 

inhibition (Fig. 4C). The phase II in the MCWG signal response nevertheless appears not to be 

impacted as indicated by the appearance of large yellow and red areas in the MCWG micrographs 

(Fig. 4D and E). The SEF data again shows a robust release of intracellular calcium, as expected 

from AT1 activation (Fig. 4G–J). When comparing the experimental time series (Fig. 4K), 

interestingly despite the absence of a Phase I response in the MCWG data, all cells nevertheless 

show a steady increase in average MCWG response during Phase II suggesting a distinct G12/13-

independent signaling mechanism for Phase II compared to the previous experiment due to 

additional unidentified component. The SEF time series shows again a biphasic response profile 

where all cells respond with a transient release of intracellular calcium shortly after AngII 

stimulation as expected from AT1 activation. Overall, these results indicate that G12/13 signaling 

may be the major signaling pathway responsible for Phase I and is consistent with previous 

population-based findings using SPR spectroscopy in which ROCK inhibition, but not MLCK 

inhibition, associated with Gq signaling could successfully suppress Phase I contractile response.21 
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Fig. 4 Impact on ROCK inhibition during AT1 analyzed by MCWG and SEF microscopy. (A) 

Reflectance micrograph of individual HEK-AT1R cells; (B–E) reflectance variation micrographs 

showing local changes in reflectance after pretreatment with Y-27632 and stimulation with 100 

nM AngII; (F–J) SEF micrographs of the same cells, loaded with calcium indicator Fluo-8; (K) 

plots of cell-specific average MCWG and SEF responses for the full time series normalized by 

cell area. 

 

4. Conclusion 

In this work, we demonstrated a combined MCWG and SEF microscopy system for dual mode 

imaging and signal analysis of receptor-dependent cell signaling activity. We demonstrated the 

capabilities of this system in experiments designed to (1) identify the specific structural 

components of the cytoskeleton imaged by MCWG and SEF, and (2) provide insight into 

intracellular signaling following GPCR activation in living cells. In the latter case, SEF imaging 

revealed the intracellular Gq-dependent calcium mobilization while simultaneous MCWG imaging 

showed the distinct individual cell response profiles to AngII-mediated AT1R activation. A strong 

temporal correlation was observed between the MCWG label-free signal and the labelled calcium 

signal from individual cells, confirming the origin of the MCWG label-free signal as a receptor-

dependent cell signaling response. Interestingly, a discrepancy between the two signals observed 

for some cells suggest that the cell signaling activity measured through the MCWG signal channel 

is not necessarily dependent on calcium mobilization. This type of observation is only possible 

through a comparative analysis of individual cell heterogeneity present in the two distinct 

response profiles. Using a selective G12/13/Rho/ROCK signaling inhibitor, we determined that this 

pathway is required for the phase I response observed with MCWG imaging. Interestingly, the 

second phase of the response profile was not impacted by G12/13/Rho/ROCK signaling inhibition, 

suggesting that other pathways such as Gq-dependent pathway may be required for this later 

phase. While other signaling cascades could also be involved in AT1 signaling, this work shows 

how individual cell assessment using MCWG and SEF together with pharmacological tools and 

fluorescent probes targeting specific cell signaling pathways can enables the identification of key 

contributors to a given cellular response. Thus, this system should find applications in drug 

screening, signaling cascade profiling, and in the study of fundamental cellular mechanisms.  
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