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Abstrakt 
Předložená dizertační práce se zabývá kombinací optických mikromanipulací s 
mikrospektroskopickými metodami. Využili jsme laserovou pinzetu pro transport a třídění 
živých mikroorganismů, například jednobuněčných řas, či kvasinek. Ramanovskou 
spektroskopií jsme analyzovali chemické složení jednotlivých buněk a tyto informace jsme 
využili k automatické selekci buněk s vybranými vlastnostmi. Zkombinovali jsme pulsní 
amplitudově modulovanou fluorescenční mikrospektroskopii, optické mikromanipulace a jiné 
techniky ke zmapování stresové odpovědi opticky zachycených buněk při různých časech 
působení, vlnových délkách a intenzitách chytacího laseru. Vyrobili jsme různé typy 
mikrofluidních čipů a zkonstruovali jsme Ramanovu pinzetu pro třídění mikro-objektů, 
především živých buněk, v mikrofluidním prostředí.  
 
Summary  

The subject of the presented Ph.D. thesis is a combination of optical micromanipulation and 
microspectroscopic methods. We used laser tweezers to transport and sort various living 
microorganisms, such as microalgal or yeast cells. We employed Raman microspectroscopy 
to analyze chemical composition of individual cells and we used the information about 
chemical composition to automatically select the cells of interest. We combined pulsed 
amplitude modulation fluorescence microspectroscopy, optical micromanipulation and other 
techniques to map the stress response of cells to various laser wavelengths, intensities and 
durations of optical trapping. We fabricated microfluidic chips of various designs and we 
constructed Raman-tweezers sorter of micro-objects such as living cells on a microfluidic 
platform. 
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1 Introduction 

 
1.1 Thesis outline 

 
The presented work is divided into four separate sections: the initial overview and theoretical 
background, the laser induced stress in microorganisms, Raman spectral microanalysis, and 
optical manipulation and sorting. These sections are further separated into subsections dealing 
with the individual experiments or areas of interest. 
 
Section 1 includes an overview of optical trapping, Raman spectroscopy, photosynthesis and 
algal physiology. 
 
Section 2 describes various experiments conducted to gauge the influence of optical trapping 
by different laser wavelengths on the individual living cells of different microorganisms. The 
effects of laser irradiation were observed in terms of reproduction delay, increase of mortality, 
or changes in fluorescence parameters. These experiments were motivated by a need to assess 
the vulnerability of the selected organisms to different laser trapping wavelengths in various 
power ranges and durations. The resultant data were used to optimize the parameters of 
trapping and spectroscopic experiments on living cells. 
 
Section 3 is dedicated to Raman analysis of microorganisms and individual cells. Analyses of 
Raman spectra were assessed using individual peaks, which were matched with the respective 
molecular vibrations based on the available data from literature and spectroscopic libraries, 
enabling relative quantification of chemical compounds in a mixture. These experiments were 
fuelled by a need to master the Raman signal collection from microorganisms and to learn 
understanding the links between Raman signal and chemical composition of the sample. The 
findings were directly implemented in the consequent Raman–tweezers experiments. 
 
Section 4 discusses the approaches used for optical micromanipulation and sorting of cells. 
We discuss various microfluidic setups for cell manipulation and sorting and we give a 
description of construction and function of an active Raman-tweezers based optical sorter. 
This part of work was motivated by a need for a novel microfluidic Raman-tweezers sorting 
system that could analyze and sort various microorganisms according to their chemical 
properties. This system would find its use in various biological, biotechnological, chemical, 
pharmaceutical and other disciplines.  
 
The whole work was summarized in general conclusions in section 5. The list of references is 
given in section 6 and the list of symbols and abbreviations is in section 7. 
 
My personal contribution to the presented research was following: I have prepared and 
maintained the chemical and biological samples for the experiments. I was actively 
cooperating in the construction of the experimental optical apparatuses and performing the 
calibrations and settings. I have designed and tested multiple microfluidic setups for optical 
micromanipulation, including transport of living cells, cell manipulation and sorting. I have 
performed the spectroscopic measurements and optical manipulations of various objects 
including living cells of various organisms. I have analyzed the experimental data, and 
presented the results in oral and poster presentations at international conferences and I 
published my results in conference proceedings. I have published my results as a first author 
and as a coauthor in peer reviewed articles in various scientific journals. In cooperation with 
my colleagues, I have constructed a functional microfluidic Raman-tweezers based analytical 
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and sorting system, which, to my knowledge, has no equivalent. This device is a registered 
utility model and has a patent pending. 
 
I have cooperated with various members of the ISI OMITEC team and with other scientific 
teams, as well as with industrial partners, whose contribution to the presented research was 
indispensable. From the OMITEC team, I was cooperating with Mgr. A. Jonáš, Ph.D., Ing. M. 
Šerý, Ph.D., and Ing. J. Ježek, Ph.D. on the construction of the optical setups used in the 
presented experiments. Dr. P. Pokorný (ISI, Coherence Optics), supplied several dichroic 
mirrors for optical setups. I cooperated with Ing. J. Ježek, Ph.D. on microfluidic chips 
engineering and manufacturing and with Ing. J. Kaňka on the LabView based control and 
measurement software for several applications. Mgr. M. Šiler, Ph.D. helped me to analyze 
some statistical parameters of algal populations. Mgr. O. Samek, Ph.D. contributed by 
investigation of Raman spectra of variously unsaturated lipids. Prof. RNDr. P. Zemánek, Ph.D. 
provided consultations regarding various aspects of the experiments, especially optical 
trapping, and managed the financial support. Cooperation with Mgr. P. Přibyl, Ph.D. from the 
Institute of Botany in Třeboň, brought the possibility to measure Raman spectra of diverse 
array of algal species. Cooperation with Ing. M. Trtílek, CEO of the company Photon Systems 
Instruments (PSI) provided an instrument to conduct a research of photodamage by the pulse 
amplitude modulation (PAM) spectroscopy of chlorophyll, and the research of cell sorting in 
microfluidic systems.  
 
1.2 The state of art 
 
Current optical micromanipulation techniques offer many unique tools and methods that 
enable spatial confinement and manipulation of microscopic objects, including living cells. A 
single tightly focused laser beam acts as optical tweezers (OT), allowing 3D manipulations [1] 
with a single object of sizes from tens of nanometers to tens of micrometers. Sophisticated 
setups were developed, employing beam deflectors to get several time-sharing beams [2] or 
dynamic phase masks to obtain so called holographic optical tweezes [3]. Optical traps enable 
even simultaneous manipulation with several objects, non-contact and sterile separation of 
mixture components [4], spatial arrangement of particles and their transport, precise 
measurements of acting forces in the range of units of pN and other unique applications [5]. 
The laser wavelength needs to be chosen so that it is weakly absorbed by the specimen to 
prevent its thermal damage. Optical trapping has been combined with Raman 
microspectroscopy [6] to provide a non-invasive spatially resolved mapping of molecular 
composition of the studied sample. Recently, Raman microspectroscopy has been used to 
detect and identify microorganisms [7, 8], because Raman spectrum of individual 
microorganism serves as a unique fingerprint. Since the Raman spectral signatures represent 
the vibrations of molecular bonds, quantitative analyses of chemical mixtures are possible as 
well [9]. Both techniques, optical tweezers and Raman spectroscopy, are combined with 
microfluidic systems so that the fluid composition and velocity can be controlled [10]. It is 
also possible to create a diffusion interface between two different liquids, and individual 
microorganisms can be transported between the two liquids using optical tweezers [11]. 
Moreover, microorganisms can be isolated in micro-chambers, where their metabolic 
reactions can be followed by Raman spectroscopy. These techniques may find their use in fast, 
reagent-free identification and separation of microorganisms, and evaluation of their response 
to various environmental factors. The immense possibilities offered by the modern optical 
micromanipulation and micro-analytical techniques represent a wide platform for 
experimentation. We have concentrated our experimentation on Raman microspectroscopic 
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analysis and active optical manipulation of microorganisms, and the implementation of both 
techniques in a microfluidic environment.  
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1.3 Optical trapping 
 
1.3.1 Force of electromagnetic radiation 

The force interactions between light and solid objects were proposed for the first time in 17th 
century by Johannes Kepler. He hypothesized that the Sun's radiation forces comet tails to 
point away from the Sun. James Clerk Maxwell published the theoretical description of forces 
caused by light together with the theory of electromagnetism in 1873 and showed that light 
can act with force on absorbing or reflecting objects. Victorian experimenter Sir William 
Crookes conducted the first experiments to prove this theory in the same year. He developed 
Crookes' radiometer for measuring energy of light and heat radiation, also known as a light-
mill or solar engine. The main feature of the device is a set of four vanes, black on one side 
and silvery on the other. The vanes are attached to a rotor arranged vertically in a pair of 
bearings so that it can revolve with very little friction. The mechanism is enclosed inside a 
clear glass bulb in which the pressure was reduced to a high, but not perfect, vacuum. 
Sunlight falling on the light-mill forces the vanes on the spindle to rotate with the black 
surfaces being apparently pushed away by the light. Crookes initially believed this 
represented a demonstration of light radiation pressure turning the vanes, in a way analogous 
to a water in a water mill. James Clerk Maxwell reviewed Crookes' paper reporting the device 
and accepted the proposed explanation. Nevertheless, light incident on the black side should 
be absorbed while light incident on the silver side of the vanes should be reflected. Therefore 
there is twice as much radiation pressure on the metal side than on the black one and the mill 
should turn the opposite way relative to observations of Crookes. Osborne Reynolds provided 
the correct solution of the problem in qualitative terms in 1879. The reason behind the 
opposite movement was the influence of the surrounding medium that overwhelmed the effect 
of radiation pressure. The experiment was revisited later, when efficient vacuum pumps were 
available. Pjotr Lebedev [12], Ernest Nichols, and Gordon Hull [13] successfully confirmed 
Maxwell's theory of radiation pressure in 1901. The invention of lasers, generators of light 
with high spectral purity, coherence, and intensity, revolutionized the practical usage of 
radiation force. Focusing the entire laser output power in a focal volume of dimensions 
comparable to the light wavelength makes it particularly suitable for such applications. 
 
1.3.2 Early optical trapping experiments 

Arthur Ashkin performed the initial experiments with optical micromanipulation at the Bell 
laboratories in 1970, demonstrating the possibility of stable spatial confinement and transport 
of optically trapped dielectric particles suspended in water [14]. He used water suspension of 
latex beads with several micrometers in diameter and exposed them to continuous laser beam 
focused to a spot with 12 µm diameter. Ashkin observed acceleration of the beads in the beam 
propagation direction, but the beads were also pulled to the intensity maximum located on the 

beam axis. This transversal force component is called the “gradient force” and it is present 
when there are different refractive indices of the particle and the surrounding medium. 
 

Inspired by the discovery of the gradient force, Ashkin constructed the first three dimensional 
optical trap using two counter-propagating Gaussian beams. In this setup, the counter-
propagating beam compensates the radiation pressure propelling the particles. Ashkin 
proposed that this scheme could be employed to trap neutral atoms if the trapping laser was 
tuned to a specific optical transition of the respective atom [15]. It was demonstrated that the 
scattering force acting on atoms is caused by the directional absorption of photons followed 
by an isotropic spontaneous emission. Calculations shown that this force is able to stop an 
atom with an average thermal velocity within the distance of several tens of centimeters in 
case the Doppler shift was eliminated so that the atom was all the time in resonance with the 
electromagnetic field. Based on these discoveries, Ashkin proposed a scheme for atom or 
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isotope sorting according to their velocity [16]. The gradient force acting on atoms changes its 
direction depending on the relation between the laser frequency and atomic transition 
frequency. The atoms are pulled to the high intensity regions when the laser frequency is 
lower than the transition frequency (red detuning), or to the low intensity regions, when the 
laser frequency is higher than the transition frequency (blue detuning). Ashkin also realized 
optical trapping in air and vacuum with a single vertical beam compensating gravity by a 
scattering force (optical levitation) [17, 18]. A feedback loop was used to link the particle 
position and laser output power so that it was possible to reduce axial position fluctuations of 
the trapped object resulting in a particularly sensitive pico-tensiometer. This device was 
employed to measure the electric force acting on oil drops in a modern version of Millikan 
experiment and measurements of viscous drag forces on small particles in moving fluid [19]. 
The same device was also used to measure the change of the radiometric forces with pressure 
[18] and to detect whispering gallery modes (WGM) of spherical objects for the first time [20]. 
 
1.3.3 Optical tweezers 

Another result of Ashkin's research is an optical trap generated by a single laser beam focused 
with high numerical aperture microscope objective. In this case, the gradient force in a 
direction opposite to the beam propagation compensates the radiation pressure acting in the 
beam direction. This allows for a stable trapping position behind the beam focus. The 
instrument is called “the optical tweezers”. It is currently the most frequently used scheme for 
optical trapping and for micromanipulations of micro-objects, even though it was initially 
designed for trapping of atoms [15]. Ashkin and coworkers first demonstrated the ability of 
this system to trap microscopic objects on sub-micron colloidal silica particles [1]. Later on, 
successfull trapping of particles with dimensions exceeding the light wavelength was 
achieved. Using an argon-ion laser (wavelength λ = 514 nm) Ashkin's research team 
manipulated tobacco mosaic virus and bacteria [21]. These initial optical micromanipulation 
attempts were still deleterious for the trapped organisms, trapping power in the range of tens 
of mW caused their death. However, the use of an infrared Nd:YAG laser (λ = 1064 nm), 
whose light is not absorbed significantly by the living organisms, made it possible to trap 
Escherichia coli bacterial cells with 50 mW beam for many minutes without reducing their 
motility and to monitor their division in the trap [22]. Several subsequent experiments then 
proved the unprecedented possibilities of this method regarding interventions and 
measurements inside living cells, manipulation of sub-cellular structures or study of the plant 
cell cytoplasm elasticity [23]. 
 
1.3.4 Optical tweezers in life sciences 

One of the special applications of the optical tweezers in biology is the study of the movement 
of individual molecular motors. These mechanoenzymes interact with cytoskeletal structures 
of the cell such as microtubules or actin filaments and generate the forces responsible for cell 
motility, muscle action and organelle motion at the cost of the energy stored in adenosine 
triphosphate (ATP). In vitro experimental methods for observation of molecular motors in 
action make use of a microsphere, which serves as a trapping handle for the molecule of 
interest (kinesin, myosin). The trapped microsphere with the molecular motor attached to the 
surface is then placed on microtubules or actin filaments immobilized on a microscope slide 
and the motor is activated by addition of ATP [24, 25]. Inverse approach used a single 
microtubule attached to the microsphere which was brought to contact with immobilized 
kinesin molecules [26]. In vivo method of molecular motor force measurement introduced by 
Ashkin et al. [27] estimated the force generated by dynein motors on the surface of 
mitochondria as they travelled along microtubules in a giant amoeba. A notable success was 
the analysis of a single kinesin molecule movement along microtubule, a sequence of 8-nm 
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steps [25]. This result was realized by implementation of an interferometry-based sensing of 
the trapped microsphere position. The relation between the kinesin activity and the 
concentration of ATP was established and the maximal interaction force was determined to be 
5-6 pN [28]. The examination of the interaction between actin and myosin disclosed the 
stepwise nature of the myosin motion with the average step length of 11 nm and maximal 
interaction force of 3-4 pN [29, 30]. These experiments influenced the models which describe 
the principles of the molecular motor action, ATP hydrolysis cycle and enzyme kinetics. More 
recently, the force measurement techniques became concentrated on a new class of motor 
molecules - nucleic acid motor enzymes. Using a micro-sphere handle, the force generated by 
a single RNA polymerase enzyme was measured as it moved along a DNA molecule during 
RNA synthesis [31]. Although the movement of RNA polymerase is slow, the motor is very 
powerful and it can exert forces up to 14 pN. Optical tweezers opened a new approach to 
studying the transcription process [32]. Different application of optical tweezers is the study 
of mechanical properties such as stiffness, relaxation time, or viscoelastic properties of bio-
macromolecules and membrane systems. Techniques involving the microsphere handle 
enabled measurements of the micro-tubule stiffness [33], and stiffness and relaxation time of 
DNA [34, 35]. The double-stranded DNA deformation reversibility was observed for 
stretching forces up to 70 pN [36]. Neuronal membrane properties were examined [37] and 
the elasticity of the red blood cell cytoskeleton was measured [38]. The response of red blood 
cells to a defined deformation was investigated, and significant differences between young 
and old cells were observed [39]. Optical trapping was realized directly in the blood plasma 
and it has offered significantly different results than the traditional methods performed in vitro. 
The existence of the lipid rafts in the membrane of a living cell was proved by measuring the 
diffusion constants of individual membrane proteins [40]. 
 
