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Chapter 5 

Localized optical monitoring of cellular micromotion through confluent 

endothelial cell layers 

Maciej Grajewski1, Patty P.M.F.A. Mulder1, Tjitze T. Veenstra2, Grietje Molema3,  

Elisabeth Verpoorte1 

1Pharmaceutical Analysis, Groningen Research Institute of Pharmacy, University of Groningen, The 

Netherlands 2LioniX B.V., Enschede, The Netherlands, 3Department of Pathology and Medical Biology, 

University Medical Center Groningen, University of Groningen, The Netherlands  

Abstract 
We present a new approach for real-time, non-invasive monitoring of cellular micromotion in 

endothelial cell cultures. This is achieved by directly introducing light into and guiding it through a 

cell layer. In this process, light is scattered by intracellular components and membranes. In a certain 

configuration, a certain amount of light will be scattered towards a collection point located in-plane 

with the cell layer and measured by a detector. The power recorded output serves as an indicator for 

a (patho)physiological status of the cell layer. As a result, any changes which occur due to physical 

or chemical cues from the environment in the cell layer will result in different cellular micromotion 

and thus different light scattering patterns which result in different output signals. The measured 

parameter, cellular micromotion, is caused in part by changes in the cytoskeleton and shifts of 

organelles in the cell cytoplasm in response to external stimuli (physical or chemical), and difficult 

to measure proportions. The observation of cellular changes is particularly important in the 

investigation of endothelial cells, as these changes can be an indication of the onset of endothelial 

dysfunction (i.e. onset of inflammation). 

Currently popular methods in in vitro research of endothelium require extraction of cellular 

components from the cell for tests, which encompasses cell culture destruction, and thus signifying 

the end of that experiment. Other methods that are available for the observation of changes in the 

cytoskeleton allow to monitor large groups of cells (entire cell cultures), whereas very often, it is 

interesting to investigate the interaction between small groups of cells. Better understanding of those 

cell-cell interactions could possibly reveal their mechanisms and dynamics. 

In this work, we propose a method which offers real-time monitoring of endothelial cell micromotion, 

and as a consequence this method provides researchers with detailed insight into cellular behavior 

before, during and after exposure to an experimental condition. Moreover, by avoiding the use of 

molecular labels, we eliminate the risk of these labels having an influence on the cells and their 

response to experimental conditions. Finally, the unique feature of the presented optical chip is that 

it allows probing of a few cells in the context of an entire cell layer. 

Keywords: Label-free, Real-time monitoring, Forward light scattering, Cytoskeleton, Human 

Umbilical Vein Endothelial Cells (HUVEC), Solid-state waveguide, Nanocuvette 
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5.1. Introduction 

In recent years, a lot of effort has been made to take a closer look at individual cell physiology and 

cellular responses to various environmental cues. The reason for this is that the variable responses of 

individual or rare cell types are often obscured by the measurement of the pooled response of the 

larger populations in which they reside. In endothelial research, understanding the behavior of 

individual or a limited number of cells within the context of an entire cell layer should provide 

valuable information when comparing healthy and inflamed endothelial cells, or in research on 

endothelial cell heterogeneity [1]. Analysis of a limited number of cells is inherently difficult when 

working with entire cell cultures, as the acquired information generally represents an average of the 

entire cell layer. Additionally, the stochastic nature of the (de)differentiation processes of cultured 

cells in vitro goes unnoticed during measurements with many of the currently available protocols, 

making our understanding of cell physiology incomplete [1]–[3]. Therefore, it is of great interest to 

have new technologies for investigating the heterogeneity of cell responses under well-defined 

chemical environments in a real time fashion. For this purpose integrated opto-microfluidic systems 

can be applied, as they provide such advantages for real time studies of in vitro cell cultures like low 

reagent consumption and the ability to work with limited numbers of cells [4]. However, methods for 

performing few-cell or single-cell analysis are limited, and the actual analysis generally occurs 

outside the cell culture. According to the majority of the analytical protocols applied in in vitro 

research, cells must be harvested and lysed before analysis can take place [5]. Therefore it would be 

beneficial to develop a new way of cell culture testing, which does not require termination of the 

experiment. The method currently employed for single-cell analysis is flow cytometry a technique 

which has greatly contributed to the screening of large cell populations, but is incapable of delivering 

an insight into cell-cell interactions within cell layers in real-time [6]. Detailed insight into cell-cell 

interaction in real-time can be obtained by introduction of reporter genes to tested cell cultures and 

their observation under a fluorescent microscope. However, with this approach we can monitor only 

one selected cell parameter (for example, the presence of a protein in the membrane tagged with a 

reporter molecule), and not the reaction of an entire observed cell culture to an applied variable [7]. 

A more detailed description and comparison of optical methods used for real-time analysis of a few 

cells is given in Chapter 2 of this thesis. 

