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Chapter 2  

Optical research tools for real-time cell and tissue culture monitoring 

Maciej Grajewski and Elisabeth Verpoorte 

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

Netherlands 

Abstract 
Rapid technological development in recent years has led to the development of new tools for on-line 

monitoring of in vitro cell/tissue culture experiments in real time. Optical research tools in particular 

have seen important advances. Examples of this are the development of two-photon microscopy and 

the broad application of flow cytometry in cell culture research. A third approach that is gaining 

more attention is evanescent waveguide sensing, due in part to the advances in the (micro)fluidic 

components of these systems. In this work, we review the current application of these three optical 

technologies to real-time monitoring of cell and tissue models, to better understand their strengths 

and limitations. Furthermore, this review serves as a guideline to help define the method and 

parameters to be monitored for specific experimental goals in such research. To assess the 

applicability of the optical tools in in vitro research, we reviewed the following specifications: sample 

preparation (necessity of labelling, demand for material extraction), time of analysis, possibility of 

real-time monitoring, and sensitivity. Taking these specifications into consideration allows one to 

reliably select an optical method for monitoring cell cultures for a given application, as well as giving 

a perspective on future developments in this field. Finally, we point out possible directions of 

development for the technologies under consideration, which are influenced by the trend towards 

miniaturization in laboratory equipment. One important factor contributing to this trend is 

microfluidics, which offers solutions for current limitations in real-time cell/tissue culture monitoring 

with respect to engineering cellular microenvironments and controlling experimental conditions.  

Keywords: cell and tissue in vitro cultures, label-free optical methods, microscopy, flow cytometry, 

evanescent waveguide sensing 
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2.1. Introduction 

The field of cell biology has great significance in not just billion-dollar businesses, like the 

pharmaceutical industry, but also in understanding life and its origin. As we learn more about the 

living cell, its behavior, and communication with other cells, we grow to appreciate how complex it 

actually is, and how much we still need to discover. In order to continuously broaden and deepen our 

fundamental knowledge of the cell, we depend on engineers to provide us with the tools that allow 

even better data extraction from our biological models in biomedical research. Recent work has led 

to a number of significant discoveries contributing to the fields of tissue engineering and 3D 

cell/tissue cultures [1]–[4]. One of the big players in such work on the engineering side is 

microfluidics, both for the miniaturization of laboratory equipment and for the integration of many 

functions into a single device [5], [6]. Moreover, microfluidic concepts for flow application, gradient 

creation, and optimization of device geometries to experimental demands has stimulated the 

development of new analytical methodology in numerous research areas [6]–[8].  

One of the most vibrant areas of interest in biomedical-research-tool development is real-time cell 

culture monitoring, which is expected to deliver systems for continuous observation of cellular 

behavior and simultaneous information acquisition about the health status of the cell(s) [9]–[12]. To 

gauge research interest in cell culture experiments we searched with the Medline (PubMed) search 

engine for the number of papers with the keyword “Real-time cell culture monitoring” that were 

published in the past decade. The results showed a growing yearly number of publications (Figure 1), 

in total summing up to 570 publications in peer-reviewed journals in the past ten years. In this work, 

we critically assess the progress made in the field of real-time cell culture monitoring, to identify 

which approaches will help us to answer today’s questions, or yield opportunities for further 

development of the technology. Specifically, we will focus on optical methods, because these have 

always been popular in cell biological research. In this, microfluidics was identified as a driving factor 

in enabling future developments of optical research tools for cell culture (especially live cell culture) 

[13]–[15]. 

 

Figure 1. Graph representing the result of the literature search with the keyword: “Real-time cell culture 

monitoring” over a period of 10 years. We observe dynamic growth in publishing between 2008 and 

2012, after which the number of publications per year stabilized. Data obtained from Medline (PubMed). 

 

[Alexandru Dan Corlan. Medline trend: automated yearly statistics of PubMed results for any query, 

2004. Web resource at URL:http://dan.corlan.net/medline-trend.html. Accessed: 2017-03-13. (Archived 

by WebCite at http://www.webcitation.org/65RkD48SV)] 
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2.1.1. Importance of real-time measurements 

In the context of this work, real-time measurement refers to an experimental approach involving 

microfluidics in which the experimental system (cell culture) can be monitored continuously without 

extracting cells from the culture. Data is acquired for selected experimental parameters at the moment 

that the measured event occurs, without interrupting the experiment. The obtained data can be 

analyzed during the experiment or after. Furthermore, the nature of the data can be quantitative, 

qualitative or both [16], [17]. The time resolution of collected datasets during an experiment strongly 

depends on the method itself, as well as the nature of the process being observed in the cells. For 

example, the cellular response to changes in shear stress requires a couple of hours to develop, 

whereas the binding of membrane-soluble drugs to their targets in cytoplasm can be observed within 

minutes. 

