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Chapter 6 

Localized optical monitoring of cytoskeletal changes in confluent endothelial cell 

layers upon exposure to xenobiotics  

Maciej Grajewski1, Grietje Molema2, Reinoud Gosens3, and Elisabeth Verpoorte1 

1 Pharmaceutical Analysis, Groningen Research Institute of Pharmacy, University of Groningen;  
2 Pathology and Medical Biology, University Medical Center Groningen, University of Groningen;  
3 Molecular Pharmacology, Groningen Research Institute of Pharmacy, University of Groningen,  

The Netherlands 

Abstract 
In this work we monitor changes in the cytoskeleton of endothelial cells as a result of exposure to 

xenobiotics in real-time. For this, we employ an optical chip for cell cultivation, which utilizes 

forward light scattering through living cell layers to record cellular micromotion in a label-free and 

non-invasive fashion. The motion of a cell is a consequence of constant cytoskeletal rearrangements, 

which inherently occur, and are influenced by chemical and physical changes in its environment. 

These cytoskeletal rearrangements lead to displacement of internal cell components, as well as to 

morphological changes of the entire cell, which is referred to as cellular micromotion. Any 

component of the cell has a substantially different refractive index than the cytoplasm, and therefore 

serves as a light-scattering site. Therefore, even the smallest conformational change or internal 

rearrangement strongly affect the path of photons traveling through the cell. Therefore, the fraction 

of the light entering cells that actually leaves the cells at the other end is determined by those factors 

and fluctuates as the cell continuously rearranges itself. By monitoring the fraction of light that leaves 

the cells in real-time, we can indirectly measure cellular micromotion. 

The goal of this work is to gain a better understanding of how cytoskeletal changes affect the recorded 

signals. For this purpose, two drugs that are known to affect the actin cytoskeleton were used for this 

purpose, namely latrunculin A and jasplakinolide. Latrunculin A promotes actin fiber 

depolymerization, resulting in a more ‘fluid’ cytoskeleton, whereas the addition of jasplakinolide 

results in stabilization of the actin cytoskeleton rearrangements. Endothelial cells were cultured on 

the optical chip to confluency, after which they were exposed to the xenobiotics. These experiments 

were also performed off-chip and the cultures were stained and imaged with confocal fluorescent 

microscopy as controls. The specific changes in response to the xenobiotics that were observed under 

the microscope could be successfully correlated to specific patterns in the recorded signal with the 

optical chip. After addition of latrunculin A we observed dominant presence of globular actin in the 

cytoplasm after 30 - 60 min after exposure, which was seen in the optical trace at this time as a rapid 

drop of the signal. After addition of jasplakinolide we observed dominant presence of filamentous 

actin in the cytoplasm after 45 – 60 min after exposure, which in the optical trace led to stabilization 

of the signal. These experiments prove that we can monitor cytoskeletal changes in real time and 

correlate them with events induced by chemical stimuli.  

Keywords: Micromotion, Label-free, Forward light scattering, Integrated waveguides, Cytoskeletal 

rearrangement, Human Umbilical Vein Endothelial Cells (HUVEC) 
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6.1. Introduction 

In the past decades, we have seen a steady decrease in the number of new pharmaceuticals are being 

brought to the market, while the costs and time investment per new drug have increased substantially 

($1bn and 10 years before a drug is available for patients [1], [2]). A major reason for the latter is the 

fact that the process of testing a new drug has become complex, as questions about its mechanism of 

action, drug metabolism, and tissue recovery after drug application have to be addressed [3]. In the 

early stages of development, a new drug is tested on cells in vitro, which provides us with information 

about drug effects . In vitro testing allows relatively quick and cost-effective assessment of numerous 

drug candidates. However, the extraction of protein or genetic material from the cultured cells, and/or 

imaging of the effects of drugs with molecular methods generally require the termination of the 

experiment (and thus the culture) [1], [2], [4]. Although such approaches deliver precise information 

about the cells at the moment of culture termination, they give little insight into prior metabolic and 

pharmacological events. Currently, such data is still obtained by setting up a number of parallel 

experiments under the same conditions and collecting samples at arbitrary intervals for analysis. Data 

obtained in this manner only give an estimate of the timescale of when the tested drug starts to affect 

cells and how long this effect is maintained [5].  

Furthermore, the total number of experiments that need to be performed increases with the number 

of time-points tested, resulting in larger investments of time, labor and money. If we could create an 

experiment in which the influence of a new chemical species was assessed without resorting to end-

point analyses, the potential for additional data acquisition would be substantial. Furthermore, 

tracking cellular response in real-time would provide a more precise timescale for drug effects, as 

well as a deeper understanding of cellular behavior (both intra- and intercellular) upon drug addition 

to the cell culture.  