1.3.5 Advanced optical trapping experiments  

The growing complexity of biological applications imposes new requirements on the 
parameters of optical tweezers. The ability of multiple trapping with high precision is a 
prerequisite for advanced trapping experiments. The generation of multiple optical traps was 
usually realized by splitting of the laser beam into multiple beams by a beam-splitter, gratings, 
hologram, or by fast switching of single beam trap between several positions. Currently, 
spatial light modulators (SLM) are the preferred technology for multiple beam generation. 
SLM is an amplitude and/or phase holographic mask with a matrix of pixels individually 
addressed by a computer. SLM based devices are useful in biology and other disciplines, but 
sometimes only a trivial operation such as sorting, linear transport, or accumulation of objects 
is demanded. In such cases, SLM can be replaced by multiple beam interference light fields in 
order to generate multiple optical traps arranged in one- to three-dimensional periodic 
structures [41]. Additionally, these potential landscapes can be used to control the interactions 
of colloids in a large-scale assemblies and their thermodynamic behavior, e.g. the process of 
colloidal crystallization [42]. Current mainstream optical trapping research concentrates on 
the implementation of the wide possibilities, which should serve for the “lab on a chip” 
systems, cheap and compact devices for delivery, micromanipulation, sorting and analysis of 
molecules, colloids, cells, and other biological or chemical entities [43, 44]. 
 
1.3.6 Theoretical foundations of optical trapping 

The base of the quantitative description of optical forces acting on an object in an optical trap 
is a theory of electromagnetic field, based on a system of Maxwell equations. Depending on 
the ratio between the wavelength λ of the radiation and the radius of the object r there are 
different approaches to calculation of these forces. For very small, so called Rayleigh particles 
(RP) with radius 20/λ≤r , it is possible to assume the particles to act like induced point 
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dipoles [45, 46]. The forces acting on these particles can be unequivocally separated into 
scattering and gradient forces. 
 
The scattering force acts in the direction of the incident radiation and it is proportional to its 
intensity. The gradient force is proportional to the gradient of the optical intensity and it acts 
in the direction of this gradient or against it, respectively. The intensity and the direction of 
the overall force can be calculated by addition of gradient and scattering forces. A particle 
will be captured in an equilibrium – in an optical trap, which is defined by zero force and a 
negative slope of the dependence of the force on the position of the object. It is apparent that 
the optical trapping in three spatial dimensions is allowed by the presence of the gradient 
force. The equations for calculation of these forces can be derived analytically from the 
equations for gradient force [1], 

F
r

���� = �
� ⋅ 	〈�����〉             Equation 1.3.6.1 

 

where 〈�����〉  is the time average of square of electric field amplitude and α is the 
polarizability of the particle given by equation, 

� = 4 ⋅ � ⋅ � ⋅ �� ⋅ �����
�����   Equation 1.3.6.2 

 
where r is the radius of the particle, ε is permittivity of the medium and m is the ratio of the 
refractive indices of the particle nint and the medium next ; m= nint /next. The scattering force is 
given by the equation [46], 
 

�����  = !"# ⋅ 〈$�〉⋅%�           Equation 1.3.6.3 

 
 
where c is the speed of light, 〈&�〉 is time averaged Poynting vector and ' is the cross section 
for scattering, given by the equation 
 

' = (
� ⋅ �(* ⋅ �), ⋅ �� ⋅ �����

�����
�
    Equation 1.3.6.4 

 
 
where * = �⋅-⋅./

0 ,	is a wavenumber of the light in the surrounding medium, 3 is the 

wavelength of light in vacuum and r is radius of Rayleigh particle [47].  

 
For the description of the force of a focused Gaussian beam on spherical and ellipsoidal 
particles larger than 20/λ , generalized Lorenz-Mie theory – GLMT is usually employed [48, 
49, 50]. It is based on the Mie theory describing the scattering of the plane wave on a 
spherical particle. For a simpler description of an interaction of radiation with a dielectric 
object much larger than the wavelength of the trapping radiation (r>>5λ) a ray optics model 
can be used [51]. A ray incident on a general optical interface, in our case a surface of a 
spherical dielectric particle, splits into reflected and transmitted parts. The angles, which these 
rays form with respect to the surface normal of the point of incidence, are given by the Snell 
law. The ratio of the reflected to transmitted light intensity is given by the Fresnel 
coefficients. Both the Snell law and the Fresnel coefficients are dependent on the angle of the 
ray incidence and on the ratio of the refractive indices between the neighboring environments. 
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If we neglect the influence of the reflected rays, we can illustrate the forces acting on a sphere 
in a focused Gaussian beam by a simple graphical model. Rays of equal intensity illuminate a 
spherical surface with the refraction index higher than the surroundings. They are refracted 
towards the normal line, with a smaller angle, and on the exit from the sphere, they are 
refracted with a larger angle. Photons of the incident radiation follow the ray’s directions, 
change their momentum vectors, and therefore the particle acts on the photon by a force F, 
according to the second Newton’s law. According to the third Newton’s law, photons exert 
the force of the same intensity and opposite direction on the particle.  
 
Figure 1 illustrates the optical forces acting on a spherical particle in a focused beam of an 
optical trap. Photons following the trajectory a exert a force Fa on the object, and photons 
following trajectory b exert force Fb on the object. Vector addition of the forces Fa and Fb 
gives the force F, acting opposite to the direction of photon propagation. The sphere is 
attracted to the focus of the beam, and the amplitude of the resultant force is given by the sum 
of the force contributions from all individual rays. 
 

 
 
Figure 1: Schematic description of the optical forces in the ray optics model of optical 
trapping. A: the sphere displaced in the direction of beam axis. B: the sphere displaced 
perpendicular to the beam axis. Lines a and b show the path of the rays of equal intensity. The 
optical forces are denoted as Fa and Fb and the resultant force F acts on the center of the 
sphere 0. The sphere is attracted towards the focus of the beam. In both cases the sum of the 
force contributions from all the individual rays represents the total force acting on the particle. 
Image source: [52]. 
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1.4 Raman spectroscopy 
 
1.4.1 Sensing vibrations in molecular structures 

Raman spectroscopy is a technique for observation vibrational modes in a system. It is based 
on an inelastic scattering of photons by molecular structures. The Indian scientist C. V. 
Raman together with K. S. Krishnan observed it first in 1928 and therefore it is called Raman 
scattering. However, A. Smekal had predicted the phenomemon earlier theoretically in 
1923. Due to its very low scattering efficiency, Raman spectroscopy did not become popular 
until powerful laser systems, sensitive CCD cameras and narrow band spectral filters 
technology were available after the 1960s. Now, Raman spectroscopy has become one of the 
most popular approaches to study the vibrational structures of molecules together with 
infrared spectroscopy. Today, lasers are the preferred sources of the excitation of Raman 
scattering, the wavelengths usually used range from near infrared, through visible, to the UV 
region. In spontaneous Raman scattering, a photon excites the molecule from its ground state 
into a virtual energy state. Relaxation of the molecule into another rotational or vibrational 
state causes photon emission. The energy difference between the original and the final state of 
the molecule translates into a shift in energy of the emitted photon. If the final state of the 
molecule has higher energy than the original, the emitted photon will be shifted to lower 
energy (and frequency). This is called a Stokes shift. Vice versa, if the final state of the 
molecule has lower energy than the original, the emitted photon is shifted to a higher energy 
(and frequency), which is called anti-Stokes shift. Raman scattering is an example of inelastic 
scattering, since there is a transfer of energy between the photons and the molecules during 
the interaction. Raman scattering is not to be confused with absorption, such as in 
fluorescence, where the molecule is excited to a discrete energy level (as opposed to a virtual 
one). An ability of a molecule to exhibit Raman scattering is related to its polarizability, 
which is a measure of the intensity of deformation in the electron cloud. The intensity of 
Raman scattering is given by the change in polarizability. The pattern of shifted frequencies is 
given by the variety of rotational and vibrational states of the molecule in question. In contrast, 
the interaction of light with molecules in IR absorption spectroscopy is given by the dipole 
moment. This feature allows Raman spectroscopy to access spectral information unobtainable 
by IR absorption spectroscopy.  
 
Currently, the combination between Raman spectroscopy and microscopy (Raman 
microspectroscopy) became popular for experimental measurements of Raman spectra from 
microscopic objects. In our previous work, we have employed various ratios of Raman 
signatures to gauge the unsaturation of lipids in microalgae [53], to assess the concentration of 
carotene in microalgae [54], and to estimate the diameter of algal lipid body under specific 
conditions [55]. In all the cases, we have measured Raman spectra of individual living 
microalgal cells. Other researchers have used ratios of Raman spectral signatures of mixtures 
of artificial and biological nature to identify different carotenoids [56, 57], to measure the 
relative abundance of cis and trans isomers of lipids [58], their phase transition temperature 
[59], positional isomerization [60], oxidation [61] as well as unsaturation [62, 63, 64]. Some 
researchers give precise Raman analyses of pure lipids [65, 66, 67], carbohydrates [68], 
pigments [69, 70], and various other pure biologically relevant substances. The uses of Raman 
spectroscopy in analysis of algae include the assessment of nitrogen starvation in algal cells 
[71], environmental monitoring of algal cells [72], it was used for the assessment of 
pigmentation changes in senescing polar extremophilic algae [73], in analyses of 
botryococcenes from Botryococcus braunii [74], and in Raman mapping of the carotenoid 
astaxanthin [75, 76], or even different carotenoids at once [77, 78]. Similar strategy was also 
recently used for complex in vivo lipidomic study on certain lipid producing algal species 
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with Raman tweezers [59]. Resonance Raman was used for differentiation of algal clones 
with a limited success [79]. Quantitative chemical mapping of lipids, chlorophyll and 
carotenoids in algae was recently achieved by stimulated Raman scattering microscopy [80]. 
Mostly, the techniques used for Raman analysis of algae are dealing with living cells, which 
underlies the concept of non-destructive Raman tweezers sorting of algae and other cells [81]. 
The current uses of Raman spectroscopy for analysis of algae were reviewed by Parab [82].  
 
1.4.2 Theoretical foundations of Raman spectroscopy 

Raman spectroscopy is a technique based on an inelastic scattering of light by molecules. 
Individual spectral maxima correspond to the vibrational modes of chemical bonds in the 
irradiated object. Monochromatic laser beam used for Raman spectroscopy can be described 
as an oscillating electromagnetic wave at frequency f0 and with an intensity vector of the 
electric field �4. This oscillating field interacts with a molecular bond with its own vibrational 
mode at frequency fm, (which is lower than f0) and it induces a dipole 54 in the molecule: 

54 = � ⋅ �4      Equation 1.4.2.1 

where α is the polarizability of the molecule. 

The charges of the dipole oscillate at the frequency of the incident light f0, they move with 
acceleration and therefore they radiate an electromagnetic field. At the same time, the length 
of the bond (the distance between the charges of the induced dipole) changes with frequency 
of the vibrational mode fm, which can be described as: 

67 = 78cos2�=�>         Equation 1.4.2.2 

where q0 is the vibration amplitude. Consequently, the amplitude of the induced dipole 54 and 
the polarizability α will change proportionally to q. Using Taylor series, we can write: 

� = �8 + �@�@A�8 ⋅ 67 + ⋯           Equation 1.4.2.3 

where α0 is the polarizability of the molecule in an equilibrium position (without vibrational 

oscillations) and �@�@A�8 ⋅ 67 is the change of α, resulting from the change of distance between 

the dipole charges, relative to the equilibrium position by 67 . By combination of these 
equations we obtain the classical description of the Raman scattering, which is analogous to 
the frequency modulation of a signal. 

C4 = �8�8cos(2�=8>) + 1
2 EF�F7G8

78�8{cos[2�(=8 + =�)>] + cos[2�(=8 − =�)>] 

Equation 1.4.2.4 

The term �8�8cos(2�=8>)  describes the elastic Rayleigh scattering, the second term 
�
� �

@�
@A�8 78�8{cos[2�(=8 + =�)>] + cos[2�(=8 − =�)>]}  describes Raman scattering 

consisting from Stokes frequencies (f0 – fm) and anti-Stokes frequencies (f0 + fm). 
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From these mathematical manipulations, there emerges a useful qualitative picture of the 
mechanisms of Rayleigh and Raman scattering in terms of the classical radiation theory. 
Rayleigh scattering comes from the dipole oscillating at f0 induced in the molecule by the 
electric field of the incident radiation at frequency f0. Raman scattering arises from the dipole 
moment oscillating at f0±fm produced by the modulation of dipole oscillating at f0 with 
molecular vibration at frequency fm. In other words, the frequencies of the scattered light we 
observe in Raman scattering are beat frequencies between the incident radiation of 
frequency f0 and the molecular vibrational frequency fm. The Raman shift corresponds to the 
molecular vibrational frequency fm. From all the scattered light 99.999% is represented by the 
elastic Rayleigh scattering, which does not allow for chemical structure determination. It is 
therefore obvious, that the relative Raman signal intensity is very low, ∼ 10�( − 10��� of the 
intensity of the excitation radiation [84]. 

To illustrate the typical vibrational modes present in various biomolecules, which will be 
discussed in following chapters, we present a comprehensive example. When a water 
molecule is coordinated to a metal atom the three translations and the three rotations of the 
free molecule give rise to six new modes in the complex. Thus a coordinated water molecule 
has nine vibrational modes associated with it as illustrated in figure 2 for the [FeCl5(H2O)]2- 

ion. This example was presented to aid the mechanistic understanding of the types of 
vibrations observed in Raman spectra of biomolecules, which will be discussed further in the 
text. Not all the presented vibrations of the [FeCl5(H2O)]2- ion are detectable by Raman 
spectroscopy. They are, however, detectable in other molecules, depending on the structure. 
The Raman spectrum of the [FeCl5(H2O)]2- ion is not presented here, but the same types of 
vibrations will be presented in spectra of lipids, carotenoids, etc. 
 

 

Figure 2: The nine vibrational modes of complexed water. Arrows refer to motion in the     
Fe-OH2 plane, ⴲ and ⴱ to motion perpendicular to the plane (above and below respectively). 
Str - stretch, asym - asymmetric, sym - symmetric, ip - in-plane, oop - out-of-plane. Image 
source: [83].  
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According to the quantum theory, radiation is emitted or absorbed because of a system 
making a downward or upward transition between two discrete energy levels. A quantum 
theory of spectroscopic processes should, therefore, treat the radiation and molecule together 
as a complete system, and explore how energy is transferred between the radiation and the 
molecule as a result of their interaction. The quantum mechanical treatment of this problem 
will not be presented here, as we consider it largely out of the scope of this work. 
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1.5 Photosynthesis 

 
1.5.1 Overview of the photosynthetic machinery 

Photosynthesis is a process that is used by some organisms, such as plants, algae, and 
cyanobacteria, to convert the energy of light into the energy of chemical bonds. The resulting 
organic compounds are used by the organism as building blocks and energy sources. Usually, 
the photosynthetic reaction involves carbon dioxide and water to produce molecules of sugar 
and oxygen [85]. The light wavelengths that induce photosynthesis are between 400-700 nm 
and they are collectively called the photosynthetically active radiation (PAR). This range 
corresponds with the visible light region, although some other wavelengths influence the plant 
physiology as well [86].  
 