As a result of the application of real-time measurements in an experiment, it is possible to acquire 

data continuously, which increases the information density. Therefore, better insight into the 

experimental system on a relevant time scale is achieved compared to a setup in which data is 

collected in a discrete fashion, which results in incomplete or fragmented information (Figure 2). 

Real-time measurements in cell and tissue research are important to detect changes occurring in the 

respective biological system over the duration of an experiment. In this context, the key factor that 

determines the value of an analytical method is the frequency with which the measurements are 

performed. Again, the possible frequency solely relies on the method, whereas the required frequency 

is determined by the process that is being observed [18]. For example, binding of a substrate to a 

membrane receptor occurs within minutes of its addition to the culture and therefore requires a 

relatively high sampling frequency [12], whereas the effect on the culture of the substrate addition 

can take an hour or more and thus requires a lower sampling frequency to monitor [19]. Researchers, 

thus, have to be aware of the time scale that is associated with a particular cellular process in response 

to experimental conditions to select an adequate scientific method to observe the cellular response.  

However, when a new parameter for cell culture observation is introduced, little may be known about 

the dynamics of the occurring changes. Thus, it is important to have the opportunity to sample the 

cell/tissue culture in real-time at a high frequency to gain insight into the nature of those cellular 

changes.  
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Figure 2. The chart presents a schematic view of how less-frequent data acquisition over the course of an 

experiment can yield a significantly different perspective of observed behavior than when that behavior is 

monitored with a higher frequency. The graph represents the data density obtained with a real-time data 

acquisition method (the blue line) and a discrete monitoring method (the red dots). Every red dot 

represents an individual experiment/separate measurement, whereas the real-time method allows the 

collection of data from the entire time line of the experiment. Additionally, gaps between the red dots 

represent time periods within the measurement where no information about the experiment status was 

acquired, thus the trend of changes is unknown. 

 

2.1.2. Optical inspection of cell cultures 

In this work, we focus specifically on optical methods for real-time monitoring of cell and tissue 

cultures. Optical methods are broadly applicable in research [17], and great advances have been made 

in recent years with these methods (including a Noble Prize in Chemistry in 2014 "for the 

development of super-resolved fluorescence microscopy") [20]–[22]. There is also a diversity of 

optical methods available on the market [23]. The most popular method used in cell/tissue culture 

experiments for visual inspection is light microscopy (usually contrast phase for adherent cell 

cultures). However, the employment of visual inspection for real-time monitoring and data 

acquisition is rare. In most cases, visual inspection of cell culture serves rather as a method to check 

the cells’ health status and the growth phase of the cell culture [24]. However, it does not provide 

quantitative information about specific processes in cells. Therefore, a number of improvements in 

methodology and microscopy equipment have been introduced to facilitate real-time monitoring of 

intra- and intercellular processes in cultures under different experimental conditions. Besides 

microscopy, we will consider other analytical approaches such as flow cytometry and optical sensors 

based on evanescent waveguide technology for cell/tissue culture monitoring in this work. These 

optical methods are promising tools for cell monitoring in the biomedical field, because of their non-

contact nature and minimal adverse effects on cell/tissue cultures compared to non-optical 

alternatives.  
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2.2. State-of-the-art optical methods for cell and tissue culture  

In this section we consider the characteristics of three optical methods which are applied in in vitro 

biomedical research: two-photon (2p) microscopy, flow cytometry and evanescent waveguide 

sensing. Additionally, we present examples, in which the described methods were applied in an 

innovative way, resulting in a higher information yield. Finally, we will indicate possible directions 

of evolution for these methods. 

2.2.1. Two-photon microscopy 

Two-photon microscopy is a live imaging technique in which fluorescence can be used to observe 

cells and tissues with penetration up to 1.6 mm into the observed object (Figure 3) [21], [22], [25]. 

The differentiating factor between standard fluorescent microscopy and two-photon microscopy is 

the fact that in the latter, a collision of two photons (rather than one) with the sample is required to 

excite it, resulting in light emission with a shorter wavelength than the individual wavelengths of 

exciting photons [20], [26]. Two-photon microscopy usually utilizes near-infrared light to excite 

fluorescent dyes in tissue. The major benefit of the application of infrared light is the low absorbance 

and limited light scattering in living tissues. This results in better light penetration into the sample 

[26], [27]. Additionally, the red light induces no adverse effects in living animal cells [23], therefore 

causes less phototoxicity than other fluorescent microscopy techniques [26]. Furthermore, two-

photon microscopy provides the possibility to selectively excite a specific sample region, without 

excitation of cells above and below the focal plane. Due to this precise light focusing, protein and 

lipid oxidation during exposure to the microscope laser are significantly reduced as compared to other 

microscopy techniques. Additionally, the precision of light delivery positively contributes to the 

reduction of bleaching of fluorescent dyes, and in consequence facilitates longer observation of 

samples without the need of adding additional dye [21], [26]. Two-photon microscopy has a 

comparable resolution to that obtained with confocal microscopes [26]. 