The physiological parameter that actually can deliver real-time information about cell-cell 

interactions is cellular micromotion. Cellular micromotion is a phenomenon in which the morphology 

of individual cells constantly changes, which is caused in part by rearrangement of the cytoskeleton 

and shifts of organelles in the cell cytoplasm [8]. These changes in cell morphology can reflect the 

physiological status of the cell, for example endothelial cells under inflammatory condition tend to 

change their shape from cobblestone-like to a spindle-like shape (elongated) [9]. This motion, which 

occurs on the nanometer scale beyond the resolution of standard microscopes [10], depends on the 

biochemical status and metabolism of the cells, parameters which can be affected by external 

chemical and physical factors. Micromotion thus occurs as a result of cellular response to changes in 

environment, as they strive to maintain homeostasis. Being able to monitor real-time changes in 

micromotion non-invasively in cell culture as a result of chemical or other challenges to the cell layer 

may thus provide valuable insight into the cellular processes underlying these changes. As a result, 

this could contribute to a better understanding of endothelial disorders, where the onset of 

pathophysiological changes are related to cytoskeletal malfunctions [11]. 

Monitoring cell micromotion in adherent cell cultures requires an analytical approach to probe cells 

in the context of confluent layers. One early example employed impedance measurements to monitor 

endothelial cell layer micromotion [8]. More recently, optical approaches based on evanescent field 
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[12] or surface plasmon resonance (SPR) measurements [13] have been used, where cell cultures 

were probed for their motion behavior under changing culture conditions. In these studies, cells were 

grown on the surfaces of the optical devices. Cell layers were probed optically from underneath by 

light emanating up through the device surface. The cell culture areas that were probed in this fashion 

allowed one to measure e.g., differences in refractive indices between healthy and unhealthy cells. 

The above-mentioned methods can be applied for monitoring cell culture behavior in real-time, and 

thus enable the observation of dynamic cellular response to, for example, added pharmaceuticals. 

However, these methods probe larger groups of cells, without giving insight into the behavior of a 

few cells in a layer. The collected data always represent an average cell response from the entire cell 

population, and do not reflect the differences between cell subpopulations. Therefore, we developed 

a (reusable) optical chip which offers a solution to this issue and allows closer investigation of a few 

living cells in the context of a confluent layer and follow their response to the applied condition over 

time.  

This report presents a new, integrated optical device for monitoring cellular micromotion locally in 

small groups of cells (3-5 cells) in the context of much larger (thousands) adherent cell cultures. Our 

approach exploits nanoscale light scattering through a few cells cultured to obtain information on 

cellular micromotion. The optical device used in the experiments is based on a solid-state waveguide 

technology in which micrometer-wide, nm-thick, branched silicon nitride (Si3N4) structures are 

employed to distribute light to different regions on the chip. Nanocuvettes are formed by etching 

through the top silica layer and the Si3N4 waveguide, as shown in Figure 1. Light is introduced to the 

nanocuvette via the interrupted waveguide at one end of the nanocuvette (left side of Figure 1A). In 

the opposite wall of the nanocuvette, light can be collected by the waveguide again. Endothelial cells 

(human umbilical vein endothelial cells (HUVEC) in our case) seeded onto the surface of the optical 

chip will form a confluent layer that extends through the shallow nanocuvette (approximately 7 µm 

deep). Light is introduced into a confluent cell layer and forward-scattered to the interrupted 

waveguide at the other end of the nanocuvette. The collected portion of the light is registered by 

power meters and analyzed for changes in cellular behavior.  

 

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

cells studied in this work, are thin around their periphery (ca. 200 nm) and thicker in the nucleus area (ca. 

1–2 μm) when adhered to a surface [14]. The nanocuvette has been etched down through the waveguide to 

about 100 nm below the waveguide layer and has a total depth of about 7 μm. 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, the 

portion of light that reaches the other side of the cuvette is collected by the exit waveguide (red line).Since 

the dimensions of the waveguide and thus of the light beam are below the dimensions of a tested cells the 

measurement is not influenced by (molecules in) the medium above the cells. (B) The photo shows a top 

view of a nanocuvette containing HUVEC; the red, vertical lines indicate the location of the waveguides in 

the chip. The nanocuvette dimensions are x=100 μm, y=50 μm, and z=7 μm 
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Here, we propose a new label-free approach to record cellular micromotion using forward light 

scattering through a few cells being cultured in a much larger monolayer of HUVEC. With our newly 

developed method, it becomes possible to monitor cellular micromotion in a label-free fashion with 

visible light, which is coupled into a cell layer and collected directly from it. The method described 

below opens new ways for the observation of cell behavior in real time, under physiological 

conditions and of use to study responses of cells exposed to various chemical and physical cues (e. g. 

varying temperature conditions).  

5.2. Materials and methods 

5.2.1. The optical sensor design and technical details 
5.2.1.1. Chip design 

The optical chip has dimensions of 35 x 25 x 0.35 mm and is based on the TriPleXTM technology and 

consists of a layer of fused silica onto which waveguides (silicon nitride layers, Si3N4) have been 

deposited. Waveguides have been defined in the Si3N4 layer to guide light to and from a measurement 

site. The waveguides are 1 µm wide and 0.2 µm high, except for the regions with nanocuvettes, where 

the waveguide is 1 µm wide and 23 nm high. On top of the light waveguiding layer, another layer of 

fused silica is deposited. Figure 2A shows the layout of the branched optical waveguides. The 

measurement sites are essentially small cuvettes with dimensions chosen such that a cell layer at the 

bottom of the recess is at the height of the waveguide (vide infra Section 2.1.2.). Arrays of 

nanocuvettes are formed in the branched waveguides by removing the top silica cladding and Si3N4 

layers by Deep Reactive-ion Etching (DRIE) [15] (Figure 1 and Figure 2). The light is delivered to 

and collected from the optical chip with optical fibers arranged in fiber array unit (FAU). Fiber 

arrangement in FAU matches with the waveguiding structures deposited on the optical chip. 