In general, the photosynthetic process is initiated by absorption of PAR photons by pigment-
protein complexes, usually containing chlorophylls and carotenoids. The light drives splitting 
of an electron from a suitable donor molecule, usually water, resulting in oxygen generation 
and also in production of reduced nicotinamide adenine dinucleotide phosphate (NADPH), 
and adenosine triphosphate (ATP), the energy-rich compounds central to the metabolism of 
cells. The sugars are produced in a light-independent sequence of reactions called the Calvin 
cycle, where CO2 is incorporated into a molecule of ribulose-1,5-bisphosphate (RuBP). The 
reactions involve the NADPH and ATP from the light-dependent phase, and they result in a 
molecule of a simple carbohydrate – glyceraldehyde-3-phosphate (G3P). This molecule is 
further metabolized to glucose and various other molecules [85]. Photosynthesis in plants and 
algae (but not in cyanobacteria) takes place in specialized organelles named chloroplasts, see 
figure 3.  
 
 
 

 
Figure 3: The schematic description of a chloroplast. 1. outer membrane, 2. intermembrane 
space, 3. inner membrane (1+2+3: envelope), 4. stroma (aqueous fluid), 5. thylakoid lumen 
(inside of thylakoid), 6. thylakoid membrane (containing the photosystems), 7. granum (stack 
of thylakoids), 8. thylakoid (lamella), 9. starch, 10. ribosome, 11. plastidial DNA, 12. 
plastoglobule (drop of lipids). Image source: [87]. 
 
A typical plant cell contains about 10-100 chloroplasts. The chloroplast is usually a spheroid 
body, but it can be shaped very differently in some species. It is enveloped in two 
phospholipid membranes separated by an intermembrane space. Inside, the chloroplast is 
filled with aqueous stroma and a system of flat phospholipid membrane vesicles called 
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thylakoids, sometimes stacked into formations called grana. The space inside thylakoids is 
called a lumen. The membrane of thylakoids contains the light-harvesting pigment-protein 
complexes, which form the photosystems with reaction centers, where the main 
photochemical reactions take place. Stroma of the chloroplast also contains the plastidial 
DNA, and proteosynthetic machinery [88]. While the central photosynthetic pigment in the 
reaction centers is chlorophyll a, photosynthetic organisms use various accessory pigments, 
such as chlorophyll b, carotenes, xantophylls, phycocyanin, and others. Complexes of these 
pigments with proteins form an elaborate structure called the light harvesting complex (LHC), 
or antennas, assembled around the reaction center. The ability of photosynthetic organisms to 
use different light wavelengths for photosynthesis varies according to the presence of 
accessory pigments in LHC. The so-called action spectrum of photosynthesis is a relationship 
between the wavelength of the incident light and the rate of photosynthesis. In green plants 
and some algae it consists of an overlap of the absorption spectra of chlorophylls and 
carotenoids, see figure 4. The peak absorption is observed in violet-blue and in red region. 
See figure 5. Introduction to photosynthesis is available in [89]. 
 

  
 
Figure 4: The chemical structure of the most frequent photosynthetic pigments, chlorophyll a 
(left), and β-carotene (right). Image sources: [90] and [91].  
 

 
 
Figure 5: The action spectrum of photosynthesis for a green plant (d), which is a superposition 
of absorption spectra of chlorophyll a (a), chlorophyll b (b), and carotenoids (c). X-axis shows 
the wavelength of incident light. Y-axes show the photosynthetic rate (d) and the absorption 
of light by chloroplast pigments (a, b, c). While chlorophylls absorb in violet (~450 nm) and 
red (~650 nm) regions, carotenoids absorb in blue region (~490 nm). Image sources: [92] and 
[93]. 
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The light dependent part of photosynthetic reactions starts with absorption of a photon by a 
molecule of chlorophyll in the reaction center of photosystem II (PS II) which triggers a 
release of an electron, see figures 6 and 7. This electron is passed from chlorophyll to a 
molecule of pheophytin, and then to a molecule of plastoquinone and further through so called 
electron transport chain to reduction of NADP+ to NADPH and creation of a proton gradient. 
The proton gradient is dissipated through an ATP synthase, which uses the energy to 
phosphorylate ADP to create ATP in a process called photophosphorylation. The electrons to 
supply the chain are replenished from photolysis of water, a process yielding electrons, 
protons, and a molecular oxygen. The transport of electrons through the system can be cyclic 
or non-cyclic. The non-cyclic electron transport generates both ATP and NADPH, and uses 
both photosystem I (PS I) and PS II. The cyclic electron transport involves only PS II and 
generates ATP, but no NADPH, since the electrons are recycled and therefore cannot be used 
for NADP+ reduction. Usually, photosynthetic organisms switch between the cyclic and non-
cyclic pathway according to the metabolic demand.  
 
 

 
 
Figure 6. Schematic representation of the light driven photosynthetic reactions at the 
thylakoid membrane. Photons of light are absorbed by photosystem II (PS II) via LHC (not 
depicted) triggering a release of electrons supplied by photolysis of water (H2O) into oxygen 
(½ O2), protons (2 H+), and electrons (2 e-). The released electrons pass through the electron 
transport chain (blue dashed arrows), where the potential energy of the electrons is used to 
translocate protons from stroma to lumen (red dashed arrows). The proton gradient is the 
energy source used by ATP synthase to generate ATP. In case of non-cyclic pathway, the 
electrons are passed to photosystem I (PS I), excited by photons again and subsequently 
combined with H+ and NADP+ to form NADPH. In reality, both PS I and PS II are closely 
associated with LHCs providing excitation energy to the reaction centers. Image source: [94]. 
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Figure 7. The Z scheme. Schematic representation of the energy levels of the electrons 
passing through the transport chain. The vertical axis shows the potential energy of the 
electron, usually measured in volts.  Image source: [95]. 
 
In the light-independent set of reactions which take place in the stroma of chloroplasts, 
the enzyme RuBisCO (Ribulose-1,5-bisphosphate carboxylase/oxygenase) captures CO2 from 
the environment and in a process that requires ATP and NADPH, called the Calvin cycle, 
releases three-carbon sugars, which are later combined to form sucrose and starch. The overall 
equation for the light-independent reactions in green plants is: 

 

3 CO2 + 9 ATP + 6 NADPH + 6 H+ → C3H6O3-phosphate + 9 ADP + 8 Pi + 6 NADP+ + 3 H2O 

 
Initially, carbon fixation produces an intermediate product, which is then converted to the 
final carbohydrate products. The carbon skeletons produced by photosynthesis are then 
variously used to form other organic compounds, such as the building material cellulose, as 
precursors for lipid and amino acid biosynthesis, or as a substrate in cellular respiration. The 
latter occurs not only in plants but also in animals when the energy from plants passes through 
a food chain [96]. 
 
The fixation of carbon dioxide, see figure 8, is a process in which carbon dioxide combines 
with a five-carbon sugar, ribulose 1,5-bisphosphate (RuBP), to yield two molecules of a three-
carbon compound, glycerate 3-phosphate (GP), also known as 3-phosphoglycerate (PGA). GP, 
in the presence of ATP and NADPH from the light-dependent stages, is reduced 
to glyceraldehyde 3-phosphate (G3P). This product is also referred to as 3-
phosphoglyceraldehyde (PGAL) or simply triose phosphate. Triose is a 3-carbon sugar. Most 
of the G3P produced is used to regenerate RuBP so the process can continue. One out of six 
molecules of the triose phosphates are not recycled and often condense to 
form hexose phosphates which ultimately yield sucrose, starch and cellulose. The sugars 
produced during carbon metabolism yield carbon skeletons that can be used for other 
metabolic reactions like the production of amino acids and lipids [89].  
 
The photosynthetic process has four stages taking place on different time scales. Energy 
transfer in antenna systems (LHCs) in thylakoid membranes takes time in the order of 
femtoseconds to picoseconds. Transfer of electrons in photochemical reactions (excitation of 
chlorophyll molecules in the reaction centers) in thylakoid membranes takes picoseconds to 
nanoseconds. Electron transport chain and ATP synthesis in thylakoid membranes takes 
microseconds to milliseconds, while carbon fixation in stroma and export of stable products to 
cytoplasm takes milliseconds to seconds. 
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Figure 8: Schematic representation of the Calvin cycle. See text for description. Image source: 
[97]. 
 
 
1.5.2 Mechanisms of photoprotection and photodamage 

The photochemical reactions that take place during photosynthesis can damage the 
photosynthetic machinery. The PS II protein complex seems to be the part most susceptible to 
photodamage [98]. Photodamage to PS II is called the photoinhibition and it is associated with 
increased turnover of D1 protein (PS II subunit). Plants and algae have photoprotective 
mechanisms to protect themselves against photodamage. One of such mechanisms involves 
quenching of singlet excited state chlorophylls by enhanced internal conversion to the ground 
state (non-radiative energy dissipation). This mechanism helps to remove the excess energy 
by dissipating it through molecular vibrations (heat). Non-radiative dissipation is 
accompanied by so called non-photochemical quenching (NPQ) of chlorophyll fluorescence. 
NPQ is present in most photosynthetic eukaryotes. It regulates and protects photosynthesis 
whenever the light energy absorption exceeds the capacity of the photosynthetic machinery 
[99, 100]. 
 
Absorption of PAR by chlorophyll brings chlorophyll from the ground state to the first singlet 
excited state. This excitation can be transferred to another chlorophyll molecule by Förster 
resonance energy transfer. This is how the excitation propagates from the LHC to the reaction 
centers of PS I and PS II, where the energy is used for photosynthesis, which is also called 
photochemical quenching. Alternatively, the excitation can be returned to the ground state by 
NPQ (emission of heat), or emission of a photon, which is a fluorescence. 
 
When the intensity of incident PAR is increasing, the absorption of PAR by photosynthetic 
cells increases as well. At some point, the photosynthetic machinery becomes saturated, and 
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the rate of photosynthetic reactions reaches its maximum. Any further increase in the PAR 
intensity does not accelerate photosynthesis, but presents an excessive energy that has to be 
dissipated without destructive effects on the photosystems. This surplus excitation energy 
leads to an increased proportion of the singlet excited chlorophyll, which increases the 
probability of its excitation to the long lived triplet state by inter-system crossing. Triplet 
chlorophyll is a strong photosensitizer causing singlet excitation in molecular oxygen. Singlet 
oxygen is highly reactive (reactive oxygen species, ROS) and can impart oxidative damage to 
virtually all the constituents of the photosynthetic machinery [99]. 
 
Some accessory photosynthetic pigments, namely carotenoids, serve to protect the 
photosystems against photodamage. They play crucial role in NPQ by their interaction with 
chlorophyll and proteins in LHC in order to regulate the dissipation of the excess energy in a 
form of heat. A set of biochemical transformations in carotenoids that is crucial for 
photoprotection via NPQ is called the xantophyll cycle [101]. Carotenoids also act as lipid-
protective antioxidants to stabilize membranes and lipid inclusions in cells. 
 
 
1.5.3 Chlorophyll fluorescence 

Kautsky effect, also called the fluorescence transient, fluorescence induction or fluorescence 
decay, is a typical temporal variation of plant fluorescence intensity when the plant is exposed 
to light, see figure 9. It was discovered in 1931 by H. Kautsky and A. Hirsch [102]. When 
dark-adapted photosynthetic cells are illuminated with continuous white light, chlorophyll 
fluorescence displays characteristic changes in intensity accompanying the onset of 
photosynthetic activity.  

 

 
Figure 9: The diagram of Kautsky effect. X-axis represents the exposure time of a 
photosynthetic organism to white light with constant intensity. Y-axis represents the relative 
intensity of fluorescence emitted by the studied organism. When a sample is illuminated, the 
fluorescence intensity increases with a time constant in the microsecond or millisecond range 
(A). During a few seconds the intensity gradually decreases (B) and reaches a steady-state 
level. Image source: [103]. 
 
 
When a sample (leaf or algal suspension) is illuminated, the fluorescence emission intensity 
of chlorophyll (emission maximum 735 nm) increases within microseconds or milliseconds. 
In a few seconds the intensity decreases and reaches a steady-state level. The initial rise of the 
fluorescence intensity is attributed to the progressive saturation of the reaction centers of PS II. 
The quenching of the fluorescence by photochemical processes (photochemical quenching) 
decreases with the time of illumination, with a corresponding increase of the fluorescence 
intensity. The slow decrease of the fluorescence intensity is caused, in addition to other 
processes, by NPQ. NPQ is a protection mechanism in photosynthetic organisms, as they have 
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to avoid the adverse effect of excess light. The fluorescence of chlorophyll can be used to 
analyze various parameters of photosynthesis. Therefore, the chlorophyll fluorimetry is 
widely used in plant ecophysiology.  
 
Chlorophyll fluorescence can be efficiently measured with pulse amplitude modulation (PAM) 
fluorescence spectrometer. It uses white light (PAR) pulses of various photon flux density and 
duration to excite the fluorescence of chlorophyll in dark adapted and light adapted cells. The 
intensity, location and temporal development of fluorescence emission are collected by a 
sensitive camera via a color filter that transmits only the chlorophyll emission maximum 
wavelength, around 735 nm. There are multiple parameters of the chlorophyll fluorescence 
that can be measured by such instrument, the most widely used ones being the minimal 
fluorescence (F0) and the maximal fluorescence (Fm). The diagram of the PAM fluorescence 
measurement protocol that was used routinely in our photodamage experiments is on figure 
10. 
 

 
Figure 10: The diagram of PAM fluorescence measurement of Fv/Fm. A: Fluorescence 
intensity development in time (red line). B: Measurement pulses of white light lasting 10 µs 
with PAR flux density 0.03 µmol photons.m-2.s-1 were given every 400 ms for 4 s (10 pulses) 
to measure the F0 value of dark adapted algal cells (green line). C: For measurement of Fm, a 
saturation pulse (purple line) with PAR flux density 1000 µmol photons.m-2.s-1 lasting 800 ms 
was used (time = 5s). Saturation pulse serves to reduce the primary quinone acceptor in all 
active Photosystem II reaction centers, therefore temporarily preventing photochemical 
quenching, maximizing the fluorescence. The intensity of measured fluorescence (A) was 
initially low (F0), but it sharply increased after the saturation pulse was applied (Fm). 
Measurements of Fm and F0 were averaged from values obtained from the individual 
measurement pulses. D: Fluorescence detection was switched on in periods indicated by the 
dark blue line. Subsequently, the variable fluorescence Fv = Fm – F0 was calculated, and the Fv 
value was used to calculate Fv/Fm which serves as an approximation for PS II photosynthetic 
efficiency. Image source: FluorCam software, modified. 



 21

 
 
When photosynthetic organism is examined, initially the minimal fluorescence (F0) is 
measured. The excitation of fluorescence is achieved by a series of short, low intensity pulses 
(flashes) of white light. F0 represents the fluorescence in the absence of PAR, after a period of 
dark adaptation. In this state, the LHCs are open and deliver the excitation energy freely into 
the reaction centers. Photochemical quenching (rate of photochemical reactions) is as fast as 
possible (given the amount of incident photons), and NPQ is minimal as well as the 
fluorescence. The maximal fluorescence (Fm) is measured in a similar manner, but 
immediately after saturation with a short, high intensity pulse of white light. This temporarily 
congests the PS II reaction centers with electrons. The LHCs are closed, because the 
excitation energy cannot be extracted by the saturated reaction center, and is emitted as 
fluorescence. The short saturation flash should not trigger the NPQ. 
 