 

Figure 3. Graphical representation of a two-photon microscope. A laser (1) emits infra-red light (10) 

through a beam expander (2). The expanded infra-red light beam is reflected by a dichroic mirror (3) and 

passes a scanning lens (4) and focusing lens (5). The focused infra-red light shines on the stained sample 

(7) in the focal plane (8), which, upon an excitation, emits (in this example) a green signal (11), which is 

guided to a light detector (9). The sample is positioned on a microscope table (6). 
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Two-photon microscopy is thus the preferred method for cell observation in thick samples, such as 

cell spheroids and tissue cultures, where by definition cells grow into a three-dimensional structure 

(Figure 4 and Figure 5). It can serve as a tool to provide insight into the culture interior without the 

necessity of dissecting the tissue into thin slices [28]. On the other hand, thin samples, such as 

endothelial monolayers, do not necessarily benefit from the use of two-photon microscopy in 

comparison to confocal microscopy. However, the application of the two-photon technique to monitor 

in real-time molecules like nicotinamide adenine dinucleotide (NADH), is beneficial regardless of 

sample thickness. This is because UV light is typically used to excite the NADH, which in turn is 

related to an increased production of reactive oxygen species (ROS) and oxidation of proteins and 

lipids, which leads to cell damage. The use of two-photon microscopy ensures that such harmful 

effects can be avoided, because of application of red light for sample excitation [29]. Studies of small 

cell populations with two-photon microscopy is another prominent application of this technique. 

Those studies are possible because of the low phototoxic effects caused by this technique during cell 

observation, as well as the precisely defined focal plane for the laser light. The latter ensures that 

surrounding cells are not affected by the laser that is needed for excitation and thus microscopy 

observation. This characteristic makes two-photon microscopy interesting for the real-time 

monitoring of tissue heterogeneity in living organs (liver, kidney, brain) or in observation of gas, 

nutrient or drug gradient creation in cell spheroid research [26]. 

The fact that two-photon microscopy offers deep sample penetration (up to 1.6 mm) (Figure 4 and 

Figure 5) compared to different microscopy techniques, has led to application in many areas. An 

example is related to in vivo imaging of living animals [21], [27]. For this purpose, the access window 

for the microscope laser is created in the animal by making a surgical opening and positioning a sterile 

coverslip against the tissue that is to be observed. Conventionally, a fluorescent probe is delivered to 

the animal prior to the observation. Alternatively, genetically modified organisms can simply express 

a reporter fluorescent protein in the entire organism. In the latter case, the method will not be limited 

by dye penetration into the tissue. Additionally, expression of a reporter gene might be induced by, 

for example, exposure to a certain molecule or physical factor. Theoretically, the deep penetration 

and superior focus of two-photon microscopy can be exploited in such a model to not only observe 

changes, but to induce localized chemical reactions as well, a concept which is called photochemistry 

and was proposed in 1977 [30], [31]. Such an approach has recently been utilized to switch on drugs 

upon irradiation with UV light in a 2D cell culture [32]. However, the practical exploration of 

photochemistry in complex biological models has not yet been reported, due to limitations in 

penetration. 
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Figure 4. Comparison of two-photon and confocal microscopy. The two techniques were used for 

imaging (A) a mouse liver and (B) a mouse tongue. (A) The mouse expressed red (m-tomato) and cyan 

(m-GFP) labelled peptides which target cell membranes. The mouse hepatocytes could be visualized up 

to 90 µm with confocal microscopy, whereas with two-photon microscopy they could be imaged up to 

250 µm. (B) A blue stain for nuclei (Hoechst) was injected into the mouse. Penetration depth was 100 

µm with confocal microscopy and 300 µm with two-photon microscopy. The figure is adapted from [33]. 

 

 

Figure 5. Two-photon life imaging of neurons in an anesthetized mouse. The hippocampus was imaged 

up to 1.4 mm inside the brain with the open skull method.  

Photographed by: Drs. Ryosuke Kawakami, Terumasa Hibi and Tomomi Nemoto, Research Institute for 

Electronic Science, Hokkaido University Source: https://www.nikoninstruments.com/en_EU (Accessed 

on 12.10.2017). 

 

B 
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One drawback of using microscopy in general is that it often requires fluorescent dye for imaging of 

biological material, which can be metabolized by living cells, resulting in a weak fluorescent signal. 