Additionally, the optical chip-FAU interface has dedicated structures facilitating efficient light 

coupling into the chip and its collection from the chip (Figure 3). In the optical chip, taper structures 

were created which allow the efficient coupling of light to the optical chip from optical fibers and in 

reversed direction [16], [17] (Figure 3 and Figure 4). 

The TriPleX™ technology is a patented low-loss on-chip waveguide technology which allows for the 

control of multiple light parameters, such as wavelength, intensity, phase, mode size, polarization and 

input-output geometries, by deposition of the desired thickness of the silicon nitride layer in the 

designed shape. The technology is optimized for guiding light with wavelengths from 400 nm up to 

2000 nm.  
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Figure 2. (A) The optical chip layout with U-shape silicon nitride waveguides patterned on a fused silica 

substrate. Nanocuvettes are localized in the middle of vertical lines (green arrows). The optical chip has 

dimensions of 35 x 25 x 0.35 mm. Yellow blocks represent FAU which organize optical fibers in a 

matching order to silicon nitride waveguide structures on the optical chip (see 2.1.3). (B) Layout of the 

chip with bottomless wells (Ø 4 mm) molded in silicon rubber into which cells are seeded. The chip has 

4 vertical arrays of 4 U-shaped waveguides each, with nanocuvettes formed in the horizontal 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, the location on of the four is indicated with the green arrow). Optical fibers fixed 

to the device with FAU (yellow box) introduce the light to the chip with a single 4-µm-core fiber located 

at the left of each FAU and the light is collected separately from every nanocuvette with 50-µm-core 

fibers on the right side of each FAU and delivered to a detector (not shown). Red arrowhead in the 

leftmost vertical array indicates how incoming light is split over the U-shaped waveguides (yellow 

arrowheads) (waveguides not to scale). 

 

 

Figure 3. Sketch of the interface between Fiber Array Unit (FAU) and the optical chip shows  

a connection between the optical fiber organized in the FAU to the silicon nitride waveguides. The blue 

blocks represent the entrance and exits from the silicon nitride waveguides. 
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5.2.1.2. Dimensions of the waveguides and cuvettes on the optical chip 

A single silicon nitride waveguide (inlet) is divided into four separate waveguides, each containing 

one nanocuvette in its horizontal branch (Figure 2). The nanocuvettes are areas where both the top 

silica cladding and the waveguide have been etched away. At this point, the dimensions of the 

waveguide entering and leaving the cuvette are 1 μm wide and 23 nm high comprising a point light 

source (Figure 4). One waveguide end plays the role of light in-coupler to the cuvette (and, 

straightforwardly, to the cell layer). The silicon nitride located at the opposite cuvette end is the 

waveguide out-coupler, collecting the light directly from a cell layer and guiding it to the end of the 

waveguide. All the presented results were obtained with the optical chips having nanocuvettes with 

pathlengths of 50 µm or 100 µm. 

 

 

Figure 4. A combined photonic/fluidic device based on a solid-state waveguide device (TriPleX, 

technology from LioniX B.V.), in which nm-thick silicon nitride (Si3N4) waveguiding structures are 

sandwiched between two fused silica layers (top and bottom cladding). A nanocuvette (100 μm wide, 50 

μm pathlength, 7 μm deep) is formed by removing the top silica cladding and Si3N4 layers by Deep 

Reactive-ion Etching. The waveguide (1 μm wide, 23 nm high) ends at the bottom of the left wall of the 

cuvette in Figure 2 and continues in the opposite right wall.  

 

5.2.1.3. Light source and detectors 

The NovaPro Laser Diode (638 nm, continuous wavelength, max. power output 75 mW) from RGB-

Lasersystems GmbH (Germany) was employed with an initial power input of 5 mW in all experiments 

performed with HUVEC. An APC/UPC connective optical fiber (Thorlabs GmbH, Germany) was 

installed on the laser via a light coupler, a mechanical element applied for optimization of the light 

coupling angle from the laser to an APC/UPC fiber attached to the optical chip. FC/UPC optical fibers 

(Thorlabs GmbH, Germany) were irreversibly attached to the optical chip. Light is coupled to the 

chip with an FC/UPC optical fiber (core Ø 4 µm) and collected for each cuvette separately with optic 

fibers (core Ø 50 µm). All fibers are arranged in a plastic structure (Fiber Array Unit, FAU) to 

facilitate proper light coupling into and collection from the waveguide structures on the optical chip 

(Figure 3). The light-collecting fibers were connected to PM100USB power meters from Thorlabs 

(400-1100 nm, working range: 1 nW - 20 mW, resolution: 100 pW). In the experiments presented, 

data was acquired at a frequency of 1 Hz. Collected signals were registered as power readouts with 

power meters and presented as a function of time. It is important to notice that the registered power 

values (tens of nanowatts) during a measurement are a small fraction of initially applied laser power 

(5 mW). This indicates how large the loss of light is due to light coupling from the optical fiber to the 

chip, and the interaction of the light with cells in the nanocuvette (light side-scattering) in the optical 

chip. We estimated that cells were exposed to the light with a power of approximately 2 mW at the 

entrance to the nanocuvette, based on the information obtained from [15] and [16]. 