The efficiency of photochemical quenching can be used as an approximation of the PS II 
efficiency, and it can be calculated from parameters F0 and Fm. Firstly, the variable 
fluorescence (Fv) is isolated: Fv = Fm – F0. The ratio Fv/Fm is the ratio of variable fluorescence 
to maximal fluorescence. It is an approximate measure of maximal efficiency of PS II. The 
numerical value of Fv/Fm defines the proportion of the energy used for photosynthesis to the 
total energy absorbed by the PS II. The methods using chlorophyll fluorimetry are crucial in 
quantitative determination of photodamage in photosynthetic organisms. The fluorescence of 
chlorophyll is treated in detail in dedicated literature [104]. 
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1.6 Algae 

 
Algae are a large and diverse group of organisms, typically photoautotrophic (performing 
photosynthesis and CO2 assimilation), ranging from unicellular to multicellular forms. They 
inhabit various, even relatively extreme habitats, but they are typically found in soil, in oceans 
and in fresh water. Algae display several reproductive strategies, from asexual (fission) to 
sexual reproduction. Algae are eukaryotic organisms, with membrane organelles, such as 
nucleus and chloroplasts, see figure 11. Algae are a polyphyletic group, they do not have one 
common ancestor. For example, while green algae seem to have acquired their primary 
chloroplasts from endosymbiotic cyanobacteria, diatoms probably derived theirs from an 
endosymbiotic red alga. There are over 70000 algal species known today, see figure 12. 
 
 
 

 
 
 
Figure 11: The schematic representation of algal cell and its basic constituents. Cell wall is 
composed mainly of polysaccharides such as cellulose and it serves primarily as a structural 
support for the cell. Cell membrane is a double layer of phospholipids with associated 
proteins and other constituents. Mitochondria serve for cell respiration. Chloroplasts are the 
photosynthetic organelles. Vacuole serves as an osmotic buffer and a reservoir for storage of 
various metabolites. Nucleus, surrounded with endoplasmic reticulum (ER), serves for 
coordination of cellular actions including replication and transcription of DNA. ER (orange 
cisterns around nucleus) with ribosomes (black dots) serves for proteosynthesis. Golgi 
complex modifies some of the proteins from ER and transports them to various locations in 
cell. Various inclusions in cytoplasm such as lipid, starch, or protein bodies can be present. 
Image source: [105]. 
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Figure 12: Various algal species. Algae are enormously diverse group of organisms with 
various life strategies and habitats ranging from polar glaciers to desert rocks, although they 
are most commonly encountered in water or moist habitats. Nodularia, Gomphosphaeria and 
Cylindrospermum are not algae but cyanobacteria, the prokaryotic oxygenic photosynthetic 
organisms, also informally called blue-green algae. Cyanobacteria are taxonomically separate 
from algae and the two groups should not be confused. Source: [106]. 
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Algae present an important factor in Earth’s ecology. Especially in the aquatic environment, 
phytoplankton is the primary source of food for most of the food chains. When algae create 
high density growths, algal blooms, they can have strong adverse effects on the other life 
forms in the water. Algae also produce oxygen and sequester carbon dioxide from the Earth’s 
atmosphere, helping to restore the balance in the carbon cycle. 
 
Algae produce a plethora of useful substances, and therefore the biotechnology of algae is an 
expanding research and business field. Some of the substances traditionally derived from 
algae are agar, a product of certain red algae, or alginates from brown algae, such as 
Macrocystis pyrifera. Additionally, some algae find their use directly, as a food or feed, 
especially in the aquacultures. More recently, the biofuel research on algae has intensively 
developed and it currently presents an important branch of applied phycology. See figure 13.  
 
 

 
 
Figure 13: Diagram of biodiesel production from algae. The algae are first cultivated in a 
large scale bioreactor (1). The algae are then deprived of inorganic ions such as nitrate (2) 
which triggers the production of lipids. In this stage, the cells must be analyzed in order to 
meet the expected quantity and quality of lipids for the resultant biodiesel. In the next steps, 
the algae are disintegrated (3), extracted (4), solvent is evaporated and recycled (5), and 
finally the crude algal oil is chemically transformed to biodiesel (6). Similar processes of 
cultivation and extraction can be used for mass production of wide variety of biomolecules. 
Image source: Solix Biofuels. 
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Algae can offer several sources of biofuels ranging from hydrogen and oils to the crude 
biomass. Algal oil is a promising substitute for biodiesel from canola and other crops. Most of 
the species currently considered for oil production are unicellular algae, also called 
microalgae, with cell diameters ranging only from units to tens of micrometers. Similar 
microalgal species can produce edible oils which are rich with polyunsaturated fatty acids 
beneficial for human health. The oil productivity by algae in laboratory conditions is 
significantly higher than in any conventional land crop. The large scale algal cultivation 
techniques, however, have to be further improved to enhance the cost-effectiveness of the 
biofuel production process. Various carotenoids can be extracted from algae, such as carotene, 
lutein, zeaxanthin, or astaxanthin. Some of these are being produced commercially, e.g. beta-
carotene form Dunaliella salina.  
 
Selection of the optimal production strains of algae, either produced by traditional breeding, 
or by genetic manipulation, is an important task for molecular biologists. It is also a platform 
for interdisciplinary cooperation between biologists, physicists and engineers, searching for 
an instrumental solution to the detection of the desired traits in a single microorganism and its 
reliable isolation for further breeding. This section provided only general introduction, since 
several aspects of algal metabolism, structure, spectral and multiple other properties will be 
extensively discussed further in the text. 
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2 Laser induced stress in living cells 

 
2.1 Optical trapping of microalgae at 735-1064 nm: Photodamage assessment. 

 
2.1.1 Introduction 

Microbial cultures have been exploited by mankind for millennia [107]. The ever-increasing 
number of usable metabolites produced by microbes has driven the recent rapid development 
of microbial biotechnology [108, 109]. Optical non-contact micromanipulation offers an 
attractive opportunity to select, handle and sort individual microbial cells. Optical tweezers 
operate by employing transfer of momentum from tightly focused laser beam to a micro-
object, resulting in its spatial confinement [110], and have been used to manipulate 
heterotrophic cells in broad areas of biology [110, 111, 112, 113, 114, 115, 116]. In contrast, 
the use of optical tweezers for photoautotrophic microorganisms has been only marginally 
explored. However, photoautotrophic organisms have lately become a focus of enormous 
interest because of their ability to utilize solar energy for production of biofuels, high-value 
compounds and for assimilation of atmospheric CO2 [117, 118]. The ability to sort such cells 
and the potential effects of sorting techniques on the cells is, therefore, of considerable 
interest. 
 
Algae and cyanobacteria are susceptible to photoinhibition (see section 1.3.2) even when 
exposed to moderate photon flux densities [119]. Potentially, this hinders the application of 
optical micromanipulation. The absorption of light is increased by excitonic energy transfer 
from hundreds of pigment molecules to the reaction centers of two photosystems [120]. 
Photosystem II is particularly sensitive to photoinhibition during which overexcitation can 
result in production of harmful oxygen radicals, and other reactive species, that destroy the 
photosynthetic capacity of the cell and may lead to cell death [121]. To avoid this, optical 
trapping may employ wavelengths in the near infrared wavelength range beyond the red 
absorption edge of chlorophyll (which is part of PS II) [22]. However, several reports have 
pointed out that reaction centers may have activity beyond the red edge of chlorophyll 
absorption [122, 123, 124]. This study aims to elucidate the effect of trapping on 
photosynthetic cells across a range of wavelengths and incident energy levels. 
 
Current optical micromanipulation techniques utilize many tools and methods that enable 
spatial confinement and manipulation of microscopic objects, including living cells [125, 5, 
126, 127, 10]. A single laser beam focused to a diffraction limited spot acts as the optical 
tweezers and allows three-dimensional (3D) manipulation [1] of a single object ranging in 
size from tens of nanometers to tens of micrometers. Incident laser power may be used in the 
range from units of mW up to hundreds of mW. However, the power densities at these 
irradiance levels can reach MW.cm-2, exceeding by more than six orders of magnitude the 
power density of sunlight incident at the earth’s surface (around 100 mW.cm-2). In the case of 
organisms having cellular pigments at low concentrations (some bacteria, heterotrophic 
microorganisms) several earlier studies investigated the heating of the cells resulting from 
absorption of the beam from the continuously working laser [47, 128, 129, 130, 111] and 
concluded that there exists a window of usable wavelengths between 750-1200 nm that has a 
lesser effect on the cells. This wavelength range occurs between the absorption range of 
proteins at visible wavelengths and the absorption of water in the infrared region [131]. 
Investigations performed with Chinese hamster ovary cells (CHO) showed that a temperature 
rise close to 1K per 100 mW of incident trapping power occurred in these cells [128, 129]. An 
independent study performed on silica or polystyrene micrometer spheres [132] indicated that 
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such a temperature rise is mainly caused by absorption of the trapping beam in solution 
(water). 
 
Investigation of cloning efficiency of CHO cells [130] revealed that this had strong spectral 
dependence in the range from 700 nm to 1064 nm. Maximum clonability was observed 
between 950-990 nm and least clonability between 740 and 900 nm. Cloning efficiency 
reached 100% in cells trapped for 1 minute with an incident power of 176 mW at the optimal 
trapping wavelengths. Similar spectral dependence was observed when changes in rotation of 
E. coli were investigated in the optical trap [111]. Moreover, this study observed a dramatic 
decrease in photodamage under anaerobic conditions, implicating oxygen in the photodamage 
pathway. More recent studies performed on fibroblasts [133], Escherichia coli and Listeria 
[112, 113, 114], CHO cells [134], T cells [135], nerve cells [136, 137, 138], Saccharomyces 

cerevisiae [115], stem cells, and Caenorhabditis elegans [116] indicate that if the laser is 
focused down to diffraction-limited spot of a diameter comparable to the trapping 
wavelengths (1064 nm in vacuum), with an incident power less than 30 mW, this has little 
deleterious effect on the cell during an irradiation period of less than a minute. However, few 
studies have been made concerning the effects of optical trapping techniques performed on 
phototrophic organisms such as algae or cyanobacteria. 
 
Experiments with laser irradiation and trapping of algal cells were conducted by Ashkin and 
Dziedzic [23] on Spirogyra and Hydrodicton at a laser wavelength of 1064 nm. The authors 
manipulated organelles and visually evaluated the damage. Similar laser manipulations of 
Spirogyra [22], Micrasterias, Pleurenterium, and Closterium [139] at 1064 nm were 
performed and were mainly focused on the anatomical disturbances caused by the laser beam. 
In contrast, another study [140] evaluated the absorption spectra and viability of Chlorella 

pyrenoidosa cells after irradiation with lasers at wavelengths of 1060 nm, 530 nm, and 694.3 
nm. The spectral response of Chlorella after irradiation with 633 nm was also studied [141]. 
These investigations clearly demonstrated that there is a relation between the incident laser 
wavelength and the extent of the cell damage. Substantial damage occurred even after a short 
exposure to wavelengths in the visible range, while no damage was observed when using 
wavelengths in the near-infrared wavelength (1064 nm). However, none of the studies looked 
for the optimal wavelength region for optical manipulation of photosynthetic cells. 
 
Photodamage in the photosynthetic apparatus typically occurs in the reaction centers of 
Photosystem II [142]. (See section 1.5.2.) The loss of Photosystem II activity can be measured 
[104, 143] as a loss of variable fluorescence yield Fv that is defined as the difference Fm – F0 
between the maximum fluorescence yield Fm and the constant fluorescence yield F0. F0 is 
independent of the photochemical activity of the reaction centers, whereas Fm may be 
increased by eliminating the photochemical quenching of Photosystem II by applying a 
saturating flash of light to the sample. The ratio Fv/Fm in healthy higher plants is slightly over 
0.8, a value that is interpreted as the maximum quantum yield of photochemistry in the 
Photosystem II reaction centers [144]. Photoinhibition of the reaction centers is reflected by a 
decrease of Fv/Fm. The ratio Fv/Fm in healthy and unstressed algae and cyanobacteria is 
typically lower than in plants, and its interpretation as the maximum quantum yield is not 
possible because of significant contribution of Photosystem I and antenna systems (LHCs) to 
F0 [145]. However, the ratio is often used as a convenient surrogate for activity of 
Photosystem II [143]. (See section 1.5.3.) In this study we measured changes in Fv/Fm 
resulting from optical trapping by focused laser radiation of different wavelengths. In 
accordance with available studies on other cells discussed above, we chose a moderate 
trapping power of 25 mW with duration of the optical confinement of the microorganisms set 
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to 30 s. In accordance with our previous investigations [53, 55, 54, 81] we chose the 
microalga Trachydiscus minutus for this study. T. minutus contains chlorophyll a which is the 
central photosynthetic pigment of the vast majority of the other eukaryotic algae as well as all 
green plants. This makes T. minutus a good universal candidate for photodamage experiments. 
 
2.1.2 Materials and methods 

The experimental setup (figure 14) was based on a Micro-FluorCam system (Photon Systems 
Instruments, Brno, CZ). The microscope was modified by an extra input port for the trapping 
beam (red arrows). A Mira HP (Coherent) optically pumped by a Verdi V10 (Coherent) laser 
continuously emitted the trapping beam that was linearly polarized. The emission was tuned 
in the experiments to five wavelengths: 735, 785, 835, 885, and 935 nm. The trapping beam 
from Mira was first coupled to an optical fiber. The beam was then collimated by the L1 lens 
(Thorlabs, AC 254-030-B) and passed through a rotating half-wave plate WP (Thorlabs, 
AHWP05M-980) that rotated the beam polarization before passing it through a fixed polarizer 
(realized by polarizing beam splitter PBS, Thorlabs, PBS202). The power of the beam was 
adjusted by relative orientation of the beam polarization and the polarizer (minimal if crossed) 
before entering the Micro FluorCam. The trapping beam was reflected at the dielectric mirrors 
M4 and M3, and passed through filter F before being focused by water-immersion objective 
(Olympus, UPLSAPO, 60x, NA 1.20) into a diffraction limited spot. The resulting tightly 
focused beam was used as an optical trap to which the micro-object was confined. The same 
objective was used for collection of the cell autofluorescence and imaging the sample to the 
CCD camera. For optical trapping at wavelength 1064 nm, an Ytterbium fiber laser (YLM-10-
1064-LP, IPG Laser) was coupled to the fluorescent microscope in the same way as described 
above for Mira. The transmittance data of all the components in the optical path were 
obtained from their manufacturers. The total transmittance of the system was calculated and 
used to set equal power of the trapping beam at all the given wavelengths. The transmittance 
of the objective at 1064 nm was not listed by the manufacturer and was determined using the 
dual objective method [146, 125]. At each trapping wavelength the laser power incident at the 
sample plane was kept constant at 25 mW. The total energy delivered to the sample plane 
within 30 s of trapping was 0.75 J. The trapping capability of the laser beam was tested before 
each experimental run by trapping a cell in the sample, followed by dragging of the confined 
cell over a distance of several cell diameters. The cell motion relative to the medium was 
achieved by moving the micropositioning stage of the Micro-FluorCam. The experimental 
cells were accurately positioned prior to trapping so that the trapping beam passed through the 
center of the cell. 
 
Trachydiscus minutus (Bourrelly) Ettl, CCALA was obtained from the Culture Collection of 
Autotrophic Organisms, CCALA (Institute of Botany of the ASCR, v.v.i.). T. minutus was 
grown in 500 mL bubbled batch cultures at room temperature (approx. 22°C), in a medium 
containing (in mg.L-1) N 150; P2O5 50; K2O 300; MgO 30; SO3 75; B 0.3; Cu 0.1; Fe 0.7; Mn 
0.4; Mo 0.04; Zn 0.3, dissolved in tap water (pH 7.2-7.7; hardness 2.4-2.6 mmol.L-1) that 
supplied calcium. Cultures were cultivated in sunlight. The light cycle was approximately 12 
hours light/12 hours dark, incident PAR flux density fluctuated between 100-300 µmol 
photons.m-2.s-1 during daytime, which translates to an optical intensity of about 5-16 mW.cm-2 
[147]. Experimental cultures were used when stationary and 1 week after inoculation.  
 