Interestingly, this effect can be avoided to a large extend by the application of two-photon 

microscopy; due to the focus of the beam, only a limited amount of fluorophore in the sample is 

excited and thus rapidly replaced by non-bleached fluorophores. Theoretically, two-photon 

microscopy can be exploited to improve diffusivity measurements of fluorophores in cell membranes 

with fluorescence recovery after photobleaching (FRAP), which is currently done with one-photon 

continuous wave lasers [34]. In this method, an area of the membrane is photo-bleached and the 

dynamics of recovery of the fluorescent signal provides insight into the dynamics of diffusion. FRAP 

is used in research to determine diffusion characteristics of fluorescently-labelled molecules in tissues 

and cellular membranes, and molecular interactions between proteins. However, due to the structure, 

complexity and thickness of a cell culture, this type of analysis is limited to the simplest experimental 

models, usually lipid bilayers containing only the components of interest. Since two-photon lasers 

give better tissue penetration, in combination with decreased phototoxicity, and, most importantly, a 

more precise light delivery, its employment should result in better resolution. By application of two-

photon microscopy, it should be possible to apply FRAP to more complex samples, such as tissue 

and even animal models to monitor cell dynamics. 

2.2.2. Flow Cytometry  

Screening through large cell populations requires fast and reliable methods. Currently, the dominant 

method in this area of research is flow cytometry. Flow cytometry was initially developed for cell 

sorting purposes, and later evolved towards numerous different applications [35]. Flow cytometry is 

a technology in which the physical and chemical characteristics of particles in a fluid, usually cells, 

are measured as the fluid passes through a laser beam and past a detector. Afterwards, collected data 

can be plotted to give an overview of the screened populations and analyzed with dedicated software 

[36]. Before an experiment, cells are fluorescently labelled to emit light at varying wavelengths 

(Figure 6). With flow cytometry, it is possible to analyze multiple chemical and physical properties 

of tested cells, including cell size, gene expression, cell granularity, protein and lipid content [35], 

[37]. To extract information from cells it is necessary to apply at least one laser source (numerous 

lasers are also possible) and fluorescent labels (application up to seventeen different dyes in one 

experiment has been reported) [38]. Currently, the most potent commercially available flow 

cytometers utilize ten different lasers (from BD Sciences, June 2017) and can identify up to thirty 

different fluorescent dyes in one experiment (BD Sciences, June 2017). These fluorescent labels are 

most often linked to their target with an antibody. Obviously, these antibodies need to be selective 

for the target property of the cell of interest, whereas the probe itself needs to be compatible with the 

available laser source and detector [35], [37]. 
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Figure 6. Schematic representation of a flow cytometer and its working principle. Biological material is 

introduced through a capillary (1) to the flow cytometer. A laser (2) emits a light beam (3), which interacts 

with a cell (4) and light is forward scattered (5) or sideways (8). Forwardly-scattered light (5) passes the 

bandpass filter (6) and reaches a suitably positioned detector(7). Side-scattered light (8) is divided over an 

array of consecutive dichroic mirrors (9) and guided to side-scatter detectors (10) through bandpass filters. 

The obtained signal is collected (11) and registered by a computer (12). 

 

For successful analysis with a flow cytometer, it is important to ensure that the cells in a sample will 

be delivered to the sensing area individually. However, most eukaryotic cells (except blood cells) 

form tissues composed of thousands of individual cells and different cell types, which are all bound 

together with extra cellular matrix (ECM) and cell connective proteins. Therefore, tissues or tightly 

connected cell cultures have to be prepared for flow cytometry by removal from the ECM and 

separation. The latter can be facilitated by microfluidic droplet technology, which enables capture of 

individual cells in discrete droplets for analysis. However, even then, cells tend to form aggregates 

and negatively influence experiments [37], resulting in poor quality of the obtained information. 

The main advantage of flow cytometry is the possibility of performing high-throughput analysis. With 

this method, it is possible to screen millions of cells within seconds to a couple of minutes [35], [37]. 

An additional benefit of this high-throughput screening is that it enables the screening of a cell 

population for its heterogeneity (with selected antibodies for this purpose), which is particularly 

important aspect for emerging fields like personalized medicine. Cell heterogeneity is also important 

in tissue studies, where it is a result of function differentiation between cells of the same type in 

different tissue regions [35]. This is, for example, the case with endothelial cells, which line all human 

blood vessels and fulfill different functions, depending on their location and the (patho)physiological 

parameters of the blood flowing past them (such as oxygen and nutrient concentrations, or the 

presence of inflammation markers) [39]. 

Flow cytometry not only allows the measurement of cells and cell types, but can be used as well for 

active cell sorting. This can be achieved with a method called fluorescence-activated cell sorting 

(FACS) (Figure 8). With this method, heterogeneous cell populations are sorted into separate 

containers based on specific fluorescent labelling of the cells [37], [40]. Cells that emit light at 

different wavelengths can be distinguished by the sensor and allocated to a prescribed cell container. 