Si
3
N

4
 layer         Taper                Nanocuvette 

  

Top cladding 

Bottom cladding 
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In the developed optical chip it is possible to simultaneously monitor four nanocuvettes, but in our 

experiments we performed parallel data collection from three nanocuvettes, due to the fact thatwe 

had only three power meters at our disposal. A scheme of the experimental setup is presented in 

Figure 5.  

 

Figure 5. Schematic representation of setup components used in the experiments with the optical chip. 

Software (1) is used to control a red laser (2) from a desktop computer (9). The red laser unit (2) emits 

a light beam (5) with set power (mW). A cell incubator (3) maintains a stable cell culture environment. 

The optical chip (4) with HUVEC cells cultured on its bottom is placed in the incubator (3). Light emitted 

by the laser (5) is coupled into the optical chip (4) with HUVEC culture. The light after interaction with 

HUVEC culture (6) is collected separately per nanocuvette and delivered to individual power meters (7). 

The obtained data is registered by dedicated software (8) operated by the desktop computer (9). 

 

5.2.2. Protocols 

5.2.2.1. Optical chip preparation protocol  

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

adapted to contain the optical chip. A microscope holder was fabricated with a Felix v.3.0 (FELIX 

printers, de Meern, The Netherlands, nozzle diameter = 0.35 mm) in polylactic acid (polylactic acid 

filament, 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 (Figure 6). 
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Figure 6. (A) The optical chip mounted in the adapted polystyrene box positioned in the 3D-printed 

holder matching a microscope used in the experiments. (B) The optical chip under the microscope placed 

in the 3D-printed holder. 

 

We designed and fabricated an experimental setup using wells (Ø 4mm; volume: ~50 µL ) into which 

cells were seeded (Figure 2B). The bottomless poly(dimethylsiloxane) (PDMS) (Sylgard 184, Dow 

Corning Corp., USA) wells were aligned in such a way that a single well is positioned above a single 

nanocuvette. The PDMS structure with the wells was kept in place using a clamping setup to prevent 

leakage. The advantage of this approach is that the optical chip can be easily cleaned and re-used, as 

the PDMS layer could simply be lifted off.  

5.2.2.2. Sterilization of the optical chips 

Chips were sterilized with 70% ethanol (Sigma-Aldrich Co Ltd., UK) for at least 5 min., then rinsed 

three times (3x) with sterile phosphate buffer saline (PBS, pH = 7.4, Sigma-Aldrich Co Ltd., UK). 

5.2.2.3. Coating of the optical chip with 1% gelatin 

One percent gelatin (1%) (Sigma-Aldrich Co Ltd., UK; product number G9382) solution in sterile 

PBS was injected into the wells and kept at room temperature (RT) for 45 min. The gelatin acts as a 

substitute for the extracellular matrix (ECM), which encourages endothelial cells to adhere to the 

surface. The gelatin deposited on the optical chip was cross-linked with 0.5% glutaraldehyde solution, 

prepared from a 25% stock solution of glutaraldehyde (Polysciences Europe GmbH, Germany) in 

sterile PBS. The reaction was carried out at RT for 15 min. Coated wells were rinsed twice with sterile 

PBS, with 10 min incubation at RT between rinses. The last step in chip preparation involved 

conditioning with endothelial cell medium (EC medium; composition below) for 1h in the cell 

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

measurement in each experiment with the optical chip was performed to monitor the gelatin-coating 

in the nanocuvettes, with changes occurring in nanocuvettes during the gelatin-coating procedure 

being registered. 

5.2.2.4. Cell Culture 

5.2.2.4.1. Human Umbilical Vein Endothelial Cells 

Human Umbilical Vein Endothelial Cells (HUVEC, Lonza CC-2519) were cultured to confluence in 

T25 flasks for at least two passages before being seeded on the optical chip. Only HUVEC from 

passages between 2 and 5 were used for experiments. Preparation of HUVEC cultures for the 

B A 
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experiments was performed by Endothelial Cell Facility of University Medical Center in Groningen. 

HUVEC were harvested from T25 bottles by trypsinization (0.05% trypsin solution in sterile PBS; 

20 µL/cm2 of trypsin solution, Sigma-Aldrich Co Ltd., UK; product number 59418C), counted and 

resuspended in fresh EC medium at a concentration of 500 cells/µL (20 µL of cell suspension per 

well). After harvest, HUVEC were kept on ice until further use for a maximum time of 1h before the 

seeding procedure was carried out. The Eppendorf tube containing the cells was gently shaken to 

resuspend the cells before injection into a well located on the optical chip (Figure 2B). 

5.2.2.4.2. Cell medium composition 

Endothelial cell medium (EC medium) consisted of RPMI 1640 (Lonza Benelux BV, Breda, The 

Netherlands); endothelial cell growth factor (ECGF) (50 µg/mL isolated from bovine brain); L-

glutamine (2 mM; Gibco-BRL, Paisley, Scotland); heparin (5 U; Leo Pharm. Prod., Weesp, The 

Netherlands); K-penicillin G (100 IE/mL; Astellas Pharma Europe B.V., Leiderdorp, The 

Netherlands); streptomycin (100 µg/mL; Fisiopharm, Italy); and Fetal Calf Serum (FCS) (20% v/v; 

Hyclone, Perbio Science, Etten-Leur, The Netherlands). 