The measurement of the chlorophyll fluorescence was done as described in [148], see also 
section 1.5.3 and figure 10. Measuring flashes lasting 10 µs with an intensity 0.03 µmol 
photons.m-2.s-1 were given every 400 ms for 4 s to measure the F0 value of dark adapted cells. 
For measurement of Fm, a saturating flash of white light with an intensity about 1000 µmol 
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photons.m-2.s-1 lasting 800 ms was used to reduce the primary quinone acceptor in all active 
Photosystem II reaction centers. Fluorescence images were acquired with CCD camera. 
FluorCam software provided measurements of Fm and F0 fluorescence intensities, which were 
taken for each pixel within a manually selected cell area on the fluorescence image and 
averaged. Subsequently, the variable fluorescence Fv = Fm – F0, and the ratio Fv/Fm, was 
calculated. The first Fv/Fm value for every selected cell was recorded prior to laser trapping 
(time stamp: t-30). After the fluorescence measurement, the trapping laser tuned to a specified 
wavelength was switched on for 30 seconds. Two measurements of Fv/Fm were recorded 15 s 
(t+15) and 60 s (t+60) after switching off the trapping laser. Control cells were treated in 
exactly the same way, except the trapping laser remained off. Ten cells per treatment were 
used and their Fv/Fm values were averaged. The procedure was repeated for each tested laser 
wavelength with different cells. Measurement of the cell’s response to varying trapping power 
(in four steps from 25 to 218 mW), was conducted at a wavelength 1064 nm. The 
measurement protocol was identical except the t+60 data-point was omitted. 

 
Figure 14: The experimental setup - modified Micro-FluorCam (functional scheme). LED 
sources and mirrors M1-M3 allow the use of various excitation sources for fluorescence 
(black arrows). Filter F1 blocks the LED excitation wavelengths so that they are not visible at 
the CCD. The trapping path (red arrows) starts at Mira emitting the trapping beam coupled to 
optical fiber, further collimated by lens L1 it passes through half-wave plate WP and 
polarizing beam splitter PBS both controlling the laser power entering the FluorCam through 
dichroic mirror M4 (Reproduced and modified with courtesy of Photon Systems Instruments). 
 
2.1.3 Results and discussion 

Figure 15 shows the optical trapping of a single algal cell using the optical tweezers at 1064 
nm. The micropositioning stage was used to move the microscope slide (with two adhered 
darker cells) with respect to the optically trapped bright cell that stayed static in the field of 
view. 
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Figure 15: Optical trapping of Trachydiscus minutus cells in time lapse images A-C while the 
microscope stage moved to the right at the velocity of approximately 30 µm.s-1. The two dark 
cells at the bottom adhered on a glass slide follow the stage motion while the optically trapped 
bright cell is static. Trapping laser wavelength was 1064 nm and the incident power was equal 
to 25 mW in the sample plane. The white scale bar corresponds to 10 µm. 
 
Figure 16 shows the Fv/Fm ratio in cells before and after 30 s of optical trapping by different 
laser wavelengths. Prior to trapping, the Fv/Fm ratio was between 0.3 and 0.5 which is a value 
significantly lower than in higher plants but typical for algae and cyanobacteria [149]. The 
735 nm optical trap profoundly reduced the variable fluorescence of the trapped cells. No 
recovery was recorded after 15s and 60s of darkness. Only about 50% of the original Fv/Fm 
ratio was measured after trapping at 785 nm, and somewhat more after trapping at 835 nm. 
The Fv/Fm ratio before and after the trapping did not change significantly at wavelengths of 
935 and 1064 nm. 
 
Figure 17 shows that a trapping wavelength of 1064 nm had no damaging effect on cells with 
a laser power from 25 to 218 mW. Fv/Fm remained approximately the same before (blue bars) 
and after the trapping (red bars). It was surprising to find that Photosystem II of 
photosynthetic cells is insensitive to irradiance at 1064 nm wavelength at a power that has 
been shown to exert effects on heterotrophic cells (most likely by local heating due to 
absorption by water). One can speculate that the local heating dissipation mechanisms 
reported for photosynthetic membranes [150] can be an important feature contributing to their 
observed resistance to photodamage at these wavelengths. Photosystem II does not absorb 
wavelengths longer than 700 nm [120]. However, Photosystem II photochemistry has been 
observed at wavelengths significantly longer than 700 nm [122, 123] with an explanation 
proposed by Thapper et al. [124]. Albeit of a low yield, the oxygen evolution, variable 
fluorescence, and electron paramagnetic resonance signals elicited by these photons are 
similar to respective phenomena observed in visible light. Considering that the photon flux 
density in the optical tweezers is by orders of magnitude higher than in sunlight, the low yield 
photochemical activity driven by these low energy photons could have contributed to the 
photodamage we observed in figure 16 between 735 nm and 885 nm. 
 
Although trapping laser wavelength can be chosen far from the absorption maxima of cellular 
pigments in photosynthetic cells, using wavelengths in the infrared region may have 
deleterious effects due to energy absorption by water. Since cells usually contain over 70% of 
water by weight, thermal stress of the cell from laser absorption by water becomes a concern 
during optical trapping. Water absorption is more than one order of magnitude lower for 735 
nm than for 1064 nm [151, 131], see figure 18. Therefore, because we did not observe any 
effect on Fv/Fm after cell trapping at 1064 nm, we considered the laser absorption by water 
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negligible. It is apparent that the laser power in the sample plane was too low to cause 
considerable heating due to the water absorption [132].  
 

 
Figure 16: The Influence of the trapping laser wavelength on photosystems of Trachydiscus 

minutus cells. Trapping wavelength and control samples are defined on the horizontal axis. 
The quantity Fv/Fm, plotted on the vertical axis, was recorded immediately before the cell was 
optically trapped (t-30), 15 (t+15) and 60 seconds (t+60) after the laser was switched off (t+0) 
and the cell released from the trap. Ten samples were averaged for one data-point and the 
error-bars represent 95% confidence level. 
 
 

 

Figure 17: The Influence of optical trapping at 1064 nm wavelength with different trapping 
laser power incident on Trachydiscus minutus cells. Fv/Fm on the vertical axis was recorded 
before irradiation (t-30) and 15 seconds after the irradiation (t+15). The laser power incident 
on the sample plane is on the horizontal axis. Ten samples were averaged for one data-point 
at 0 and 25 mW, three samples were averaged for 50, 98, and 218 mW data-points. Error-
bars represent 95% confidence level. 
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Figure 18: Optical absorption coefficient of water. Local maxima on the absorption curve of 
water are identified with combinations of vibrational modes of water molecules: symmetric 
stretching ν1, symmetric bending ν2, and asymmetric stretching ν3. The combinations are: all 
three modes (ν1+ ν2+ν3), the first overtone of mode ν1 and mode ν3 (2ν1+ν3), and the second 
overtone of mode ν1 and mode ν3 (3ν1+ν3). The yellow area corresponds to visible light. 
Image source: [151]. 

 
The thermal damage in our system can be further decreased if the optical trapping is done 
with lower laser power using optimized optical tweezers with stiffer optical trap [152]. The 
choice of an optimal wavelength for optical manipulations of living microorganisms is a task 
parallel to the optimization of excitation wavelengths for Raman microspectroscopy and other 
analytical methods involving laser radiation, or other strong radiation sources. Regardless of 
the purpose, it is necessary to choose the wavelength that minimizes stress and retains the 
viability of the manipulated cells. 
 
2.1.4 Conclusions  

When investigating the optical micromanipulation of Trachydiscus minutus cells suspended in 
culture medium pulse amplitude modulation fluorescence spectroscopy showed that a 
significant decrease of Fv/Fm occurred after irradiation by shorter wavelengths (735 nm), 
while at longer wavelengths (935 nm and 1064 nm) the decrease was negligible. This finding 
indicates that non-invasive optical manipulation of living cells of photosynthetic 
microorganisms can be performed using laser wavelengths longer than 935 nm. We found that 
a trapping wavelength of 1064 nm caused no changes in Fv/Fm even at an incident laser power 
exceeding 200 mW in the sample plane. This power range is sufficient for reliable 3D 
manipulation of cells even in a flowing medium. Our conclusions are equally valid for other 
laser treatments of algal cells, e.g. laser spectroscopy. 
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2.2 Yeast cell generation time and mortality in optical trap 
 
2.2.1 Introduction 

Baker’s yeast (Saccharomyces cerevisiae) is very popular single-celled eukaryotic model 
organism. It was between the first living cells manipulated by laser trap in the time it was 
discovered by Ashkin [22]. Later on, more interesting optical manipulation experiments were 
performed, such as Raman analysis of optically trapped yeast cells to discriminate between 
dead and living individuals [153]. Optical trapping of yeast cells was combined also with 
confocal Raman spectroscopy [154], and both optical trapping and surgery of living yeast 
cells using a single laser was performed [155]. In different yeasts, such as Rhodotorula 

glutinis, laser tweezers Raman spectroscopy was used for monitoring and fast quantification 
of total carotenoids in individual cells [56]. In our experiment, we have tested the baker’s 
yeast cells tolerance to optical trapping by a single beam trap formed by a tightly focused 
laser beam at 1064 nm wavelength. We took advantage of microfluidic chips to study the 
stress reaction in terms of generation time and mortality of cells. Similar, but more 
sophisticated experiments with generation time of yeast cells in optical trap were published 
quite recently [115].  
 
2.2.2 Materials and methods 

The experimental setup for observation of optically trapped yeast cells is depicted in figure 19.  
The infrared trapping laser (1064 nm, diode pumped Nd:YAG; DPY 321 II, Adlas) was 
introduced to the system through a half-wave-plate (WP, Thorlabs, AHWP10M-980) and a 
polarizing beam splitter (PBS, Thorlabs, PBS201). They provided fine-tuning of the laser 
power incident on the cell. Expander (Exp) constructed from two achromatic lenses 
(AC240TM-C and AC254-25-C, Thorlabs) was used to obtain wide collimated beam which 
was reflected from the dichroic mirror (D, highly reflective at 785 nm and longer wavelengths, 
homemade) into the microscope objective lens (Olympus, UPLSAPO, 60x, NA 1.20). White 
light for sample illumination was focused by the condenser, collected by the objective lens, it 
passed the dichroic mirror and entered a standard CCD camera (piA1600, Basler) through an 
edge filter (F1, highly reflective at 1064 nm, homemade) for blocking of the infrared light and 
through a focusing lens (L1, AC508-150-B-ML, Thorlabs). 
 
The microfluidic chip arrangement is apparent from figure 44 in section 4.1.3 dealing with 
microfluidic techniques. Part of the chip with three chambers and a section of the main 
channel are depicted in figure 20. The chambers of cylindric shape (diameter 25 µm) were 
connected to the wide microfluidic channel by a channel of width 15 µm and length 50 µm, 
height of all chambers and channels was 20 µm. Such configuration ensured that the cells 
could not escape easily from the chamber only due to their diffusion. The baker’s yeast was 
purchased from a grocery store and it was cultivated at room temperature in YPD medium 
(Glucose 20 g, Yeast-extract 10 g, Tryptone 20 g, tap water 1 liter, sterilized by autoclaving 
15 minutes at 120°C). The cells in the YPD medium were introduced into a wide microfluidic 
channel, and transported by a low power optical trap into the chambers (figure 20). The cell in 
the middle chamber was then subjected to 15 minutes of optical trapping at the wavelength 
1064 nm, with beam of variable intensity ranging from 19 to 95 mW at the sample plane. 
Experimental cells were accompanied by one or two control non-trapped cells on the sides. 
The experiment was recorded on a CCD camera, and the video-files were analyzed in order to 
gauge the mortality and the generation time (GT). Mortality was calculated as the relative 
proportion of cells which did not resume division for more than 6 hours after the optical 
trapping. The generation time was defined as the time elapsed between two successive bud 
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(daughter cell) formations. In total, 53 cells were irradiated and 79 cells were examined 
including the controls.  
 

 
Figure 19: The experimental setup for observation and optical trapping of Saccharomyces 

cerevisiae cells. Laser was introduced through a half-wave-plate (WP) and a polarizing beam 
splitter (PBS). Expander (Exp) created a wide collimated beam, which was reflected from the 
dichroic mirror (D) into the microscope objective lens. Light for illumination entered the 
condenser, the objective lens, and entered the CCD camera via an edge filter (F1) and a 
focusing lens (L1). For parameters of the system components, see text. 
  
2.2.3 Results and discussion 

The resultant reproduction and mortality rates are depicted in figure 21. We have found the 
cells of S. cerevisiae highly tolerant to trapping with up to nearly 40 mW laser power for 15 
minutes which resulted in about 7% dead cells only and an insignificant increase of 
generation time. The mortality rose from 50 to 90% in the interval from 76 to 95 mW. The 
generation time was just over 100 minutes in non-trapped controls, while at 76 mW trapping 
power it was around 250 minutes. Similar amount of delay in generation time was observed 
by Aabo and his colleagues after 5h irradiation by 2 mW of 1070 nm wavelength laser [115]. 
While in our case the time of trapping was 20x shorter, our trapping power was 40x higher. 
The lower negative impact in our case can be speculated about. Possibly, reparative 
mechanisms play a role, enabling the cell to resume normal functions effectively after a short 
exposition to a high intensity beam. Heat-Shock Proteins (HSP), molecular chaperones, are 
one of the known cellular components to provide tolerance to increased heat (such as in 
infrared laser trapping) [156]. The mechanisms of the cell cycle inhibition and cell destruction 
from optical trapping are multiple. They involve heating of the cell, creation of reactive 
oxygen species, photo-inactivation of proteins, or absorption by pigments [157]. Our results 
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represent a useful “safety-margin” analysis for non-invasive, long-term or high-power optical 
manipulations with S. cerevisiae, which is one of the most popular model organisms.  
 

 
Figure 20: Saccharomyces cerevisiae cells stressed by optical tweezers in microfluidic 
chambers. The central cell was optically trapped with too high energy to resume the division, 
while the two peripheral control cells continue budding. The left figure shows the beginning 
of the experiment at t = 0 minutes. The right figure demonstrates the budding of the peripheral 
cells 250 minutes later.  

 
 
Figure 21: Left: The generation time (GT) of yeast cells trapped for 15 minutes in optical 
tweezers at the wavelength 1064 nm using the trapping laser power in the range from 50 to 
250 mW. The 0 mW point corresponds to the control unexposed cells. Right: The mortality of 
optically trapped yeast cells under the identical experimental conditions. 13 samples on 
average were used for each data point. Error-bars correspond to 95% confidence level. 
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3 Raman microspectroscopy 

 
3.1 Raman microspectroscopy of individual algal cells: sensing unsaturation of storage 

lipids in vivo 
 
3.1.1 Introduction 

Photosynthetic organisms transform the energy of solar photons into the energy of chemical 
bonds that provide for nearly the entire energy supply of Earth’s biosphere. Annually, 
photosynthesis accounts for net primary production of ca. 56.4·1015 g of carbon assimilated 
from the atmosphere on land and of ca. 48.5·1015 g in the ocean [158]. Most of the ocean 
photosynthesis occurs in planktonic algae. This enormous capacity of algae to transform the 
solar radiation into energy-rich chemical compounds and to remove CO2 from the atmosphere 
justifies the current interest of science and industry. Algae are considered as a potent source 
of biofuels of higher generation that will not compete for land with food production and that 
will contribute to biological capture of atmospheric CO2 to mitigate the global climate change. 
 
In parallel to hydrogen and alcohols, the most often considered product from algae for fuel 
industry are algal lipids [159]. Typical storage lipids in algae are triacylglycerols: tri-esters of 
glycerol with saturated or unsaturated fatty acids.  In this work, we focus on the degree of 
fatty acid unsaturation, which is the key parameter that determines the application potential 
for fuels or as dietary supplements or for pharmaceutical raw materials. 
 