There are techniques that in fact allow real-time monitoring of cell cultures. Microscopy is the most 

widely implemented technique, but generally requires the use of molecular labels (e.g. fluorescent, 

chemiluminescent) to detect cells or molecular processes. Another recent development, dynamic mass 

redistribution monitoring technique, involves the use of an optical sensor; cells are cultured on the 

sensor surface, and changes are registered in refractive index resulting from changes in the total mass 

(e. g. internalized vesicles) [6], [7]. Another label-free sensing approach involves impedance 

measurements of the cell layer, the permeability of which can be affected by e.g. drug application to 

the cell culture [8]. Sensor-based measurements such as these are inherently label-free, and as such 

are experimentally simpler to perform. Importantly, possible concerns with respect to the molecular 

labels interfering with cellular biochemical behavior are eliminated. However, both label free 

methods provide information about specific processes and are therefore not as broadly applicable as 

microscopy. Furthermore, these methods provide an average signal for the entire cell culture [7]–[9].  

In this study, we employed an optical chip, which allows real-time and label-free monitoring of a few 

cells (3 – 5) sampled within a much larger confluent layer. This chip is described in detail in Chapter 

5. We chose to work with endothelial cells (human umbilical vein endothelial cells, HUVEC), which 

form a monolayer and serve as a biological model of the inner cell layer lining human blood vessels. 

Real-time monitoring of endothelial cells can be executed by monitoring of the cytoskeleton, of which 

the basic functions are to maintain cellular shape, support cell-cell connections, transport of 

molecules, and facilitate cellular motion [10]–[12]. The main constituent of the cytoskeleton is actin 

filament, which is constantly rearranging itself, and thus the entire cytoskeleton, in response to 

changes in environmental conditions, which contributes to a process known as cellular micromotion 

[13]. Cellular micromotion is defined as the constant changing of cell morphology. Impaired cellular 
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micromotion is often an indication of pathophysiological conditions in cell cultures [8], the onset of 

which might be reflected in the modification of the cytoskeleton. Being able to relate the status of the 

cytoskeleton in real-time to different external stimuli would provide us with detailed and valuable 

insight into how, when and where this response takes place. The analysis of micromotion is performed 

by guiding light through small groups of cells in the cell layer, which are located in a nanocuvette 

formed by etching in the supporting chip surface. Light at a wavelength of 638 nm was used, as this 

is not absorbed by cells, but only scattered [14], and the transmitted light was recorded. Effectively, 

the method measures how much light is forward scattered, a parameter which depends on the cellular 

status and internal distribution of cellular compartments and components [14]. Our approach is 

distinctive from those currently available in that it exploits scattering of light propagated through only 

a few cells, rather than an entire layer, to obtain information on cellular micromotion. Importantly, 

we demonstrate that micromotion can serve as a readout for changes in the cytoskeleton, which we 

induced by using two drugs known to affect the actin cytoskeleton. One of the drugs, latrunculin A, 

acts as a cytoskeletal decomposer by blocking the polymerization of actin fibers [15], [16]. The 

second drug, jasplakinolide, acts as an accelerator of actin polymerization, thus driving the balance 

between filamentous and globular actin to shift toward a filamentous form [16], [17]. 

6.2. Material and methods 

6.2.1. Experimental setup 

6.2.1.1. Optical chip design 

The optical chip employs TriPleX integrated waveguide technology [18], [19] and allows light 

introduction to the adherent cell layer (Figure 1A). The optical chip is described in detail in Chapter 

5 of this thesis. In short, a nanocuvette was formed by etching down through the top silica layer and 

a silicon nitride (Si3N4) waveguide to approximately 100 nm below the waveguide layer. This cuvette 

had a total depth of about 7 μm. The dimensions of the waveguides entering and leaving the cuvette 

were 1 µm wide and 23 nm high. The first waveguide served to couple light into the cuvette and to 

the cell layer in an actual experiment, while the Si3N4 layer located at the opposite end of the cuvette 

served as a waveguide to collect the light that was forward-scattered through the cells in an 

experiment. The end of each waveguide, located at the edge of the chip, was coupled to an optical 

fiber, to either supply light to the chip or transport the light from the chip to the detector (Figure 1B). 

Light was injected at a height of 100 nm into the HUVEC layer, which is on average 200 nm high. 

Nanocuvettes had a 50-µm-long light pathway and were 100 µm wide (for more details see Chapter 

5).  
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Figure 1. (A) Schematic diagram of forward light scattering through a cell layer in a nanocuvette. HUVEC, are 

thin around their periphery (ca. 200 nm) and thicker in the nucleus area (ca. 1–2 μm) when adhered to a surface 

[20]. The nanocuvette has been etched down through the waveguide to about 100 nm below the waveguide layer. 