5.2.2.5. Experimental protocols 

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

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

of 20 µL of HUVEC suspension into the PDMS wells at a concentration of 500 cells/µL (10 000 cells 

per well). After cell injection, chips were placed in the incubator for 1h to allow HUVEC to attach to 

the optical chip. Unattached HUVEC were removed by gentle rinsing with fresh EC medium and the 

chips were placed in the incubator. The presence of attached HUVEC in the nanocuvette was 

confirmed with a Leica inverted microscope before and after optical measurement performed in the 

optical chip. All measurements were performed in the cell incubator, except when mentioned 

otherwise in the text. In each experiment, the signal arising from a confluent layer of resting HUVEC 

was compared to the signal obtained from a confluent HUVEC layer which had been controllably 

changed by, for instance, a chemical or temperature treatment. All experiments were performed in 

triplicates with different batches of cells at different time points. 

5.2.2.5.1. Monitoring of cellular micromotion with the optical chip 

The experiment was performed as described above (Section 2.2.5). Medium was refreshed 1h before 

each optical measurement. Measurements were performed before cell seeding, 24h after cell seeding 

and 48h after cell seeding, and lasted 1h 3 min. 

5.2.2.5.2. Monitoring of cell adhesion to the surface of the optical chip 

By cell adhesion we understand a process when cells settle and adhere to the chip surface. The 

experiment was carried out as described above (Section 2.2.5). Measurement was performed directly 

after cell injection into the wells located on the optical chip and lasted 1h 3 min. 

5.2.2.5.3. Monitoring of cell detachment from the optical chip 

The experiment was performed as described above (Section 2.2.5). Medium was refreshed 1h before 

the planned measurement. The measurement was started after 24h of cell culture in the incubator and 

after subsequent addition of medium with wortmannin (10 µM) to terminate HUVEC cultured on the 

optical chip surface. 

5.2.2.5.4. Monitoring of reversible inhibition of cellular micromotion at 4ᵒC with optical chip 

The experiment was performed as described above (Section 2.2.5). Medium was refreshed 1h before 

optical measurement. Measurement was performed after 24h of culture in the incubator, and lasted 
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3h. The first 45 min of the measurement were carried out with the device in the cell incubator. Next, 

the optical chip was placed in a box filled with ice, and data was recorded for another 1h. The 

temperature was controlled with a digital thermometer (Standard ST-9612 Thermometer) (AMECal 

Ltd., UK), and remained constant at 4ᵒC. Afterwards, the optical chip was placed back in the cell 

incubator and measurement was terminated after 3h in total.  

5.2.2.5.5. Monitoring of cellular micromotion with the optical chip for 24h 

The experiment was performed as described above (Section 2.2.5). Medium was refreshed 1h before 

each optical measurement. Measurements were performed before cell seeding, and after 24h of 

culture for a time period of 24h (without interruption). 

5.3. Results and discussion 

5.3.1. Establishment of the experimental protocol with the optical chip 

In this study, we demonstrate a new label-free approach to record cellular micromotion in real-time 

using forward light scattering through small groups of cells in monolayers of HUVEC. The concept 

of light propagation through cell layers has been demonstrated before by Yashunsky et al. [18], who 

showed that a confluent epithelial cell layer behaves as a light waveguiding material, albeit a leaky 

waveguide. However, this method was not label-free, because it employed genetically modified cells 

expressing a fluorescent marker, green fluorescent protein (GFP). Moreover, the experiments were 

performed with fixed cells, excluding this method as a way to monitor live cells in real time.  

In the first experiment with the optical chip, we monitored the gelatin-coating procedure. The purpose 

of this measurement was to confirm that the chip could register a stable light signal. As shown in 

Figure 7, we observed differences in the registered power outputs in each nanocuvette depending on 

the solution in the nanocuvette. Similar light scattering patterns were found in all nanocuvettes used, 

but the absolute light power outputs vary as a result of uneven light splitting on the optical chip and 

probably variable light coupling efficiencies at optical fiber-chip interface. The lower power 

intensities were observed for cuvettes located further from the FAU (Cuvette 2 was located closer to 

the FAU than Cuvettes 3 and 4) (Figure 7). 

 

Figure 7. Monitoring of a gelatin coating procedure performed with the optical chip. The graph shows 

the dependence of light intensity passing through the nanocuvette on the type of medium present in the 

cuvette. Air, as the medium with the lowest refractive index amongst those tested, did not transmit light 

very efficiently through the nanocuvette. Solutions of gelatin, glutaraldehyde, and PBS have similar 

refractive indices, thus similar power intensities were observed for light passing through these media.  
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In initial experiments, different light wavelengths (488 nm, 532 nm, and 638 nm) compatible with 

the TriPleXTM waveguiding technology were tested. The nominal power used in these experiment 

was 5 mW for every wavelength to assess which wavelength would be optimal for the following 

experiments. It is important to note that only a small fraction of the initial light power interacts with 

cells in the nanocuvette. Figure 8 shows that red light (638 nm) enables the most sensitive recordings 

of cellular micromotion, and the amounts of collected red light are sufficient for observation of 

cellular behavior (collected light intensities above detection limits of the power meter, which is 1 

nW). On the other hand, blue and green light did not reach the detector in sufficient amounts to yield 

information about the cell culture (Figure 8). 