The analysis of the fatty acid composition in algae by gas chromatography-mass spectrometry 
(GC-MS) has revealed a significant variability among algal species [160, 161]. GC-MS is a 
powerful analytic technique requiring the cell disintegration prior the analysis. However, for 
the purpose of selection and generation of potent production strains, one needs to characterize 
the lipids non-invasively in living algal cells so that they can be classified and sorted for 
further cultivation. Vital staining by BODIPY 505/515 [162] or by Nile red [163] are 
currently considered for fluorescence-activated cell sorting of lipid-rich algal cells.   
 
Raman spectroscopy offers an attractive alternative for lipid detection that has not yet been 
sufficiently exploited in algae. So far, Raman applications in microbiology have aimed mostly 
at detecting medically relevant organisms [164, 165, 166]. In 2007, the Raman Research 
Group at Gent University published a database of Raman spectral features of biologically 
relevant molecules that facilitates assignment of the most prominent Raman bands observed 
in living cells [167]. Recent reviews summarize the use of Raman spectroscopy for the 
detection and identification of important molecules in biological samples [168, 169, 170]. 
Raman spectroscopy of photosynthetic organisms is complicated by a strong autofluorescence 
of pigments that obscures the characteristic Raman spectral features. This challenge has 
limited the application to only a small number of algal species [71, 171, 172]. 
 
In this part of work, we present Raman spectra of storage lipid bodies measured with Raman 
microspectroscopy in individual cells of three algal species: Botryococcus sudeticus, 

Chlamydomonas sp., and Trachydiscus minutus. The main driving force behind the selection 
of the three algal species was to estimate the applicability of the spectroscopic measurements 
for lipid characterization in species with significantly different relative content of unsaturated 
fatty acids. This is exemplified for Trachydiscus minutus, which contains a high amount of 
highly unsaturated fatty acids [173] that can be used as a valuable supplement of human diet. 
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The other two algal species have been for a long time in the focus of an intense research so 
that the comparison with published results can be readily made [174]. 
 
The intensities of the Raman spectral peaks that correspond to the saturated and unsaturated 
carbon-carbon bonds in lipid molecules were used to estimate the degree of unsaturation in 
the lipid bodies similarly to [58, 63, 175]. The degree of unsaturation was quantified using the 
iodine value that is widely applied in biofuel and food industry [176]. Traditionally, the 
measurement of iodine value involved titration of the fatty acid mixture with iodine, with 
colorimetric indication of the end point. Every double bond in the fatty acid reacts with two 
atoms of iodine, while the single bonds do not react. This bulky procedure required high 
amounts of samples and could not be applied inside living cells. We propose that the non-
invasive single-cell sensing of the iodine value based on spatially resolved Raman 
microspectroscopy has a substantial potential to contribute to breeding of novel algal strains 
for production of higher generation biofuels and dietary supplements. 
 
3.1.2 Materials and methods 

 

3.1.2.1. Organisms and cultivation conditions 

Botryococcus sudeticus Lemmermann, CCALA 780 (VAZQUEZ-DUHALT/UTEX 2629), 
Chlamydomonas sp. CCALA, and Trachydiscus minutus (Bourrelly) Ettl, CCALA, were 
obtained from the Culture Collection of Autotrophic Organisms, CCALA (Institute of Botany, 
Academy of Sciences of the Czech Republic). T. minutus was cultivated in 50% Šetlík-
Simmer medium [177] in 100ml air-bubbled batch cultures. The irradiance during the 
cultivation was 400 µmol(photons)·m-2·s-1 and temperature was 28°C. The cells were 
harvested in early stationary phase. Chlamydomonas sp. and Botryococcus sudeticus were 
cultivated in 150 ml Erlenmeyer flask in BBM medium at room temperature in daylight at a 
laboratory window with occasional manual mixing. The cells were harvested at late stationary 
phase. The long term cultivation in the stationary phase was observed to induce the deposition 
of storage lipids in algal cells. 
 
3.1.2.2 Nile Red staining and fluorescence microscopy 

Nile red staining was used in our study in order to visualize lipid bodies within the algal cells. 
This allowed us to identify the lipid bodies in the studied cells according to their morphology 
and size (see figure 22).  Consequently, the lipid bodies were targeted by the focused laser 
beam exciting the Raman scattering spectra. Nile Red (9-diethylamino-5H-
benzo[α]phenoxazine-5-one) was prepared according to Greenspan et al., [178]. The staining 
was performed by mixing the solution of the dye (5mg/ml in acetone) directly with the culture 
suspended in the medium in 1:50 ratio [178, 179, 180]. DMSO (dimethyl sulfoxide) was 
added in 1:50 ratio to enhance the permeation [163]. Staining was applied at room 
temperature for a period of 30 minutes, the mixture was occasionally shaken. Cells were 
observed using Olympus BX50 microscope equipped with 100W high pressure mercury lamp 
for excitation, GFP fluorescence filter set (MDF-GFP, Thorlabs), and Olympus UPlanFl 60x / 
1,25NA, oil immersion Ph3 objective lens. Pictures were acquired with Tucsen 3MPx color 
½“ CMOS USB camera (Fuzhou Tucsen Imaging Technology Co., Ltd.). 

 
3.1.2.3 Gas chromatography-mass spectrometry technique 

Biomass harvest and lipid extraction - at the end of the cultivation, algal biomass, chlorophyll 
content, and cell counts were determined and exact volume of algal biomass was filtered 
using glass fiber filter MN GF1 (Macherey Nagel, Germany). After filtration, the filter with 
wet algal biomass was folded, put into a 4 ml vial and lyophilized overnight. After 
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lyophilization the filter was wetted with acetone and closed vial was kept at 50°C for 30 
minutes. Then the filter was spiked with hexane solution of nonadecanoic acid as internal 
standard for final quantification of fatty acids methyl esters, solvent was evaporated by gentle 
flow of nitrogen and the filter was cut into pieces which were placed into 25 ml zirconium 
oxide grinding jar and milled two times for 75 sec. After finishing the milling procedure, the 
resulting mixture was quantitatively transferred with chloroform into 7 ml vial, the solvent 
was then evaporated to dryness and the rest was extracted three times with 
chloroform:methanol (2:1 v/v). Prior to the first extraction, the vial was kept at 60°C for 30 
minutes with occasional shaking. After heating, the mixture was washed with potassium 
chloride solution (0.88 % w/w), the organic layer was separated and the biomass was 
extracted twice using the same procedure. Chloroform extracts were evaporated to dryness by 
nitrogen flow. 1.5 ml of 3 M hydrochloric acid in methanol was added and the reaction 
mixture was kept at 60°C. After 90 minutes, the reaction mixture was exhaustively extracted 
three times with 2.5 ml of hexane. Joint extracts were filtered through short column filled with 
anhydrous sodium sulfate and evaporated again to dryness by nitrogen. The resulting product 
was dissolved in 1 ml of hexane and 1 µl of the hexane extract was injected into a GC-MS 
instrument. 
 

 
Figure 22: Visualization of the lipid bodies in algal cells. Nile red (NR) fluorescence image of 
the lipid bodies (left) and differential interference contrast (DIC) image (right) of the same 
living cell are compared. Complex internal compartmentalization is visible in the DIC image 
and the structures corresponding to the lipid bodies can be clearly identified. The scale bar is 
5µm. 
 
GC-MS analyses - the ITQ 1100 instrument (Thermo Fisher Scientific, U.S.A.) was used, 
equipped with the PT injector operated in splitless mode with the injection temperature set to 
250°C. The GC separation was performed with Zebron ZB-5 column of 30 m length,  
0.25 mm internal diameter, and 0.25 µm film thickness (Phenomenex, U.S.A.). Temperature 
program started at 60 °C followed by temperature gradient of 17 °C.min-1 to 155°C and 
second ramp with 2.5°C.min-1 to 255 °C. Finally, the baking temperature between individual 
analyzed samples was reached by heating the column to 275°C. Temperature of the transfer 
line was set to 250°C, ion source temperature was held at 200 °C. Flow rate of the carrier gas 
(helium) was 1.2 ml. min-1. Full scan spectra in the range of relative mass m/z 50-450 Da 
were scanned. 
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3.1.2.4 Sample preparation  

For in vivo microspectroscopic experiments with spatially immobilized algal cells, 2-4% w/v 
solution of low temperature melting agarose (Sigma, Type X1) in deionized water was mixed 
with 10-30% v/v of algal suspension directly on a microscope cover slip and covered with 
another cover slip. Care was taken to introduce the algae to the agarose gel 2-3 minutes before 
it solidified in order to avoid unnecessary heat stress on the cells. Starting approximately  
10 minutes after the immobilization, the cells were analyzed with Raman microspectroscopy.  
 
3.1.2.5 Raman microspectroscopy 

Raman microspectroscopic experiments with living algal cells were carried out using a home-
built experimental system based on a custom-made inverted microscope frame. The layout of 
this system is shown in figure 23. In order to minimize the background fluorescence emission 
from the studied cells as well as to minimize potential photodamage of the cells, we chose the 
operation wavelength of the Raman excitation laser in the near-infrared spectral region. The 
Raman laser beam (Ti:Sapphire, λ = 785 nm, beam diameter 0.6 mm; 899-01, Coherent) was 
delivered to the setup by an optical fiber that also expanded the beam diameter by a factor of 
3 (not shown in the picture). Immediately after exiting from the fiber, the beam passed 
through bandpass filter BF (transmission bandwidth 3 nm centered on 785 nm; MaxLine 
LL01-785, Semrock) in order to clean up the excitation laser line. Beam diameter was further 
enlarged by 2x beam expander Exp before coupling to the objective lens via dichroic mirror D 
(LPD01-785RS, Semrock). The power of the Raman laser beam could be gradually adjusted 
by neutral density filter NDF1 with variable optical density (Thorlabs) and by a combination 
of a λ/2 waveplate WP (AHWP10M-980) with a polarizing beam splitter cube PBS (Thorlabs, 
PBS202). Maximal laser power available for excitation was approximately 60 mW at the 
specimen. 
 
The Raman excitation beam was focused on the specimen with a water-immersion objective 
lens (Olympus UPLSAPO 60x, NA 1.20). This lens has a very good transmission in the near-
IR spectral region and a long working distance that allowed us to work up to 200 µm deep 
into the specimen without a significant influence on the quality of the spectroscopic 
measurements. The lens was mounted on an aluminum frame that also provided a stable 
support for condenser and illumination light source and for 3-axis piezo-driven stage (P-
517.3CL, Physik Instrumente) which served for nanometer-precise positioning of the sample 
relative to the objective lens. In our experiments, the cells were immobilized in agarose gel 
placed between standard microscope cover slips (see above). This mounting procedure 
allowed us to select a target cell within the specimen, focus the Raman beam on a well-
defined intracellular location, and keep the cell stationary during the spectrum acquisition. For 
recording the calibration spectra with pure fatty acids, a small droplet of the substance was 
placed directly on top of a cover slip and the Raman excitation beam was focused inside the 
droplet approximately 20 µm away from the liquid-glass interface. 
 
Raman scattering spectra from the target cellular compartment were collected by the objective 
lens and subsequently focused by lens L2 into the entrance slit of an imaging spectrograph 
(focal length 300 mm, f/3.9; SpectraPro 2300i, PI Acton). Two edge filters EF1 (ZX000626, 
Iridian) and EF2 (LP02-785RS, Semrock) were placed in the detection light path to prevent 
the excitation light from reaching the spectrograph. The Raman scattered light was directed 
on a 600 gr/mm diffraction grating, imaged on the chip of a high-sensitivity liquid-nitrogen-
cooled spectroscopic CCD camera (Spec-10:100BR/LN, Princeton Instruments), and recorded 
using the camera control software (WinSpec). Recorded spectra were processed off-line, 



 40

using routines implemented in Matlab software (MathWorks). In order to facilitate the 
observation of the specimen and select the target location within the studied cell, light in the 
imaging path could be diverted via flipping mirror FM to a standard CCD camera (piA1600, 
Basler) connected to a monitor and a PC controlling the experiment.  
 
 

 
Figure 23: Schematic diagram of the experimental setup for Raman microspectroscopy. BF – 
bandpass filter, D – dichroic mirror, Exp – beam expander, FM – flipping mirror, L1,2 – 
lenses, NDF1,2 – neutral density filters, EF1,2 – edge filters, PBS – polarizing beam splitter, 
WP – lambda-half wave plate. Inset shows the detail of the studied sample. For detailed 
description of the optical elements, see text. 

 
3.1.2.6 Spectrum processing and analysis 

Despite using a near-infrared laser beam for the Raman scattering excitation and focusing the 
Raman probe specifically into the lipid storage bodies, the collected Raman spectra typically 
still display a noticeable non-specific fluorescence background. A major part of this 
background comes from chlorophyll fluorescence that is emitted at wavelengths much longer 
than the dominant emission bands of the pigment (685 nm, 695 nm, and ca. 730 nm) due to 
the excitation with 785 nm wavelength [124]. The fluorescence emission contributes by a 
spectral signal monotonously falling with increasing Raman shift and varying from location to 
location in a single cell. Besides the pigment autofluorescence, glass cover slip contributes a 
broad peak (width ~ 500 cm-1) centered at ~ 1400 cm-1 whose intensity depends on the 
distance from the cover slip surface. The overall nonspecific background of varying intensity 
and shape hampers the quantitative analysis of the heights of selected Raman spectral peaks. 
 
In order to extract quantitative information from the experimentally obtained spectral data, we 
adopted the rolling circle filter (RCF) technique for background removal. RCF was proposed 
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by Mikhailyuk et al. [181]. This method is based on the difference of the radii of curvature of 
the Raman lines and the background. The measured spectrum is analyzed as a geometrical 
object whose points are determined with two dimensionless coordinates. In these coordinates, 
we choose a circle with a certain radius R that is significantly greater than the Raman peak 
widths and significantly less than the radius of curvature of the background. The input array is 
the array that contains the coordinates of points of the original spectrum. In the beginning, the 
output array is identical to the input array. A circle is constructed for each point of the input 
array starting from the first point. The abscissa of the center of the circle coincides with the 
abscissa of the corresponding point. The spectrum and the circle have at least one common 
point, while the ordinates of the remaining points of the circle are less than the ordinates in 
the input array. Thus, the circle lies below the spectrum. The differences between the 
ordinates in the input array and the ordinates of the upper arc of the circle are compared to the 
corresponding ordinates of the output array. The minimum of two values becomes the new 
ordinate of the output array. Then, the procedure is repeated for the next point, so that the 
output array is modified many times. Thus, a circle rolls under the spectrum and subtracts the 
fragments of the curve whose radius of curvature is greater than R. At a certain radius of the 
circle, the background is effectively subtracted, whereas the Raman lines remain virtually 
unchanged [182]. 
 
With an appropriate choice of the filter parameters (filter width and number of filter passes), 
background can be effectively removed without causing a significant distortion of the signal 
peaks. When multiple spectra from different specimens are analyzed and compared, it is 
essential to keep the filter parameters constant for the complete spectral series and, thus, keep 
the residual distortion of the spectral peaks at a similar level. All the spectra presented in this 
paper have been corrected with the above described procedure. 

 
Figure 24: Typical Raman scattering spectrum of Trachydiscus minutus. Individual numbered 
bands are assigned in table 1. Raman bands 7 and 9 are used to calculate the degree of lipid 
unsaturation. Spectrum acquisition parameters: integration time 20 s, laser power at the 
specimen 13 mW. Red numbers indicate β-carotene vibrations. 
 
After the background removal, the actual analysis of the Raman spectra can be carried out. 
Figure 24 shows a typical background-corrected Raman spectrum obtained from a lipid body 
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inside a Trachydiscus minutus cell. The most prominent Raman spectral features observed in 
the spectrum are summarized in table 1. 
 