This facilitates coupling of the light into the thin periphery of endothelial cells. Single-mode light (638 nm) is 

introduced into the cell layer from the left (waveguide represented as a red line). Most of the light is lost due to 

side scattering, but light reaching the other side of the cuvette is collected by the exit waveguide (red line at the 

right) and transported to a signal detector, in this case a power meter. (B) Layout of the chip with wells (Ø 4mm) 

molded in silicone rubber into which cells are seeded. The chip has an array of 4 U-shaped waveguides, with 

nanocuvettes formed in the vertical section of each U. The nanocuvettes are located at the center of the bottom of 

each well (the nanocuvettes are not visible in this figure). Optical fibers are fixed to the device with a fiber array 

unit (FAU) (in yellow) to introduce light to the chip with a single 4-µm-core fiber and deliver light to the detectors 

with 50-µm-core fibers. The red arrowhead indicates how light is introduced to the optical chip before splitting 

into four separate waveguides on the optical chip. Smaller, orange arrowheads in the horizontal array indicate 

how processed light is collected from the four U-shaped waveguides. The size of the entire sensor is 35 x 25 x 0.35 

mm (waveguides are not to scale). 

 

6.2.1.2. Incubation setup  

A polystyrene box with a lid (Greiner Bio-One International; GmbH, Germany) was adapted to 

contain the optical chip. A holder for the chip that could be mounted onto the microscope stage was 

3D printed with a Felix v.3.0 (FELIX printers, de Meern, The Netherlands, nozzle diameter = 0.35 

mm) in polylactic acid (Easyfil, Form Futura, the Netherlands). SolidWorks (Waltham, MA, USA) 

was used to design the 3D model of the holder for printing, which was then sliced using 

sFact/Skeinforge freeware. Repertier host freeware was used to control the 3D-printer. The 3D design 

and 3D print process is explained in detail in Chapter 5 of this thesis.  

The aim of the setup was to facilitate the cultivation of a layer of HUVEC in the cuvette structure 

until confluency. This was done in a polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning 

Corp., USA) chip containing 4-mm-diameter holes which served as wells (volume = 50 µL), which 

A 

B 

Light in 

Light out 
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was aligned with the optical chip such that each well was centered over a nanocuvette (Figure 1B) 

(for more details see Chapter 5). HUVEC were cultured in gelatin-coated wells filled with cell 

medium (see coating and culture protocols below). Cells were interrogated by propagating light (638 

nm) through the cell layer (forward scattering) from the incoming waveguide (left), which acted as a 

point source, to the receiving waveguide (right). A NovaPro Laser Diode (638 nm, continuous 

wavelength, max. power output 75 mW) from RGB-Lasersystems GmbH (Germany) was used as a 

red light source. It was set at an initial power input of 5 mW in all experiments performed with 

HUVEC. For signal recording, PM100USB power meters from Thorlabs (400-1100 nm, working 

range: 1 nW - 20 mW, resolution: 100 pW; Thorlabs GmbH, Germany) were connected to the 

experimental setup. All elements of the experimental setup were connected with optical fibers, one 

of which acted as a light-guiding structure to the optical chip, with the other fiber conducting light 

from the chip to the power meters (see detailed description in Chapter 5). In all the presented 

experiments, data was acquired at a frequency of 1 Hz. 

6.2.2. Cell culture protocols 

6.2.2.1. Sterilization of the optical chip 

The optical chips were disinfected prior to every experiment with 70% ethanol for at least 5 min. 

Afterwards the chips were rinsed 3 times with sterile phosphate buffered saline (PBS, Sigma-Aldrich 

Co. Ltd., UK) and dried. 

6.2.2.2. Gelatin coating of the optical chip  

Fifty microliters (50 µL) of one percent (1%) gelatin (reference number: G9382; Sigma-Aldrich Co 

Ltd, UK) solution in sterile PBS (Sigma-Aldrich Co Ltd, UK) was injected into the wells and 

incubated at room temperature (RT) for 45 min. After the incubation with gelatin solution, cross-

linking with 0.5% glutaraldehyde solution (50 µL) in sterile PBS was performed. The cross-linking 

solution was prepared from 25% glutaraldehyde (Polysciences Europe GmbH, Germany). The 

reaction was carried out at RT for 15 min. The coated wells were rinsed twice with 50 µL of sterile 

PBS with 10 min incubation period in between rinses. The last step in chip preparation involved 

conditioning wells with 50 µL of endothelial cell medium (EC medium; composition below) for 1h 

in the cell incubator (Thermo, model 3111, USA), after which cell seeding was carried out. 

6.2.2.3. Cells 

HUVEC (Lonza, reference number: CC-2519) were obtained from the Endothelial Cell Facility of 

UMCG and cultured to confluency in T25 flasks for at least two passages prior to seeding in the wells 

on the optical chip. For this work, HUVEC from passages between 2 and 5 were used. HUVEC were 

detached from the T25 bottles by incubation with 0.05% trypsin solution in sterile PBS (20 µL/cm2 

of trypsin solution) for approximately 2 min at 37°C. Afterwards, collected cells were counted in a 

Neubauer chamber, centrifuged (1800 rpm, 5 min; Rotina 48S, Hettich GmbH, Germany) and re-

suspended in cold (4°C) Lonza medium (see below for composition) at a concentration of 5000 

cells/µL. Collected HUVEC were kept on ice (4°C) before the seeding procedure. Before every cell 

injection to wells on the optical chip, cells were diluted ten times (10x) to a concentration of 500 

cells/µL. Cells were injected into the wells at a volume of 20 µL followed by 30 µL of pre-warmed 

Lonza medium. 