Red light at a wavelength of 638 nm exhibits good penetration into living mammalian tissue and is 

harmless to cells at the administered dose (less than 2 mW), as if does not cause creation of free 

radicals in cells [19], [20]. Far less light was transmitted through the few cells probed at wavelengths 

of 488 nm (blue) and 532 nm (green). This is because various cell components, including DNA and 

proteins, absorb light with these wavelengths, and thus attenuate light propagation through cells at 

these wavelengths [20]. Moreover, light at these shorter wavelengths can adversely affect proteins 

and oxidize lipids [20]. To reconcile both biological and technological demands for this 

measurements, red light (638 nm) was chosen.  

 

Figure 8. Screening for an optimal wavelength for experiments with HUVEC. HUVEC were cultured for 

a period of 24h to achieve confluency. Afterwards, a series of forward-light-scattering measurements in 

the optical chip was performed, where HUVEC were monitored with different light wavelengths for a 

period of 1h. For this experiment, a Hyperion B Laser (XiO Photonics B.V., The Netherlands) was used, 

as it was able to emit light at three different wavelengths (488 nm, 532 nm, and 638 nm).The detection 

limit of used power meters, as mentioned by the producer is 1 nW and represented in the chart by a black 

line. 

 

The experiments, presented below, confirm that the signal observed was in fact due to forward light 

scattering, a phenomenon which manifests as light reflection by subcellular components and the cell 

membrane [21]. Furthermore, in experiments where this novel optical method was employed, it was 

possible to distinguish between resting HUVEC layers and HUVEC exposed to changing culture 

conditions, due to observed changes in recorded signals for HUVEC under different experimental 

conditions.  
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5.3.2. Cellular micromotion 

We hypothesize that the cell signal can be explained by the constant movement of cell membranes 

due to the shifting of cytoskeletal components. This causes light scattering sites in cell membranes, 

cytoplasm and nuclei to continuously shift position with a corresponding variation in collected light 

intensity. As presented in the introduction, cellular micromotion can result from changes in 

cytoskeletal structure resulting from a change of cellular shape [8], [22]. Cytoskeletal changes are 

dependent on the biochemical status of the cells, e.g., constant actin polymerization and 

depolymerization is a naturally occurring action which contributes to cell micromotion. As a first 

proof that the signal recorded by the optical chip in the presence of HUVEC layers was indeed due 

to cellular micromotion, the signal was recorded both in the presence and absence of cell layers. 

HUVEC were cultured under standard conditions. The signal in Figure 9 was recorded using a 

continuous wavelength laser diode (638 nm), first for the gelatin-coated nanocuvette filled with cell 

medium before introduction of cells, and subsequently for cell layers after 24 h and 48 h after cell 

seeding. The intensity-time plots recorded for HUVEC fluctuate stochastically over a 1-h 

measurement period at 24 h and 48 h in the culture, in contrast to the signal recorded for medium-

filled nanocuvettes. Hence, the presence of cells in the nanocuvette led to the recording of a different 

optical signal than when no cells were present.  

 

 

Figure 9. Light intensity-time plots for the same nanocuvette, without cells, and the same cell culture at 

24 h and 48 h after cell seeding from four consecutive and independent experiments performed with the 

same optical chip. In this experiment HUVEC were used. Blue and red traces represent changes in signal 

amplitude obtained from light scattering measurement for HUVEC over time, whereas the black trace 

represents a gelatin-coated well filled with cell culture medium. Each time the collected light scattering 

signals exhibited similar stochasticity in terms of signal amplitudes. For more results see Appendix. 
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5.3.3. Cell seeding 

We then performed an experiment to test the ability of the method to monitor signal changes during 

the process by which HUVEC attach and form confluent layers in the nanocuvettes. Cell suspensions 

were injected into the PDMS wells to allow formation of confluent layers in the nanocuvettes, after 

which the optical chip was placed in the incubator. The scattered light intensity was recorded for 

about 1 hour just after injection of HUVEC suspension into the PDMS wells (Figure 10). The 

collected data appear to show that HUVEC need approximately 35 – 40 minutes to adhere to the 

gelatin-coated surface and form a monolayer. This is in agreement with observations made by others 

(Molema Lab, UMCG, The Netherlands) and our lab, that the start of cell adherence is generally 

observed under a microscope about 30 minutes after cell introduction to channels or well plates (data 

not published). This result suggests the possibility of real-time monitoring of cellular processes like 

cell adhesion.  

 

 

Figure 10. The signals recorded for about 1h starting from HUVEC injection onto the optical chip are 

shown on the left. Thirty five (blue trace) and forty (red trace) min after cell introduction to the PDMS well 

(t = 0 min), the rapid fluctuations of the signals became slower, and the recorded signal resembled that 

obtained for adhered and confluent HUVEC layers (black arrows) after this time. Hence, it is possible to 

distinguish between a settling cell suspension and a confluent cell layer. The black line represents a blank 

measurement made in parallel with cell seeding for a coated nanocuvette filled with medium only to 

monitor stability of an setup. The attached photo (right) shows a newly formed confluent HUVEC layer on 

the optical chip taken after the optical measurement (t = 60 min after cell seeding). Magnification 20x. 

For more results see Appendix. 