Sorted cell populations can be cultured for further tests or immediately analyzed for their protein and 

gene content [35]. Cell sorting with a flow cytometer has found an important application in selecting 

successfully transformed cells after genetic modification from the entire population. Genes can be 
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added to the genome of an organism to add new capabilities to the cell [40]. However, the process of 

gene introduction to a cell genome is usually inefficient; thus, only a limited number of all the cells 

that were submitted to the process will eventually carry and express the new gene. For this reason, it 

is important to be able to discriminate between populations of transformed and non-transformed cells 

to significantly improve the efficiency. This discrimination and subsequent sorting can be achieved 

with FACS, by not only introducing a new functional gene, but also a reporter gene (such as GFP) 

into the genome via a single genetic construct. The expression of the functional gene can then be 

confirmed by fluorescence of the reporter molecule in a flow cytometer [40]. Cells recognized as 

transgenic are then separated from non-transformed cells and can be used in further experiments. 

 

 

Figure 8. (A) Schematic representation of a flow cytometer for FACS (figure elements from 1 to 12 as in 

Figure 7). For sorting purposes, an electrical charging ring (13) is mounted at the point where the stream 

breaks into droplets (containing single cells). An electrical charge is placed on the ring based on 

fluorescence intensity measured for every element passing a light detector. The charged droplets with 

cells then are passed through an electrostatic deflection system (14 and 15) that guides droplets into 

dedicated cell containers based upon their charge (16). (B) Image of BD Sciences FACS machine; 

source: http://www.bdbiosciences.com/flowcytometry/ (Accessed: 12.10.2017)  

 

Real-time monitoring with flow cytometry can be employed in the evaluation of signal changes within 

a very short period of time. Tested cells can be scanned with a laser for possible changes in, for 

example, the cytoplasmic calcium content in response to drugs [41]. Another application is the 

observation of the formation of reactive oxygen species during apoptosis. These applications of flow 

cytometry open new avenues for the methodology and give valuable insight into rapid processes 

occurring in cells [42]. However, application of cell cytometry in research requires tissue or cell 

culture removal from the growth environment, which can affect cellular behavior during analysis and 

impair understanding of the obtained data. 

A B 

61 cm 
91 cm 

64 cm 
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2.2.3. Evanescent waveguide sensing 

Evanescent waveguide sensing approaches are based on optical waveguides that are either planar or 

composed of optical fibers. Devices utilizing evanescent waveguides for sensing purposes are 

composed of a material with a high refractive index and a surrounding material with a lower refractive 

index (Figure 9) [43], [44]. Light hitting the boundary between these materials will be totally reflected 

if the angle of incidence is larger than the critical angle specific to those materials. Therefore, light 

with incidence above the critical angle stays within the boundaries of the material with the high 

refractive index, as it results in total internal reflection (TIR), thus acts as a waveguiding structure 

[45]. To create a sensing region in an evanescent waveguide sensor, it is necessary to create a space 

where sample can interact with the higher refractive index material. Therefore, the lower refractive 

index material is precisely removed at designated areas of the sensing device (Figure 9). These 

waveguides interact with sample solution to light going through the sensor. The light collected after 

the interaction with sample is delivered to a detector (Figure 9). The regions of the sensor that are 

exposed can directly interact with the sample or can be modified with antibodies to selectively detect 

molecules. The nature of the interaction between sample and the waveguide is dependent on the 

designed test and can vary from application to application. Different physicochemical principles can 

be combined with evanescent waveguiding for detection purposes: (i) fluorescence, (ii) light intensity, 

(iii) changes in light scattering patterns, (iv) changes in refractive indices, and (v) a spectroscopic 

shifts [45]. Those parameters can deliver information about the nature of the analyzed sample. The 

most popular methods employ fluorescence emission upon dye excitation of a (stained) sample or 

changes in light scattering patterns due to sample presence on the evanescent waveguide sensor [43], 

[45], [46]. In the field of bio-sensors, evanescent waveguide sensors are often applied to the detection 

of specific proteins which can bind to antibodies on the surface of the evanescent waveguide. 

Evanescent waveguide sensors are also applied to the detection and identification of microorganisms, 

via binding to an antibody [45], [47], [48]. However, the application of evanescent waveguide sensors 

in cell and tissue research is underexplored [46], [49]–[51], even though the concept itself it already 

well-known. 

 

 

Figure 9. An evanescent waveguide chip is composed of a bottom (1) and top cladding (2) material with 

a relatively low refractive index, with a light waveguiding core (with relatively high refractive index) (3) 

deposited between the two cladding layers. Light (4) is guided by waveguiding structures to the sensing 

location, which is formed by removal of part of the top cladding. At the sensing window, light interacts 

with the sample (cell culture in this case) (5) and can be side-scattered or reflected back to the waveguide 

(6). The collected fraction of light (7) is guided to a light detector and analyzed by computer. Medium 

(8) is used to sustain the cells, and its constitution depends on the nature of experiment. Usually, water-

based solutions are used as medium in experiments utilizing evanescent waveguide sensors.  