6.2.2.4. Cell medium  

Lonza EGM-2 MV medium (CC-3202; Lonza Group Ltd., Switzerland) supplemented with BulletKit 

from Lonza (CC-3156 & CC-4147; Lonza Group Ltd., Switzerland) was used for all HUVEC culture 

in this work. 



104 

 

6.2.2.5. Culture conditions 

All experiments were performed at 37 °C in a cell incubator (Thermo, model 3111, USA) containing 

air with 5% CO2 added. The open wells ensured that cell medium was equilibrated with the incubator 

gas environment. 

6.2.2.6. Cell culture protocol in experiments with the optical chip 

In all the experiments performed, we applied the same cell culture protocol. The optical chips were 

conditioned with EC medium and warmed up in the incubator for 1h (95% air, 5% CO2, 37°C) before 

HUVEC injection at a concentration of 500 cells/µL. After cell injection into the PDMS wells, chips 

were placed in the incubator for 1h to allow HUVEC to attach to the optical chip. Unattached HUVEC 

were removed afterwards by gentle rinsing with fresh Lonza medium after which the optical chip was 

placed back in the incubator. The presence of attached HUVEC in the nanocuvette was confirmed 

with a Leica inverted microscope (DM-IL, Leica Microsystems, Wetzlar, Germany) before and after 

optical measurement. All forward-light-scattering measurements were performed in the cell 

incubator. 

6.2.2.7. Monitoring actin cytoskeleton destabilization by latrunculin A 

The culture that was used to study the effect of latrunculin A on HUVEC was established as described 

above and medium was refreshed after 24h. The measurement was performed after 24h of cell culture. 

HUVEC in one well were exposed to latrunculin A (reference number: 76343; Sigma-Aldrich Co 

Ltd, UK, 10 mM stock solution in DMSO (reference number: 67-68-5; Sigma-Aldrich, Co Ltd, UK)) 

diluted in Lonza medium at a concentration of 0.1 µM or 0.5 µM (in separate experiments). Control 

HUVEC cultures were exposed to vehicle (DMSO in Lonza medium 0.01%). 

6.2.2.8. Monitoring accelerated actin cytoskeleton polymerization after jasplakinolide 

treatment 

The culture that was used to study the effect of jasplakinolide on HUVEC was established as 

described above and medium was refreshed after 24h. The measurement was performed after 24h of 

cell culture. HUVEC in one well were exposed to jasplakinolide (reference number: j4580 Sigma; 

Sigma-Aldrich Co Ltd, UK, 10 mM stock solution in DMSO) diluted in Lonza medium at a 

concentration of 0.1 µM. Control HUVEC culture was exposed to vehicle (0.01% DMSO in Lonza 

medium). 

6.2.2.9. Well plate cell culture 

In order to confirm the changes in the HUVEC cytoskeleton that were observed with the optical chip 

after exposure to latrunculin A and jasplakinolide, offline experiments were performed. These 

included control HUVEC cultures and test cultures that were exposed to the same conditions and drug 

concentrations as the experiments with the optical chip. These experiments were done in PDMS wells 

(Ø 4 mm, volume of 50 µL) with glass bottoms, formed by sealing the PDMS wells to cover slips (21 

x 26 x 0.17 mm; Thermo Fisher Scientific Gerhard Menzel B.V. & Co., Germany) (Figure 2). The 

PDMS layer was reversibly attached to the glass cover slips, and wells had a diameter of 4 mm and a 

volume of 50 µL. The effects of the exposure on the HUVEC were studied with confocal microscopy. 

The protocols for well coating, cell seeding and cell culture are analogous to the procedures described 

for the optical chip. After 24h of culture, HUVEC were exposed to latrunculin A at a 0.1 µM 

concentration. Cells were fixed after 0 min (no drug added) of exposure to the drug, 20 min, 45 min, 

and 60 min in different cultures to visualize cytoskeletal changes occurring in exposed HUVEC. 

Additionally, a HUVEC culture was exposed to 0.5 µM concentration of the latrunculin A for a time 

period of 20 min and then fixed and stained. Analogous experiments and procedures were performed 
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for the jasplakinolide, added to cells at a concentration of 0.1 µM. See the following section for detail 

information on cell fixation, staining and imaging. 

 

 
Figure 2. Bottomless PDMS wells (Ø 4 mm) are reversibly bonded to glass cover slips and used for cell culture 

experiments with latrunculin A and jasplakinolide. These experiments were monitored with confocal microscopy 

to visually study effects on the cytoskeleton. 