 

5.3.4. Cell death and detachment from the optical chip surface 

In order to determine if cells are indeed guiding light, a HUVEC layer was exposed to wortmannin 

solution (10 µM) (Figure 11). Wortmannin is a covalent inhibitor of phosphoinositide 3-kinases 

(PI3Ks), an enzyme family involved in, among the other functions, the phosphorylation of proteins 

responsible for changes in the cytoskeleton as a reaction to environmental cues [23]. Introduction of 

10 µM wortmannin, is considered to be a lethal concentration for HUVEC [23], at time = 0 minutes 

caused a rapid decrease in light intensity, which flat-lined at a low value after 30 min (Figure 11). 

HUVEC death was identified as a rapid signal fluctuation between the 15th and 30th minute of light 

measurement (Figure 11, green box), and was followed by cell detachment from the bottom surface 

of the nanocuvette before the visual inspection under a microscope (Figure 11, blue arrow). As a final 

consequence, the cell layer was destroyed and the path for the forward scattered light through the 
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cells was disrupted. The recorded signal after this point resembled that of the control (gelatin-coated 

nanocuvette filled with cell medium), acquired for a nanocuvette containing no cells. 

 

Figure 11. Light intensity-time plots for a 50-µm-wide nanocuvette before cell seeding (black trace), and 

2 h and 24 h after cell seeding. Light intensity was recorded for a total time of 60 min in each case. The 

red trace was recorded for HUVEC before treatment with wortmannin (2h after cell seeding); the violet 

trace was recorded for the same HUVEC culture after 24h and addition of wortmannin solution (10 µM) 

in cell medium at t=0 min. This high concentration of wortmannin was toxic for the cells, and resulted 

in cell death after 30 min (green box and arrow), followed by cell detachment from the surface (blue 

arrow). The black trace, obtained in the cuvette before cell seeding, is included for comparison. For 

more results see Appendix. 

 

5.3.5. Reversible inhibition of cellular micromotion at a temperature of 4ᵒC 

Having established that the forward-scattered light signal differed for nanocuvettes with cells to those 

without cells adhered to the chip surface, we set out to establish cellular micromotion as the cause of 

signal fluctuation over time in a single experiment. A reversible inhibition of cellular micromotion 

was achieved by cooling down a HUVEC culture to 4ᵒC during a forward light scattering 

measurement. The decrease in temperature results in temporary inhibition of enzymatic activity [24]. 

Additionally, the fluidity of the cellular membrane is also decreased at lower temperature [25]. 

Together, these effects will lead to decreased cellular micromotion [25], and thus decreased shifting 

of scattering sites (cell membrane, intracellular components). A decreased light scattering amplitude 

in registered signal is the expected result. The data presented in Figure 12 were obtained for the 

optical chip with a confluent layer of HUVEC placed on ice (4ᵒC), and indeed, reduced signal 

amplitude was observed. The effect was reversible, and signal amplitude recovers once cells are 

warmed up again in the incubator to 37ᵒC and metabolic processes resume. This simple experiment 

confirmed our hypothesis that we were observing cellular micromotion. 
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Figure 12. HUVEC were cultured for 24h in a nanocuvette prior the optical measurement. The cells were 

then interrogated for 3 hours with the red laser (638 nm). In the first 45 minutes of the interrogation,  

the device was situated in an incubator (37ᵒC), and HUVEC micromotion caused the expected signal 

fluctuation. The chip was then placed on ice (4°C, blue box), and signal fluctuation decreased substantially. 

After placing the device back in the incubator, the recorded signal resumed its previously observed 

fluctuation almost immediately after placing cells back into the cell incubator. Photo A represents the 

situation in the endothelial cell culture before the measurement, whereas photo B shows the HUVEC after 

the measurement, images confirm HUVEC presence in the nanocuvette before and after the measurement. 

Images were taken with a magnification of 20x For more results see Appendix. 

 

5.3.6. Real-time monitoring of HUVEC for 24h 

The next step was to check whether our approach could be used for long-term cell culture monitoring. 

To achieve this aim, the experiment on the optical chip was conducted according to the developed 

protocol. After overnight incubation, a confluent cell culture was submitted to a 24h-period of signal 

recording; the collected data are presented in Figure 13. Cell observation after the 24h measurement 

did not reveal any negative effects on cell culture caused by long term exposure to red light (638 nm). 

This observation was based on visual inspection under the microscope of HUVEC after the 24h light 

scattering measurement with the optical chip. Therefore, we conclude that it is possible to perform 

long term (up to 24h) real-time measurements with HUVEC cultured on the optical chip. This opens 

up a new way, for example, of monitoring drug effects on micromotion of cultured cells without the 

need for cell culture termination [26]. Thus in the future, this optical chip might become an alternative 

to end-point analysis, if we can find a method for data analysis for obtained signals. 

A 

B 
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Figure 13. HUVEC were cultured on the surface of one device until a confluent layer was formed.  

The cells in the nanocuvettes were then interrogated for 24 hours with the red laser (638 nm). Blue and 

red trace each represent signals obtained for two independent nanocuvettes with HUVEC, while  

the black trace shows data collected from a gelatin-coated well filled with cell medium (control well). 

It is clearly visible that in a 24h period HUVEC exhibited constant micromotion. Photos A (for the red 

trace) and B (for the blue trace) show viable HUVEC cultures from two nanocuvettes after 24h 

measurement. Photos were taken with magnification of 10x. 