 

  



24 

 

The fabrication process of sensors for biological models requires optimization for each specific study 

due to physiological requirements (e.g. cells vs. proteins, adherent vs. non-adherent cells) and 

selected detection parameters (e.g. light scattering, fluorescence). Microfluidics can contribute to 

customization of cell culture setups at a reasonable cost [8], [52], [53]. A recent example of real-time 

data acquisition from a cell culture with an evanescent waveguide sensor is dynamic mass 

redistribution. This technique allows the user to detect refractive index alterations in cells present on 

a waveguide sensor, originating from environmental cues. Such developments indicate that there is 

in fact potential to increasingly employ evanescent waveguide-based devices in cell and tissue culture 

research (Figure 10) [12].  

 

 

 

Figure 10. Schematic representation of DMR detection principle [12].  

 

As mentioned above, it generally requires a high level of customization to adapt evanescent 

waveguide technology towards a specific application. This complicates a comprehensive overview of 

all components that are necessary to build a typical setup for such an analysis. However, we can 

identify a couple of elements that are found in every experimental setup based on evanescent 

waveguide technology. Obviously, a light source is an absolute necessity. Usually, monochromatic 

light from a laser diode is used, which is then coupled into a evanescent waveguide structure (e. g. by 

optic fibers). The wavelength has to be tuned to the type of waveguide and to the (biological) sample 

to deliver useful information. Since evanescent waveguide structures can be adjusted to a broad range 

of light wavelengths, it is generally the biological component that constitutes the limiting condition 

in experiments. This is especially true if multiple light wavelengths are to be used in single 

experiments [45]. These limitations originate from the fact that cells are negatively affected by light 

with certain wavelengths, especially in the high-energy, ultraviolet range (<400 nm) [54]. The least 

harmful wavelengths for the application of evanescent waveguide technology in cell research are 

those in the red and infra-red bands (600 nm to 1100 nm) [54].  
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2.3. Applicability of optical methods to real-time cell and tissue culture research 

In this section we consider the applicability and limitations of optical methods for real-time 

monitoring of cell and tissue cultures. The methods that are reviewed in this section have been 

described in detail in section 2 of this chapter. Although these are perhaps not used excessively for 

real-time monitoring of biological models, they do show potential for doing so. The main focus in the 

discussion in this section is on the biological component, because it is crucial to understand not only 

what information can be extracted from a given system, but even more so how you affect the system 

by that measurement. The crucial issues that arise have to do with the integration of the analytical 

technique with the incubation setup for the biological system, the influence of light on the biological 

model, the physical constraints and complementarity of the analytical principle with the biological 

model, and finally applicability of the platform to give new insights, such as intercellular 

communication or interaction. 

2.3.1. Integration of optical methods with cell and tissue culture setup 

The main challenge with living material in complex systems is to make sure that it stays alive. Most 

biological model systems need at least three different, regulated types of life support, namely 

temperature, gas composition, and specific medium with sufficient nutrients, as well as growth 

factors, antibiotics and other components. In many cases, additional parameters, such as humidity of 

a culture environment also require regulation [52], [55]. In conventional in vitro studies, which are 

conducted in well plates, we can simply put the samples in an incubator, in which all parameters are 

precisely regulated. The introduction of real-time monitoring instruments leads to increased 

difficulty, as they cannot be put into the incubator, due to problems related to geometry, humidity, 

temperature, and accessibility for a researcher for manual operations.  

For experiments under a microscope, these issues are usually solved by building an incubation setup 

around the microscope, which is what we see as well with two-photon microscopy [27], [52]. Due to 

the development of microfluidics and the progress in optimization of cell culture setups it has become 

possible to mount an independently controlled microfluidic chip on a microscope stage. Gas and 

nutrient exchange are ensured by the microfluidic chip and the peripheral instruments located nearby 

[52]. As a results, the necessity for the installation of an incubator around the microscope can be 

circumvented. Furthermore, digital cameras have been developed into miniaturized microscopes, 

with a laser light source that can be fitted in an incubator. This concept is slowly entering research 

laboratories in the form of miniaturized microscopes equipped with contrast-phase [52] or fluorescent 

cameras [56], [57]. Due to the development of cheap laser diodes, miniaturized fluorescent 

microscopes start appearing in biological research laboratories as commercially available products 

(e.g. EVOS cell imaging system from Thermo Fisher Scientific Inc.). Consequently, we observe more 

applications utilizing this type of light source in different microfluidic cell culture devices. Based on 

this trend, it is likely that they will find applications in more advanced solutions for real-time cell 

culture monitoring. 

In the case of flow cytometry, every measurement is essentially an interruption of the cell culture 

process. Therefore, the main focus in cell experiments with flow cytometry is on performing the 

analysis and getting the cells back to the culture as fast as possible [37]. Therefore, flow cytometers 

are not equipped with life support features. Thus, less attention is paid to assuring optimal conditions 

for cells in a flow cytometer, simply because of the fact that they ideally only reside there for the 

briefest time.  