 

6.2.3. Imaging 

6.2.3.1. Cell fixation protocol 

Filtration of PBS was performed after autoclaving to remove PBS crystals. The presence of crystals 

in wells impairs high-quality image acquisition due to light scattering from residual PBS crystals in 

the solution. A Millex-GP syringe filter unit (0.22 µm) from Merck Millipore (USA) was used for 

filtration. All the PBS used for cell fixation and staining was filtered before use. 

After exposure to latrunculin A or jasplakinolide, cell cultures used for confocal imaging were washed 

with PBS, pre-warmed to 37ºC. Immediately after, HUVEC were fixed in the wells with a filtered 

4% paraformaldehyde (Sigma Aldrich Co Ltd, UK), 4% sucrose (Sigma Aldrich Co Ltd, UK) in PBS. 

The fixation step was performed at 37ºC for 3 min. Afterwards, cell cultures were washed three times 

(3x) with PBS pre-warmed to 37ºC, with 5 min incubation steps at 37ºC between consecutive washes. 

To facilitate the staining of intracellular molecules, the cell membranes were permeabilized with 0.3% 

Triton X-100 (Sigma Aldrich Co Ltd, UK) for 5 min at RT. Afterwards, the cells were rinsed three 

times (3x) with PBS, with 5 min incubation steps at RT between consecutive washes. Next, 50 µL of 

5% bovine serum albumin solution (5% BSA) (Sigma Aldrich) in PBS was injected into the wells 

(1h, RT) in order to block regions in the well that are not occupied by HUVEC, to prevent nonspecific 

attachment of antibodies to these surfaces. Next, the samples were rinsed three times (3x) with PBS, 

with 5 min incubation steps at RT between consecutive washes.  

6.2.3.2. Cell staining protocol 

Fixed HUVEC cultures were first stained for globular actin (G-actin) for 90 min at RT with 

deoxyribonuclease I (DNase I) conjugates combined with AlexaFluor 594 (excitation 590 nm, 

emission 617 nm; reference number D12372; Thermo Fisher Scientific Inc., Waltham, MA, USA). 

The sample was washed three times with PBS at RT. Next, cultures were stained for filamentous actin 

(F-actin), again for 90 min at RT with phalloidin combined with AlexaFluor 488 (excitation 495 nm, 

emission 518 nm; reference number A12379; Thermo Fisher Scientific Inc., Waltham, MA, USA). 

Afterwards, three washing steps with PBS (50 µL per well) at RT were performed with 10 min 

incubation periods between consecutive washes. Visualization of cell nuclei was achieved by the 

addition of 4',6-diamidino-2-phenylindole (DAPI; Sigma Aldrich Co Ltd, UK) solution in PBS 

(1:150) at RT to the wells. After a 10 min incubation with DAPI, three consecutive rinses with PBS 

(50 µL per well) at RT were performed.  
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After the staining procedure was finished, PBS solution was removed from the wells and the PDMS 

structure was detached from the coverslip surface. Prolong Gold Antifade Mountant (Thermo Fisher 

Scientific Inc., USA) agent was deposited on top of every sample (5 µL) to prevent photobleaching 

of the samples under exposure to fluorescent light. Afterwards, samples were covered by bringing 

them into contact with glass slides (Thermo Fisher Scientific Gerhard Menzel B.V. & Co., Germany). 

Covered samples were sealed with colorless nail polish. 

6.2.3.3. Imaging of the microfluidic cell cultures with a confocal microscope 

Imaging of the stained HUVEC cultures was performed with the Confocal Laser Scanning Platform 

Leica TCS SP8 (Leica Microsystems, Germany). An immersion objective with 40 times 

magnification was applied [21]. Prior to sample positioning in the microscope holder, a drop of 

immersion oil (refractive index 1,4811 at 23⁰C and 546 nm light; Cargille immersion oil Type FF, 

Cargille Labs, USA) was deposited on the microscope objective. Afterwards, a glass slice with a 

stained sample was mounted in the holder and brought into contact with the drop of immersion oil on 

the objective. Images were acquired with Leica Application Suite X (LAS X) software (Leica 

Microsystems, Germany). To acquire images, caption spots were selected inside the wells, and scans 

of samples of approximately 5 µm thick (±3 µm) were acquired with a Z-step resolution of 0.5 µm in 

the direction from the bottom to the top of the observed cell culture. Every presented image is thus a 

composition of approximately 10 overlaid images (± 6 images). Prior to image acquisition, every 

caption spot was automatically checked for signal saturation with LAS X software. Laser diodes with 

wavelengths of 405 nm, 488 nm, and 552 nm were used for excitation. The applied procedure was 

based on reference [22]. 