  

A B 
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5.4. Conclusions 

The aim of this research was to develop an optical tool for monitoring cellular behavior, and thus 

contribute to real-time monitoring of cell culture experiments. This was achieved by fabrication of an 

optical chip with integrated waveguides, with which it is possible to inject red light into and collect 

from a cell layer. The light was injected into the cell layer at a specific site, inside a nanocuvette. The 

signal is then collected in the form of forwardly scattered red light and delivers information about 

cellular motion and its dynamics in a real-time fashion. It was possible to distinguish between 

HUVEC cooled to 4⁰C and normal HUVEC culture at 37⁰C by comparing the light intensity 

recordings for both conditions. A significant reduction of light intensity fluctuation at 4⁰C was 

ascribed to impaired cellular micromotion resulting from cells being inactivated at this temperature. 

This method thus represents an innovative, label-free approach to monitor cellular micromotion in 

HUVEC, as it allows non-invasive monitoring of cellular behavior by direct coupling of light into a 

cell layer from an integrated waveguide and its subsequent collection from the layer by a second 

waveguide. In turn, these experiments show that there are possibilities in applying this tool for 

example in the observation of drug effects on cell cultures. The unique aspect of our method and the 

experiments in this Chapter, is that all the traces that are shown give information about just a few 

cells, which are growing in the nanocuvette, yet are part of a much larger, confluent cell layer. 

5.4.1. Data analysis 

The data obtained in the presented experiments exhibit recognizable trends in collected forwardly-

scattered light signals, that can be ascribed to specific biological phenomena occurring in tested cell 

cultures. However, to fully explore the potential of the device, we need to develop a method for data 

analysis to understand what information is contained in the recorded data with respect to actual cell 

status. Currently, our approach is applicable only when both the biological effect and the time of its 

occurrence are known from the literature, upon exposure to a stimulus. This means that we can 

correlate effects that we can observe visually to signal trends observed in the light intensity trace. 

However, if an unpredicted effect takes place, we are not yet capable of identifying the nature of that 

event from the light intensity-trace alone. In order to unlock the full potential of this method, analysis 

protocols need to be developed and integrated. However, this is beyond the scope of this work. For 

now, we base our interpretation of results on the observation of signal trends and relating them to 

phenomena described in the relevant literature. 

5.4.2. Potential of method and future outlook 

The optical chip represents a novel approach for probing cells with visible light (red light), because 

it allows light to be coupled into sub-µm-high cell layers and signal collection specifically from 

probed cells. This is achieved by exploitation of scattered light on the nanoscale from just a few cells. 

The collected signal delivers information about the status of the cell layer, which might be monitored 

in real-time and immediately translated to information about the health status of a cell culture [27]. 

The developed device can combine a microfluidic approach with optical interrogation of living cell 

cultures to gain information about their health status under conditions as close as possible to 

physiological conditions by application of a flow of medium, which makes this method potentially 

powerful in future applications. This can be achieved by integration of, for example, microchannels 

to recreate a shear stress from blood vessels in experiments with endothelial cells. 

The developed method makes it possible to take a closer look at cellular processes related to changes 

in the cell status in a real-time fashion. This opens a new route to label-free sensing and might 

compete with published methods, because our approach, in contrast to an impedance method, is 
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capable of probing very small numbers of cells [8], [22]. Due to the applied technology it became 

possible to test a few cells and monitor their response to physical and chemical cues. Future 

experiments will exploit the possibility of application of the optical chip in drug effect monitoring in 

real-time. The optical chip was designed in such a way, that it can be applied to experiments with all 

adherent cell cultures, and culture conditions might be easily modified depending on a cell culture for 

better resemblance of the in vivo situation by, e. g., application of flow. 

The optical chip facilitates the monitoring of the biophysical processes occurring in a sampled cell 

layer, and the interpretation of the collected data will have to be supported by other results obtained 

with already existing methods (Q-RT-PCR, protein assays or confocal microscopy). Therefore, future 

work will attempt to correlate data obtained from the optical chip with molecular methods to assess 

changes in the living cell under different experimental conditions. We believe it should be possible 

to use this device to monitor biochemical processes which have been already observed using different 

biochemical methods. 

The novel photonic method can significantly contribute to a number of label-free assays, where 

cellular behavior and the cellular response to numerous physical and chemical factors are of interest. 
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Appendix 

Figure A1. Additional light intensity-time plots for the same nanocuvette, without cells, and the same cell 

culture at 24 h and 48 h after cell seeding from four consecutive and independent experiments performed with 

the same optical chip. 

 

 

Figure A2. Additional light intensity-time plots recorded for about 1h starting from HUVEC injection onto the 

optical chip  . 
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Figure A3. Additional light intensity-time plots recorded for a 50-µm-wide nanocuvette before cell seeding 

(black trace), and 2 h and 24 h after cell seeding. Light intensity was recorded for a total time of 60 min in 

each case. The red trace was recorded for HUVEC before treatment with wortmannin (2h after cell seeding); 

the blue trace was recorded for the same HUVEC culture after 24h and addition of wortmannin solution (10 

µM) in cell medium at t=0 min. 

 

 

Figure A4. Additional light intensity-time plots recorded for the experiment where HUVEC were exposed on 

the temperature of 4⁰C for a certain period of time. 
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