Whether or not an evanescent waveguide sensor needs to incorporate incubation capabilities depends 

on the purpose of that sensor. If it is used solely as a detector for medium composition, there is no 
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need for integrated incubation. However, if the cell culture itself needs to be monitored, it will have 

to be grown on the evanescent waveguide sensor. In that case, it is necessary to adapt the sensing 

device for cell culture purposes [46], [48]. Microfluidics contributes to the facilitation of system 

integration and allows one to implement microchannels, wells, and cultivation chambers in the sensor, 

but also to couple the system to peripheral equipment for life support [52]. Moreover, microfluidics 

can also contribute to engineering in vivo-like microenvironments [8], [58]. 

2.3.2. Influence of a light source on cultured cells 

An important implication of working with optical devices based on microscopy or evanescent 

waveguide sensing is the need for a light source, which may have an influence on cultured cells [54]. 

Furthermore, if the analysis technique requires labelling of the target analyte, chemical interference 

could also occur. Such labels emit light upon excitation, and might be for example fluorescent, or 

chemiluminescent. However, the use of such labels might influence cell cultures [54]. In the case of 

label free approaches, only the light itself can interfere with the culture. The harmfulness of light is 

strongly related to the photonic energy, which is of course determined by its wavelength, and its 

influence on free radicle creation and oxidation of biomolecules in exposed cells [54]. In general, red 

light is thus less harmful to the cells than blue or UV light. This knowledge can be applied in 

developing methodology for real-time monitoring of cells. To make sure that cells are exposed to 

minimally harmful conditions one can use either short exposures to high-energy light or light with 

long wavelengths (starting from 600 nm) [21], [42]. The latter is seen in two-photon microscopy, 

which, as a consequence, has become a valuable method for in vivo studies in living animal models 

[26], [27]. An additional advantage of the application of longer wavelengths is the improved 

penetration into and through mammalian cells in comparison with shorter wavelengths [27]. Based 

on the above, the use of red light would be recommended for optical analysis of living samples. 

However, if an experiment requires the simultaneous analysis of several parameters, multiple dyes 

and thus light with different wavelengths will have to be used. This makes it more difficult to avoid 

shorter wavelengths, which in turn can increase the formation of toxic molecules due to photo-

oxidation. In case of flow cytometry, the influence of light wavelength is seen as negligible due to 

short cell exposure time to a laser light [37].  

To avoid photo-toxicity, even when using multiple dye systems, two-photon microscopy can be 

employed. The application of 2 separate photons to excite a molecule ensures that longer wavelengths 

can be used to achieve the same effect of excitation with a single photon with more energy. However, 

since this solution still relies on the use of a label, the problem of possible cell intoxication by the 

label or its side-products remains valid. In general, we can distinguish between three types of 

solutions to circumvent this problem. First of all, the development of new generations of labels is 

considered, which will not produce toxic by-products. GFP is an example of a reporter that does not 

produce toxic side products, is widely applicable in biological models, and has no adverse effects on 

the cell by itself [41]. However, it does require cell transformation, and excitation with high-energy 

light (475 nm). The second solution is to avoid having to use labels altogether. In that scenario, 

scientists do not apply dyes or stains, but will develop methods which allow insight into the cell’s 

physiology in a label-free fashion. A number of approaches for label-free monitoring of cell cultures 

based on two-photon microscopy and evanescent waveguide sensors have already been published 

[12], [16], [59]. The third solution involves constructing a setup which can actively remove toxic 

photo-oxidation products. This can be achieved by application of perfusion of the sample, but requires 

integration of cell culture into a system of pumps and channels. 
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2.3.3. Influence of cell/tissue culture dimensions on selection of optical method 

The sample itself also has direct influence on how suitable an approach is for its analysis. In the case 

of optical methods, this mainly has to do with the size of the sample, and the penetration depth of 

light wavelengths employed by the methods in question. This poses a significant limitation, especially 

for (high resolution) microscopy techniques, which have focal planes close to the lens, yet are often 

employed to analyze thick samples, such as tissue slices [26], [27]. Additionally, we often obtain poor 

clarity of the inspected sample, due to the presence of naturally occurring colored substances in the 

cells [60]. In terms of deep sample penetration, the best performance was reported with two-photon 

microscopy, namely 1.6 mm penetration into tissue using a wavelength of 1280 nm [27]. In the case 

of evanescent waveguides, the average penetration is around hundreds of nanometers [61]. While this 

is sufficient for monitoring of cellular monolayers [43], this poor penetration results in limited 

applicability in tissue research. Flow cytometry is a method that, by definition, is not suitable for 

large sample dimensions, since the analysis principle relies on single cell measurements. Therefore, 

flow cytometry requires cell culture suspension, which contain as few cell aggregates as possible. 