6.2.4. Image processing 

The acquired microscopy data was processed with Imaris software v 7.6.4 (Bitplane AG, 

Switzerland). Recorded data were uploaded to the Imaris program and displayed with the Easy 3D 

option. Afterwards, color saturation was checked for every color channel present in the image and 

adjusted with the purpose of removing over-saturated regions from the image. After the color 

adjustment, snapshots were taken of the acquired images and saved in Tagged Image File Format 

(TIFF).  
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6.3. Results and discussion 

In this study, we cultured HUVEC on the optical chip and registered the signal in real time throughout 

the experiment. The data that was generated with the optical chip (described in Chapter 5) represents 

light intensity over time, and is the result of forward-scattered light through a cell layer. We selected 

a pair of drugs with opposing effects on the cytoskeleton, namely acceleration of cytoskeleton 

polymerization (jasplakinolide) or blocking of actin polymerization (latrunculin A) (Figure 3). 

Therefore, we controllably influenced micromotion of the cytoskeleton and could establish whether 

cytoskeletal changes could be registered with our device. Furthermore, to correlate events in the 

optical trace with cellular changes, each condition that was monitored with the optical chip was tested 

in a simultaneous offline (well plate) experiment with the same batch of HUVEC and visualized with 

confocal microscopy. 

 

Figure 3. Panel (A) shows actin in fiber (F-actin) and actin globule (G-actin) form. Panel (B) presents the binding 

of jasplakinolide to F-actin leading to enhanced actin polymerization and cell stiffening. Orange rectangles 

represent jasplakinolide. Panel (C) shows latrunculin A binding to G-actin, and the resulting blockage of actin 

polymerization, which leads to loss of actin fibers. Red circles represent latrunculin A. 

 

6.3.1. Latrunculin A  

Latrunculin A irreversibly binds actin monomers near the nucleotide-binding cleft and prevents them 

from polymerizing into actin filaments (Figure 3) [15], [20]. The inhibition of filament formation by 

latrunculin A leads to destabilization of the cytoskeleton. In this study, a HUVEC monolayer was 

treated with latrunculin A (0.1 µM), resulting in the disruption of actin filament formation by 

preventing the rearrangement of filamentous actin (F-actin), and leading to reduced motion of cell 

membranes and increasing cell deformability. The blockage of F-actin polymerization is not lethal 

for the HUVEC at a 0.1 µM concentration of latrunculin A. However, higher latrunculin A 

concentrations (> 0.5 µM) are lethal for HUVEC [20].  

In five independent experiments, HUVEC showed a rapid drop in the recorded light intensity (Figure 

4), between 30 and 60 minutes after the addition of 0.1 µM latrunculin A to the cell culture. This 

rapid signal drop did not occur in the control HUVEC culture (vehicle treated). It has been postulated 

that after an exposure to latrunculin A for approximately 1h, there is almost no F-actin left intact in 

mammalian cells due to the drug’s effect [15], [16], [20].  

A 

B C 
F-actin 

G-actin 
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Figure 4. Light intensity-time plots for two 50-µm-wide nanocuvettes, 24 h after cell seeding. Light intensity was 

recorded for a total of 60 minutes in each case. The blue trace represents HUVEC treated with vehicle control in 

one nanocuvette; the red trace is for HUVEC treated with latrunculin A in another nanocuvette at 0.1 µM. The 

rapid signal drop is indicated by the green arrow. The black trace is the signal recorded for a control well coated 

with gelatin and filled with cell medium. All measurements were performed at 37⁰C with the device in an incubator. 

This experiment was repeated 5 times (n=5). For more results see Appendix. 

 

The process of degradation of the actin cytoskeleton, induced by treatment with latrunculin A, was 

visualized with phalloidin staining (green) for F-actin and DNase I conjugate staining (red) for 

globular actin (G-actin). The purpose of this imaging experiment was to correlate the signal registered 

with the optical sensor to the biological status of HUVEC exposed to latrunculin A (Figure 5). Figure 

5A shows a control HUVEC culture in which the balance between F- and G-actin was preserved, as 

evidenced by the presence of green and red staining throughout the cells. Figure 5B-D show HUVEC 

after treatment with latrunculin A, with progressive degradation of F-actin (decreased green staining) 

and an increasing concentration of G-actin (increase in red staining). These images reveal that the F- 

and G-actin balance was shifted towards a maximum level of G-actin between the 45th and 60th min 

of exposure to latrunculin A, at approximately the same time point at which a rapid signal drop was 

observed in the readout from the optical chip. Likely, the sudden drop in forward-scattered light signal 

represents loss of F-actin in such amounts that cytoskeletal support for the cell membranes is lost. 

This results in the collapse of cell membranes and significantly decreased cellular micromotion 

afterwards. 

The rapid signal drop can be explained by understanding the organization of actin filaments in the 

cell. F-actin filaments are anchored mainly to the outer cell membrane by proteins, or attached with 

cytoplasmic proteins (e. g. vimentin) to different membranous organelles (including the cell nucleus 

membrane) [10]. This means that the one bound end of the actin fiber is unavailable for enzymes 

depolymerizing F-actin, and only “the free-end” is prone to enzymatic depolymerisation. As the free 

end is likely located furthest away from the cell membrane (or membranous organelles), the 

depolymerisation of F-actin should occur mostly from the free end at the cell center towards the outer 

cell membrane [10], [15], [23]. The confocal images for HUVEC treated with latrunculin A after 45 

min and 60 min confirm this, with the green staining indicating F-actin visible only close to the cell 

membranes, where any remaining F-actin would be found. Moreover, it is only at these time points 

+vehicle 
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that the concentration of F-actin seems insufficient to support the natural HUVEC cell shape, and 

outer membranes appear to collapse, because of a lack of mechanical support from F-actin [10], [20]. 