In our experiments, we determine the ratio of unsaturated-to-saturated carbon-carbon bonds in 
algal lipid molecules. To this end, we employ two specific spectral peaks at Raman shifts νU = 
1656 cm-1 (cis C=C stretching mode proportional to the amount of unsaturated C=C bonds, 
peak No.9 in table 1 and figure 24) and νS = 1445 cm-1 (CH2 scissoring mode proportional to 
the amount of saturated C-C bonds, peak No.7 in table 1 and figure 24). We found these peaks 
largely free of interference or overlaps with Raman signals of other cellular components (see 
the discussion below). Both these peaks are well documented as being very strong in Raman 
spectra of lipids [58]. From the ratio of peak intensities IR(νU)/IR(νS), average ratio of double-
to-single carbon-carbon bonds NC=C/NCH2 in the specimen, its mass unsaturation can be 
estimated. This can be accomplished by recording a calibration curve that relates IR(νU)/IR(νS) 
to NC=C/NCH2 for pure fatty acids of varied degree of the hydrocarbon chain unsaturation. 
Based on the published iodine values for the fatty acids used in our calibration [183] (figure 
26), it is possible to directly convert the measured values of NC=C/NCH2 to the iodine values 
for a given sample. 
 
 
 
 

Peak # 
Raman shift ν        

(in cm−1) Suggested assignment 

1 1060 C-C skeletal stretching vibration, out-of-plane 

2 1085 C-C skeletal stretching vibration; gauche chain conformer 

3 1125 C-C skeletal stretching vibration; trans chain conformer, in-plane 

4 1157 β-carotene 

5 1267 cis double bond =C-H bend in plane 

6 1442 β-carotene 

7 1445     νS CH2 bend, scissoring deformation; saturated fat indicator 

8 1525 β-carotene 

9 1656     νU cis C=C stretching vibration;  unsaturated fat indicator  

Table 1: Summary of the most prominent peaks / bands observed in the Raman spectra of 
algae, together with suggested assignments of vibration modes and contributing chemical 
compounds [72, 66, 71]. Peak numbers of the table were used to identify features in the 
spectra shown in figure 24. 

3.1.3 Results and discussion 

 

3.1.3.1 Calibration of mass unsaturation and iodine value against spectroscopic data 

In order to link the experimentally observed values of IR(νU)/IR(νS) to the values of mass 
unsaturation ratio NC=C/NCH2 and the actual iodine values (IV), we performed series of Raman 
spectroscopic measurements of pure fatty acids of varied degree of unsaturation (see table 2 
for the summary of the used samples). The results of these measurements are shown in figure 
25 and figure 26.  
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Palmitic 16:0 0 14 0 0 <0.03 

Oleic 18:1 1 14 0,071 90 0,65 

Linoleic 18:2 2 12 0,166 180 1,46 

Arachidonic 20:4 4 10 0,400 330 4,18 

EPA 20:5 5 8 0,625 420 5,61 

Table 2: Fatty acids used for the calibration of Raman spectral data against the actual mass 
unsaturation of the molecules and their iodine values. Raman scattering spectra of fatty acids 
were acquired with 10 s integration time and excitation power of ~13 mW at the specimen. 
Other relevant measured and calculated parameters are given in the table.  

 

Figure 25: Dependence of the observed Raman intensity ratio IR(νU)/IR(νS) on the molecule 
mass unsaturation NC=C/NCH2. Crosses mark experimental data obtained with pure fatty acids, 
straight line is a fit of this data. Circles indicate verification data points obtained with 
mixtures of oleic and arachidonic acids of different molar ratios; this data was not included in 
the fit. 
 
As expected, the obtained values of IR(νU)/IR(νS) are directly proportional to the calculated 
values of NC=C/NCH2 (figure 25) for individual fatty acids because IR(νU) (respectively IR(νS)) 
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scale linearly with the numbers NC=C (respectively NCH2) of C=C (respectively CH2) groups 
per molecule. On the contrary, the dependence of IV on both IR(νU)/IR(νS) and NC=C/NCH2 
deviates from linearity for IV > ~150 (figure 26). This stems from the fact that IV is 
proportional to the number of C=C bonds per the total length of the molecule including both 
C=C and CH2 groups. For fatty acids with small degree of unsaturation we can assume that 
NCH2 >> NC=C and, consequently, NC=C/(NCH2 + NC=C) ≈ NC=C/NCH2.  As the number of C=C 
groups per molecule grows, the two ratios start to diverge thus causing the observed non-
linearity. Calibration curve on figure 25 can be employed to convert the Raman spectroscopic 
data directly into the corresponding iodine values of the studied sample. 

 
Figure 26: Calibration curve for estimating the iodine value IV from the ratio of Raman 
spectral intensities IR(νU)/IR(νS). IV range 0 – 430 is covered which includes virtually all 
biologically relevant fatty acids. Crosses mark experimental data obtained with pure fatty 
acids, continuous line is a parabolic fit of this data. Circles indicate verification data points 
obtained with mixtures of oleic and arachidonic acids of different molar ratios; this data was 
not included in the fit. Formula given in the top left corner of the graph and below (Equation 

3.1.3.1.1) was used for calculating IV of the studied algae from experimental spectroscopic 
data. 
 

IV = -9.39 [IR(νU)/IR(νS)]2+126.23[IR(νU)/IR(νS)]+4.16 Equation 3.1.3.1.1 
 
To verify the validity of the calibration curve also for mixtures of different fatty acids, we 
performed additional spectroscopic measurements with binary mixtures of oleic and 
arachidonic acids of two different weight ratios: “Mixture 1” (6.1 mg of oleic acid, 4.8 mg of 
arachidonic acid), and “Mixture 2” (10.7 mg of oleic acid, 4.8 mg of arachidonic acid). These 
weight ratios were used to calculate the molar ratios. Mass unsaturation and IV of the 
mixtures were calculated from the molar ratios and the respective values of IV and NC=C/NCH2 
of the two components. The obtained pairs of values [NC=C/NCH2, IR(νU)/IR(νS)] and 
[IR(νU)/IR(νS), IV] for both analyzed mixtures fall on the calibration curves of figure 25 and 
figure 26. Thus, we conclude these calibration curves can be adopted for characterizing 
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average mass unsaturation and iodine value in mixtures of various fatty acids found in the 
studied algal cells.  
 
3.1.3.2 Determination of iodine value of lipids in living algal cells 

We investigated the fatty acid composition of lipid storage bodies in three algal species - 
Trachydiscus minutus, Botryococcus sudeticus, and Chlamydomonas sp. Before the 
spectroscopic experiments, the living cells were immobilized in agarose (see section 3.1.2.4). 
Subsequently, Raman scattering spectra were recorded over the spectral range of  
300-2000 cm-1. For the analysis of the algal fatty acid composition, we focused on the spectral 
range from 1000 cm-1 to 1800 cm-1 that contained the most relevant information. 
 
In order to obtain Raman spectra with a good signal-to-noise ratio, we used acquisition times 
in the range of 10–20 s and excitation power approximately equal to 15 mW at the specimen 
plane. Assuming the laser beam was focused to a diffraction limited spot of ~0.8 µm in 
diameter, the corresponding photon flux density was 2.1011 µmol(photons)·m-2·s-1. This value 
is by orders of magnitude higher than the physiological photon flux densities reached by solar 
radiation on Earth’s surface, which is in the order of 102-103 µmol(photons)·m-2·s-1. Even 
though we employed infrared excitation photons that are not efficiently absorbed by the 
cellular photosystems, we can expect the laser beam irradiation influences the photosystem 
states and possibly causes their irreversible damage (see also section 2.1). Indeed, when the 
Raman probe beam is focused into a chloroplast inside a cell, the recorded spectral time series 
show a monotonous decrease of the background fluorescence caused by the cellular pigment 
bleaching (data not shown). A similar trend was observed by Huang et al. who used a green 
excitation beam for recording the Raman scattering spectra of algae [172]. However, when the 
Raman beam is focused selectively into a lipid body, the rate of change of the observed 
fluorescence background is significantly slower. Thus, the selective targeting of intracellular 
compartments with spatially resolved Raman microspectroscopy can minimize the impact of 
the spectroscopic measurement on the physiological state of cells under investigation. 
 
Figure 27 shows typical Raman scattering spectra obtained from intracellular lipid bodies in 
the three studied algal species. It is clearly visible that the ratios IR(νU)/IR(νS) of the Raman 
spectral peaks at 1656 cm-1 and 1445 cm-1 differ for individual species; specifically 
Trachydiscus minutus has a significantly higher content of the unsaturated fatty acids in 
comparison with the other two species. Table 3 summarizes the results of the repeated 
spectroscopic measurements carried out with algae together with the estimates of their iodine 
values obtained from the calibration curve of figure 26. The observed cell-to-cell variability 
within each studied species indicates differences in the composition and concentration of fatty 
substances. This variability can be attributed mainly to the different growth phases of the 
individual cells included in the analysis and to the small variations of cultivation conditions 
(concentration of nitrate, phosphate, and other ions, intensity of lighting, and cultivation 
temperature) [184, 185, 186]. The average iodine values for the three algal species included in 
our study are ~ 216 for Trachydiscus minutus, ~ 88 for Botryococcus sudeticus, and ~ 93 for 
Chlamydomonas sp. (see table 3). 
 
We verified the data obtained from Raman microspectroscopic measurements on 
Trachydiscus minutus by comparing them with GC-MS analysis of the algal fatty acid 
composition. As mentioned above, GC-MS is a well established technique that provides a 
robust benchmark for our results. To calculate the mean IV of the fatty acid mixture from the 
GC-MS results, we determined the average mass unsaturation ratio NC=C/NCH2 from the data 
presented in table 4 and, subsequently, employed the calibration curve of figure 26. We found 
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an excellent agreement between the two methods of IV determination: analyses based on 
Raman spectroscopy gave IV = 216 for Trachydiscus minutus while the GC-MS based 
calculations gave IV = 194. We carried out a similar comparison for Botryococcus sudeticus, 
where we compared our spectroscopic data with the fatty acid composition of Botryococcus 

braunii published by Tran et al. [174]. We found again a reasonable agreement between both 
methods (IV = 88 from the Raman spectra and IV=118 from GC-MS). Hence, we conclude 
that the in vivo obtained Raman spectroscopic data can indeed serve as a robust and reliable 
indicator of the iodine value of algal storage lipids.  
 

 

  

Trachydiscus 

minutus 

IR(νU)/IR(νS) 

Botryococcus 

sudeticus 

IR(νU)/IR(νS) 

Chlamydomonas 

sp. 

IR(νU)/IR(νS) 
 Algal cell 1 1.91 0.74 0.76 
 Algal cell 2 1.90 0.73 0.73 
 Algal cell 3 2.01 0.67 0.74 
 Algal cell 4 2.07 0.66 0.76 
Mean value IR(νU)/IR(νS) 1.97 0.70 0.75 
Standard deviation 0.08 0.04 0.02 
Iodine value (Equation 3.1.3.1.1) 216 88 93 

Table 3: Measured ratios IR(νU)/IR(νS) for the three studied algal species. Corresponding 
iodine values are calculated from the formula presented in equation 3.1.3.1.1. Standard 
deviation of the data was obtained from four different algal cells for each algal species. 

 

Fatty acids 
Content 
(% w/w) 

Molecular 
weight 

Molar ratio 
ni 

NC=C
i NCH2

i 

Myristic 14:0 5.13 228.37 0.065 
 

0 12 

Palmitoleic 16:1 7.48 254.41 0.085 
 

1 12 

Palmitic 16:0 9.90 256.42 0.111 
 

0 14 

Linoleic 18:2 12.95 280.45 0.133 
 

2 12 

Oleic 18:1 9.12 282.46 0.093 
 

1 14 

Stearic 18:0 1.99 284.48 0.020 
 

0 16 

Arachidonic 20:4 8.54 304.50 0.081 
 

4 10 

EPA 20:5 30.25 302.45 0.289 
 

5 8 

Behenic 22:0 11.58 340.58 0.098 
 

0 20 

Lignoceric 24:0 3.06 368.63 0.024 
 

0 22 

 
Table 4: Fatty acid composition of the lipid fraction of Trachydiscus minutus determined from 
GC-MS analysis. Molar ratios ni of the i

th individual fatty acids (10 in total) were used to 
calculate the average mass unsaturation ratio NC=C/NCH2 of the mixture determined by 

equation:O (!P 	NRSRT)�8
PS� 	 O (!P 	NRU�T)�8

PS� 	V .  
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Figure 27: Typical Raman scattering spectra of intracellular lipid bodies contained in three 
different algal species: Trachydiscus minutus (top), Botryoccocus sudeticus (middle), and 
Chlamydomonas sp. (bottom). Raman bands used for the calculations of iodine value are 
highlighted with dashed vertical lines. Corresponding pictures to the left of the spectra show 
the lipid bodies from which the spectra were recorded (indicated by the black arrows). 
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3.1.3.3 Influence of carotene on the iodine value determination 

It is evident from the spectra presented in figure 27 that lipids are not the only molecules 
contributing to the overall Raman spectrum acquired from a lipid body. Among various 
possible intracellular compounds, β-carotene plays the most important role as its NIR-excited 
Raman spectrum can be significantly enhanced due to an electron-phonon coupling 
mechanism [71]. Moreover, β-carotene is soluble in lipids and, thus, its concentration in the 
lipid bodies is expected to be higher than the cellular average. β-carotene has two very strong 
spectral peaks at 1157 cm-1 and 1525 cm-1 (see figure 28 and table 1) that do not interfere with 
the lipid bands in the composition analysis. Besides these two strong peaks, however, there is 
also a much weaker β-carotene peak present at 1442 cm-1 that overlaps with the CH2 
scissoring mode of lipids at 1445 cm-1 (table 1). This peak can potentially cause a bias in the 
iodine value estimations. 
 
To quantify the possible influence of β-carotene on IV measurement, we recorded the Raman 
scattering spectrum of pure β-carotene which is shown in figure 28. From this spectrum, the 
ratio of the β-carotene peaks at 1442 cm-1 and 1525 cm-1 can be determined. We selected the 
peak at 1525 cm-1 as a reference because it is the dominant carotene peak, easily visible in the 
Raman scattering spectra acquired from cells. The calculated ratio of the two carotene peaks 
is about 1/35; hence, β-carotene influence might be non-negligible for some of the 
measurements on algae where the dominant β-carotene transitions are strongly visible. 
 

 

Figure 28: Raman scattering spectrum of β-carotene. The inset shows the detail of β-carotene 
band at 1442 cm-1. 
 
Inspection of the live-cell spectra presented in figure 27 shows that this is indeed the case for 
the IV estimation of Chlamydomonas species. Consequently, we included the necessary 
correction to the IV estimation: contribution of β-carotene at 1442 cm-1 calculated from the 
experimentally measured peak height of the β-carotene peak at 1525 cm-1 multiplied by the 
peak ratio 1/35 was subtracted from the measured peak height at 1445 cm-1 for CH2 group. 
This correction has already been included in table 3 and resulted in an average increase of the 
ratio IR(νU)/IR(νS) by 0.06 corresponding to an increase of IV by 8. Apart from 
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Chlamydomonas, corrections were not necessary for the other studied species because the 
contribution of the β-carotene vibration at 1445 cm-1 was negligible (see figure 27). 
 