Flow cytometry can be very well employed to analyze large cell populations (tens of thousands of 

cells per minute) [62], but no information about tissue structure and no insight into cellular 

interactions is obtained from this type of analysis [37]. 

2.3.4. Real-time monitoring of cell-cell interactions 

Real time monitoring of cell-cell interactions have been the subject of substantial attention in the 

scientific world, and new methods have been developed to achieve this [12], [19], [63]. These 

methods deliver information about cell-cell interactions by monitoring of cell morphological changes 

and internal changes caused by cytoskeletal rearrangements. However, most optical methods, 

including those described in this work, are limited in monitoring such processes because they work 

with light-emitting labels, which limits spatial resolution [52], [54]. Two photon microscopy can be 

used for the observation of individual cells and transport of molecules between cells in real-time. 

However, but it cannot reveal the details of the underlying processes orchestrating these actions such 

as (changes in) transcription and translation [26].   

2.4. Future directions of development for optical methods in cell and tissue 

research 

This section offers a perspective on future developments in the field of optical methods for real-time 

cell and tissue culture monitoring. Real-time insight into living cells and tissues would provide 

information that is otherwise unavailable to us, and facilitate a more fundamental understanding of 

biological models in response to external stimuli (such as pharmaceutical compounds). Although new 

advances in methodology are clearly visible through the scientific output in recent years, it is 

important to understand which optical method to apply when as discussed in section 3, when 

designing and carrying out experiments. Microfluidic chips, and complementary platforms offer 

possibilities to overcome many technical challenges, such as integration of cell/tissue culture analysis 

and its control [52]. 

If microscopes (including two-photon microscope) can be miniaturized, it has the potential to 

revolutionize real-time cell culture experiments as a minimally disruptive, highly flexible analysis 

tool. In this case, it will become possible to conduct a complex experiment with not just one sample, 

but at least with a number of biological repetitions. Importantly, it would mean that touching and 

handling of the sample becomes obsolete, which reduces the likelihood of microbiological 

contamination of the cell culture.  
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Evanescent waveguide-based sensors are flexible to adapt for different applications and the 

requirements of cell cultures. In combination with microfluidics, which can deliver solutions for flow 

application, nutrient/drug gradient creation, and geometry optimization for a biological model, 

evanescent waveguide technologies can offer a new standard in in vitro real-time monitoring of cell 

cultures. Importantly, the integration of a microfluidic element could reduce harmful effects on 

cultured cells by precise control of the culture environment with integrated sensors (e.g., pH, oxygen) 

and by reducing the manual operations performed on the experimental setup. There are already a 

number of examples that employ this strategy [7], [64]–[67]. However, due to limited penetration 

into the sample, evanescent waveguide sensors cannot be applied broadly in tissue studies, which is 

an obvious drawback of the method. While tissue studies are a better model for testing the influence 

of (chemical) stimuli on functional level, cell-based research is equally important for a more basic, 

fundamental understanding of underlying mechanisms, such as ligand-receptor interaction. A good 

example for the latter is the study of the endothelium, which is the one-layer thick barrier that lines 

all blood vessels. In this monolayer, which can be monitored with an evanescent waveguide sensor, 

cellular behavior is constantly changing in response to physiological stimuli, cell-cell 

communication, and molecule transport through the endothelial monolayer [68]. A drawback of this 

technology, though, is the limited throughput. That is, analysis of multiple samples is a time-

consuming endeavor. Furthermore, signals obtained with EWS are always one-dimensional, whereas 

microscopy delivers multidimensional output.  

Future developments in the field of flow cytometry will evolve around decreasing the cost for 

analysis, as well as the application of more dyes per experiment. The latter will increase the 

information yield from a single experiment. From a technological point of view, the miniaturization 

and in-line integration with cell cultures would be profitable in many experimental approaches. 

Furthermore, it would be interesting to develop methods that allow the observation of cell-cell 

interactions. However, to achieve this, it should be made possible to physically trap an object (in this 

case a cell) inside the sensing region of the flow cytometer. Adequate technology to achieve this has 

already been reported, namely optical tweezers (single-beam gradient force trap) which can be used 

to capture an object by applying a laser beam to provide a repulsive or attractive force [69].  

Finally, there are interesting developments in label-free approaches for optical analysis. Certain 

cellular behavior, such as cellular micromotion can be monitored in real-time by following 

alternations in light scattering patterns instead of labelling appropriate structures for this purpose [19]. 

Another example of label-free monitoring of cells is related to the natural potential of biomolecules 

in a biological sample (cells and ECM) to emit light upon excitation with light of a proper wavelength. 

This is the case with collagen excitation with light with wavelengths between 730 nm and 880 nm 

[25]. The application of label-free methods, which are not the most obvious choice, is often based on 

different physicochemical parameters than the more conventional methods that employ labels. 

Inventing label-free approaches for real-time cell and tissue culture monitoring might lead to novel 

strategies to increase the information yield from biological experiments.  
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