We propose that the sudden drop in forward-scattered light signal is thus due to a collapse of the cell 

membranes, which results in less cellular micromotion.  

 

 
Figure 5. Confocal images comparing a control HUVEC culture with HUVEC cultures exposed to 0.1 µM latrunculin 

A in time. F-actin is stained with phalloidin (AlexaFluor 488; green), G-actin is stained with DNase I conjugates 

(AlexaFluor 594; red), and nuclei are stained with DAPI (primarily blue in images A through C and purple in image 

D due to overlap with the red signal from G-actin). All images were taken at a magnification of 40x. 

 

As a next step, HUVEC cultures were challenged with a higher concentration of latrunculin A, and 

cellular response was observed with the optical chip. Our experiments showed that HUVEC exposed 

to a higher latrunculin A concentration (0.5 µM) experience accelerated actin cytoskeleton 

degradation in comparison to HUVEC exposed to a lower concentration (0.1 µM) (Figure 6). This 

effect was expected since latrunculin A dissolves in cell membranes and directly binds to the actin 

monomers [15]. As a result, there is a higher latrunculin A concentration in the cell medium, which 

increases the probability of latrunculin A molecules binding to G-actin. Therefore, G-actin is 

inactivated more rapidly, and thus cannot be used for actin polymerization. Confocal images obtained 

for the HUVEC culture exposed to a 0.5 µM solution of latrunculin A supported this interpretation 

(Figure 6), as they showed substantial actin fiber degradation, even resulting in the disruption of cell-

cell connections after only 20 min (Figure 7B).  
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Figure 6. Light intensity-time plots for two 50-µm-wide nanocuvettes, 24 h after cell seeding. Light 

intensity was recorded for a total time of 60 minutes in each case. In 3 independent experiments, HUVEC 

in different nanocuvettes were exposed simultaneously either to 0.1 µM or 0.5 µM latrunculin A. One 

example of such experiment for cells stimulated in 3 separate nanocuvettes is given here. The blue trace 

represents HUVEC treated with latrunculin A (0.1 µM) in one nanocuvette (blue box); the red trace is 

for HUVEC treated with latrunculin A (0.5 µM) in another nanocuvette. HUVEC exposed to latrunculin 

A (0.1 µM) show that between 35 and 45 minutes after addition of latrunculin A to the cell culture, a 

rapid drop in light intensity is observed (blue box). Similar cell behavior is observed for HUVEC exposed 

to 0.5 µM latrunculin A. However, the signal drop in this experiment appears earlier between 5 and 15 

minutes after exposure to the drug (red box, experiment done in triplicate). This rapid signal drop does 

not occur in the control cell culture (black trace). For more results see Appendix. 

 

 
Figure 7. Confocal images comparing control HUVEC culture with HUVEC culture exposed to 0.5 µM latrunculin 

A after 20 min. F-actin is stained with phalloidin (AlexaFluor 488; green), G-actin is stained with DNase I 

conjugates (AlexaFluor 594; red), and nuclei are stained with DAPI (blue). Nuclei show up purple in B, as the blue 

DAPI stain is overlapped by the red G-actin stain. All images were taken at a magnification of 40x. 
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6.3.2. Jasplakinolide  

To induce an effect that is opposite to the effects of latrunculin A, we employed an inducer of actin 

polymerization, namely jasplakinolide (Figure 3) [17]. This effect is achieved through accelerated 

actin polymerization by stimulating actin filament nucleation and removing G-actin from cytoplasm 

as a result. As a consequence, actin monomers are rapidly attached to the free end of F-actin and the 

concentration of G-actin in the cytoplasm decreases. This impairs the rearrangement of the actin 

cytoskeleton, which in turn quenches cellular micromotion [17]. 

In our study, we used jasplakinolide (0.1 µM) as a stabilizing agent for HUVEC micromotion. We 

hypothesized that this would lead to a progressive decrease in the fluctuation of the signal recorded 

with the optical chip. Figure 8 shows preliminary data in which this was indeed the case, with 

progressive quenching of micromotion of the exposed HUVEC culture, whereas the control culture 

exhibited the previously observed fluctuations in forward-light scattering over the duration of the 

experiment (described in Chapter 5). 

 

Figure 8. Light intensity-time plots for three 50-µm-wide nanocuvettes, 24 h after cell seeding. Light intensity was 

recorded for a total of 6h. The blue trace represents HUVEC treated with vehicle in one nanocuvette; the red trace 

is for HUVEC treated with jasplakinolide (0.1 µM) in another nanocuvette (treatment started at t=0 min). Initially 

both traces exhibit similar signal fluctuations (0 - 30 min). Afterwards, the signal fluctuation of the red trace 

decreased in amplitude, while the fluctuations in the control (blue trace) remained unchanged. The black trace was 

recorded for a gelatin-coated control well filled with cell medium. For more results see Appendix. 

 

The process of cell stiffening upon exposure to jasplakinolide was visualized using the same 

phalloidin/DNase I staining of F-actin and G-actin as were used for the latrunculin A experiments. 

The purpose of this imaging experiment was to confirm that the signal registered with the optical 

sensor reflected the biological status of HUVEC exposed to jasplakinolide (Figure 9). In the control 

HUVEC culture, the balance between F- and G-actin was preserved, as indicated by the even 

distribution of green and red staining throughout the cells (Figure 9A). Figures 9B-D show HUVEC 

after exposure to jasplakinolide for 20 min, 45 min, and 60 min. The prevalence of the green stain in 

these images is evidence of the higher presence of F-actin compared to G-actin. While more 

experiments are required to confirm the trends observed in the preliminary data from the optical chip, 

the confocal images correlate with the signal stabilization in the plot recorded with the optical device 

over the 5h time period of the experiment (Figure 8, red trace). 

+vehicle 
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Figure 9. Confocal images comparing a control HUVEC culture with HUVEC cultures exposed to 0.1 µM jasplakinolide 

in cell medium for 20 min, 45 min, and 60 min. The green color represents F-actin stained with phalloidin (AlexaFluor 

488), red color represents G-actin stained with DNase I conjugates (AlexaFluor 594), and nuclei are stained in blue 

with DAPI. (Magnification 40x). In the time course of HUVEC exposure to jasplakinolide, a decline of red signal 

corresponding to the presence of G- actin is observed. At the same time the green signal due to F-actin increases as 

existing fibers extend and new, shorter fibers are created. As a result, the balance between the two forms of actin is 

distorted and HUVEC become unable to rearrange their shape.  

 

6.4. Conclusions 

In this work we have further developed our method in which we measure forward light propagation 

through a few cells in the context of the entire cell layer. We have shown that we can identify patterns 

in the obtained signal which can be related to the occurrence of changes in the cells. This was achieved 

by manipulating of the cytoskeleton with cytoskeletal-specific xenobiotics which affects cellular 

micromotion. Two compounds, latrunculin A and jasplakinolide, were selected to target two specific 

cytoskeletal rearrangement processes, namely stimulation and inhibition of actin polymerization. 

Exposure of HUVEC to these compounds resulted in recorded light intensities which in both cases 

differed from resting cells, and also differed from each other. Latrunculin A blocked actin 

polymerization, which resulted in a lack of sufficient actin fibers to support cell membranes, cell 

adhesion, and tight junctions, which in turn led to membrane collapse and disruption of cellular 

connections. Upon administration of jasplakinolide, decreased cellular micromotion was observed 

due to a lack of free G-actin for further filament polymerization. The impaired balance between F- 

and G-actin resulted in quenched cytoskeletal rearrangement and reduced micromotion. 

A major advantage of our approach lies in the possibility to observe cellular response times to added 

drugs. Importantly, this type of experiment can be performed in a real-time fashion. It thus becomes 

possible to assess the timescale for the occurrence of the drug effects and its metabolism in a tested 

cell culture. Other methods (e.g. impedance [8] and dynamic mass redistribution methods [7]) for 

real-time and label-free cell behavior monitoring allow to take a look at large group of cells, thus 

obtained data represents averaged status of the probed cell culture. With our method it is possible to 

monitor cellular behavior of individual cells growing in a context of thousands of cells. This approach 

can be further developed to analyze a single cell in the context of a cell layer by reducing cuvette 

dimensions. Not only would this result in a decrease in the amount of tested cells, but would also 

benefit the amount of transmitted light, improving sensitivity.  

Observation of cytoskeletal rearrangement can be related to inflammatory response in human 

endothelium, which is characterized by changes in cell morphology and cell layer permeability (both 

embodiments of cellular micromotion). This is particularly important in the investigation of 

endothelial cells, which play a crucial role in the onset of cardiovascular diseases (CVD) [24]. 
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However, in order to research such a disease, different factors need to be implemented into our in 

vitro platform, including flow, co-culture with other cell types, and pathological stimuli. Therefore, 

further integration of microfluidic functionalities is necessary to leverage our platform. 
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Appendix 

 

Figure A1. Additional light intensity-time plots for two 50-µm-wide nanocuvettes with HUVEC culture exposed 

to 0.1 µM, 0.5 µM latrunculin A in EC medium and control cell culture. Latrunculin A was added at t=0. 
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Figure A2. Light intensity-time plots for two 50-µm-wide nanocuvettes with HUVEC culture exposed  

to 0.1 µM, 0.05 µM jasplakinolide in EC medium and control coated well and filled with EC medium. 

Jasplakinolide was added at t=0. 
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