3.1.4 Conclusions 

In this work, we have demonstrated the potential of Raman microspectroscopy for fast and 
spatially resolved characterization of the composition of selected intracellular compartments 
in individual living algal cells. In particular, we have focused on lipid storage bodies and 
quantified the degree of unsaturation of algal lipids (iodine value) which is an important 
parameter for bio-fuel production and food industry. To this end, we have employed the 
intensity of characteristic Raman spectral peaks corresponding to the saturated and 
unsaturated carbon-carbon bonds in lipid molecules. Based on the calibration data obtained 
with pure fatty acids of varied degree of unsaturation, we have calculated the average ratio of 
unsaturated-to-saturated carbon-carbon bonds in algal lipids and determined their average 
iodine value. We have shown that various algal species display significantly different iodine 
values (88 up to 216), which has important implications for biotechnological exploitation of 
the particular algae. Specifically, our results suggest that Trachydiscus minutus with its very 
large iodine value (~216) might not be the species of choice for the biofuel production where 
iodine values below 120 are typically exploited. However, this alga might excel in the food 
industry applications where high amounts of unsaturated fatty acids, rich in Omega-3, are 
required. Our spectroscopic data agree with the results obtained by gas chromatography that 
can be considered as an experimental standard for characterizing the fatty acid composition of 
cells. Acquisition of the Raman spectra can be optimized in order to minimize the impact on 
the physiological state of the studied cells. Thus, we have found Raman microspectroscopy to 
be a fast, versatile, and virtually non-invasive tool for applications in algal lipid engineering 
and industry. 
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3.2 Raman microspectroscopy of algal lipid bodies: measuring β-carotene concentration 
 
3.2.1 Introduction 

Algal cultures are known to provide different valuable chemical compounds such as lipids for 
biofuel production [159, 160], polyunsaturated fatty acids (PUFA) [187, 188], various 
carotenoids [189, 190], proteins, chlorophyll, glycerol and saccharides [191, 192, 193]. Some 
algae contain β-carotene dissolved in high concentrations in the oil in their lipid bodies (LBs), 
including some strains which are considered useful in biotechnology for lipid and pigment 
production, e.g. Dunaliella sp. and Nanochloropsis sp. [194, 184]. We focused on such β-
carotene rich LBs of microalga Trachydiscus minutus (Xanthophyceae), which additionally 
contains high proportions of PUFA in its storage lipids [173, 53].  
 
Algae were cultivated in a light intensity gradient to induce a gradual increase of β-carotene 
and storage lipid production. Algal suspension was embedded in agarose gel and the Raman 
spectra were recorded along with bright-field (BF) microscopic images. We have employed a 
calibration set of β-carotene solutions in a vegetable oil for absolute reference. From the 
obtained calibration curve, we have calculated the absolute concentrations of β-carotene in the 
LBs of the sampled algae. Furthermore, we have compared the β-carotene-to-lipid Raman 
peak ratio with the light intensity during the cultivation and the LB volume calculated from 
the BF image analysis. The strong signal of β-carotene allows for spectra acquisition with 
short integration time. Raman-based non-invasive β-carotene concentration sensing may be 
useful for many advanced biotechnological applications such as the Raman assisted cell 
sorting.  
 
We used the presented experiment to test the performance of our Raman microspectroscopic 
setup with biotechnologically interesting samples of algae. The microspectroscopic apparatus 
used in this experiment was then expanded to include optical trapping and microfluidic 
environment in order to perform automated analysis and sorting of algae (or other micro-
objects). The methods of spectral analysis used in this experiment are employed in the 
software for sorting. The spectral data serve as a reference material for adjusting optimal 
sorting parameters for microalgae, see section 4. 
 
3.2.2 Materials and methods 

 

3.2.2.1 Experimental organism and cultivation conditions 

Trachydiscus minutus (Bourrelly) Ettl, CCALA # 838, was obtained from the Culture 
Collection of Autotrophic Organisms, CCALA (Institute of Botany, AS CR). T. minutus was 
cultivated in 50 ml air-bubbled batch cultures at 22 °C, 1x BBM medium [195, 196] buffered 
to pH 7.5 with 15 mM HEPES and modified to contain 1 mg.l-1 molybdenum [177]. The 
experiment was conducted with 16 cultures arranged along a gradient of Photosynthetically 
Active Radiation (PAR, white light) flux density Qp ranging 80-800 µmol (photons).m-2.s-1. 
The cells were harvested after 10 days of cultivation and stored in dark at 4 °C. The 
cultivation apparatus consisted of 60 ml Pyrex test tubes situated in an aquarium with 
circulating water. Lighting was supplied with white LED panel (PSI, Drasov, Czech Rep.). 
Aeration was effected with an aquarium air pump with a manifold splitting the air supply to 
the individual tubes. The light intensity was measured with the Li-Cor photon flux meter LI-
250 (Li-cor Instruments, Lincoln, NE, USA) inside the empty aquarium in front of the test 
tube posts. 
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3.2.2.2 Raman microspectroscopy 

For in vivo microspectroscopic experiments with spatially immobilized algal cells, 2-4 % w/v 
solution of agarose (Sigma-Aldrich, Type XI: Low Gelling Temperature) in deionized water 
was tempered to 40 °C and mixed by pipetting with 20 % v/v of algal suspension directly on a 
microscope cover slip. The resultant drop was covered with one more cover slip as fast as 
possible to aid heat dissipation. Raman microspectroscopic experiments with living algal cells 
were carried out using a homebuilt experimental system based on a custom-made inverted 
microscope frame. In order to extract quantitative information from the experimentally 
obtained spectral data, we adopted the Rolling Circle Filter (RCF) technique for background 
removal [182]. Detailed description of the apparatus and the processing of the spectra can be 
found in literature [53] and in sections 3.1.2.5 and 3.1.2.6. In the Raman microspectroscopic 
setup, a CCD camera (piA1600, Basler) coupled with an IR-optimized water-immersion 60x, 
NA 1.20 UPLSAPO objective (Olympus) was used for orientation in the sample and to 
capture the images of the spectrographed cell. Images were processed in ImageJ (ver. 1.43u, 
NIH USA public domain sw.), and the diameters of the lipid bodies were measured manually.  
 
Volume (VLB) was calculated based on a spherical approximation of the LB shape. The 
Raman laser beam was positioned in the center of the field of view and focused along with the 
focal plane of the microscope. Individual agar embedded cells were placed with their lipid 
body into the center and then finely steered to reach the maximal intensity of the spectrum. In 
total, 5-7 lipid bodies were spectrographed for each experimental culture. All LB 
measurements had integration time 10 s at 40 mW laser power in the objective rear aperture, 
excitation wavelength was 785 nm. Artifacts resulting from imprecise targeting of the 
excitation laser were prevented by manual elimination of the spectra with excessive 
fluorescence or Raman signatures atypical for lipid body. In order to calibrate the 
measurements, pure β-carotene (Sigma-Aldrich) was dissolved in commercial extra virgin 
olive oil to a concentration 10 g.l-1. An aliquot of the solution was sequentially diluted with 
oil, resulting in six standard solutions containing 0.007-10.0 g.l-1 of β-carotene, which were 
spectrographed with integration time 0.1 s at 150 mW laser power, 785 nm.  
 
Characteristic Raman peaks of β-carotene and lipids were selected and their magnitudes were 
used for calculation of various simple and combined ratios in order to obtain the best 
correlation with the β-carotene concentration in the oil solutions. The most suitable ratio was 
subsequently used for calculation of a calibration curve, and the β-carotene concentration in 
the algal LBs. Each calibration point was averaged from 2-3 measurements, except 2.5 g.l-1 
represented by a single value. The examined Raman features are summarized in table 5. In 
order to prevent miscalculations due to the minor drift of the Raman peaks, we evaluated the 
maximal intensity of the peak from a 20 cm-1 interval centered on the nominal Raman shift 
value.  
 
Raman peak Symbol Raman shift 
β-carotene C-C stretching νA 1157 cm-1 
β-carotene C=C stretching νB 1525 cm-1 
Lipid CH2 scissoring νCH2 1445 cm-1 
Lipid C=C stretching νC=C 1656 cm-1 

 
Table 5: Raman peaks of β-carotene and lipids. 
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3.2.3 Results 

BF microscopy was used to examine the ultrastructural features of the studied algal cells. 
Cells were spherical to discoidal in shape. Dominant ultrastructural features were one or more 
brown-red spherical LBs and green oval chromatophores, which were well formed and 
uniformly distributed in low illumination cultured cells. At increasing PAR intensity the 
abundance and volume of LBs increased, while the chromatophores became gradually more 
miss-shaped, discolored, reduced in number and restricted to a smaller area, exposing the 
translucent vacuole. The color of the culture shifted from green to yellow-brown as the PAR 
intensity increased, indicating the progressive buildup of β-carotene, see figure 29. In this 
experiment, PAR flux density over 500 µmol.m-2.s-1 induced substantial enlargement of the 
lipid bodies. Selected cells of Trachydiscus minutus cultivated in low, medium and high 
illumination and the spatially resolved Raman spectra of their intracellular lipid bodies are 
depicted in figure 30.  
 
 

 
 
Figure 29: T. minutus cells cultivated in various light conditions: A - 160 µmol.m-2.s-1, B – 
348 µmol.m-2.s-1, C – 730 µmol.m-2.s-1. Typical cells were selected in order to demonstrate the 
transition from chloroplast rich (green) cells in low light to vacuolated cells with large lipid 
body, (intensely red from β-carotene) in strong light. The scale-bar length is 10 µm. 
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Figure 30: Raman spectra of Trachydiscus minutus lipid bodies. The images on the left side 
show the spectrographed cells. Lipid bodies targeted by the Raman laser are indicated by the 
white asterisks (*). Lipid body volume VLB increased with PAR intensity Qp. Oval 
chromatophores (pp), well formed and uniformly distributed in low PAR illumination, 
became gradually more miss-shaped, reduced in number and restricted to a smaller area of 
cytoplasm (c), exposing the translucent vacuole (v) with increasing PAR intensity. Raman 
spectra of the respective LBs on the right side show the increasing magnitude IR of β-carotene 
peaks at 1157 cm-1 (νA) and 1525 cm-1 (νB), while the spectral features of other cellular 
components including lipids at 1445 cm-1 (νCH2) and 1656 cm-1 (νC=C) present comparatively 
small changes in their absolute magnitude. The IR(νA)/IR(νB) ratio changes considerably with 
the LB volume and cultivation conditions. 
 
Intensive β-carotene Raman spectral signatures were detected, while the lipid signals were 
comparatively weak. In general, the Raman signal of β-carotene was increasingly dominant in 
cells with intensifying PAR illumination, and particularly in LBs of large volume. We have 
employed a set of β-carotene solutions to calibrate the Raman measurements of LBs on the 
absolute concentration scale, see figure 31. The ratio of Raman signals used for β-carotene 
quantification IR(β) was  
 

IR(β)=IR(νB)/[IR(νCH2)+IR(νC=C)].          Equation 3.2.3.1  
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The correlation of this Raman ratio with β-carotene concentration reached coefficient of 
determination R2 = 0.9961. The calibration equation  
 

IR(β) = 2.8175 cβ + 0.462                       Equation 3.2.3.2  
 
was derived from a linear fit and it was used to calculate the absolute β-carotene 
concentrations in the examined lipid bodies. The incorporation of both saturated and 
unsaturated lipid indicators may improve the measurement reliability in variably saturated 
lipid mixtures. 
 
 

 
 
Figure 31: Calibration of Raman signal ratio with β-carotene solutions. β-carotene solutions 
were spectrographed and the calculated ratios IR(β)=IR(νB)/[IR(νCH2)+IR(νC=C)] were 
correlated with the known β-carotene concentrations cβ, yielding the coefficient of 
determination R2 = 0.9961. The absolute concentration of β-carotene was calculated from the 
Raman signal ratio IR(β) using linear regression to obtain the equation 3.2.3.2. Error-bars: 2 
standard deviations. 
 
 
The maximal detected β-carotene concentration in the storage lipids of T. minutus was around 
8 g.l-1. We correlated the calculated β-carotene concentrations in individual LBs to their 
respective volumes (VLB), see figure 32. In general, the experimental cultures displayed light 
stimulated LB volume enlargement in direct proportion with the increasing β-carotene 
concentration cβ. The variability between the individual specimens was high, considerable 
proportion of the examined cells was showing either relative overproduction or 
underproduction of β-carotene per LB volume. The β-carotene concentration cβ and lipid body 
volume VLB were found to be proportional in certain extent to the PAR intensity, see figure 33. 
PAR intensity over 500 µmol.m-2.s-1 induced lipid accumulation, on average the LBs reached 
around 2.6 fold increase in volume compared to the low light variants. The detected 
concentration of β-carotene followed a similar trend, reaching in average 2.8-fold increase. 
The described simple Raman assisted method of β-carotene concentration estimation could 
find its use in the non-invasive detection of β-carotene overproducing cells. Moreover, this 
technique could aid fast semi-quantitative discrimination between small (e.g. VLB<10 µm3) 
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and large (e.g. VLB>10 µm3) lipid bodies. Thanks to high intensity of β-carotene spectral 
signatures, the detection of very large or β-carotene rich lipid bodies for the purpose of 
Raman assisted sorting could be achieved with integration times in order of milliseconds with 
laser power in 100 mW range at 785 nm wavelength. 
 

 
Figure 32: Proportionality of β-carotene concentration cβ and LB volume VLB. The 
concentration of β-carotene cβ was derived from the Raman signal ratio and plotted against 
the volume of the lipid body VLB. Cells displayed light stimulated increase of lipid body 
volume, which was loosely proportional with the β-carotene accumulation. The cells with 
abnormal quantities of β-carotene can be clearly distinguished. In total, 85 measurements 
were conducted.  

 

 
 
Figure 33: Proportionality of β-carotene concentration and LB volume to PAR intensity. The 
lipid body volume VLB and the Raman-derived β-carotene concentration cβ were averaged 
within the 16 individual experimental variants and plotted against the PAR flux density. Qp > 
500 µmol.m-2.s-1 induced intensive lipid accumulation. On average, the LBs reached around 
two-fold increase in volume compared to the low light variants. Error-bars: 2 standard 
deviations. 
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3.2.4 Discussion 

We demonstrated the potential of Raman microspectroscopy for simple, non-invasive, 
spatially resolved characterization of the parameters of selected intracellular compartments in 
individual living algal cells. High spatial selectivity was achieved with tightly focused 
excitation beam from high NA objective. In particular, we have examined the lipid storage 
bodies. We found a Raman based method to measure the β-carotene concentration and to 
estimate the LB volume, which are important parameters for selection of the production 
strains for biotechnology and industry. The link between β-carotene and lipid deposition was 
described in literature [197] and it is species-dependent. The induction of β-carotene and 
storage lipid synthesis in algae by increased light intensity was pointed out in several 
experiments [198, 199]. We have calculated the relative concentrations of β-carotene in the 
storage lipids from the Raman spectral peak ratios. We have used the νB peak due to its 
proximity to νCH2 and νC=C, reducing the calculation susceptibility to the artifacts from 
eventual spectral background. The absolute concentrations were determined from the 
calibration based on β-carotene oil solutions. The maximal concentration of β-carotene 
detected in LBs reached over 8 g.l-1, while the oil solution was saturated at 10 g.l-1. This 
suggests that LBs might contain nearly saturated β-carotene solution. The analysis of the 
image of the spectrographed cell allowed us to calculate the volume of algal lipid bodies in 
absolute units, to be used as a reference measurement. The overall sensitivity of the Raman 
analysis could be increased by several orders of magnitude using the resonance effect, taking 
place when the excitation wavelength matches the absorption maximum, around 490 nm for 
β-carotene [69]. We have observed several-fold increase in sensitivity using pre-resonant 
excitation of β-carotene at 532 nm. This modification may allow simple and precise 
quantification of β-carotene concentration in optically trapped cells for high throughput 
Raman assisted sorting. Additionally, the use of carotenoids as a proxy of lipids has been 
researched in various spectroscopic settings, in order to achieve label-free, “green” lipid 
quantification [200, 201, 202]. In contrast with this, other research of algal lipids has been 
focused on artificial fluorescence probes, such as BODIPY® (Molecular Probes, Eugene, OR, 
USA), or Nile red [179, 203]. We believe that Raman microspectroscopy has the potential to 
become fast and versatile tool for applications in lipid and pigment biotechnology, 
engineering and industry. The usefulness of Raman spectroscopic analysis especially when 
combined with optical trap was already demonstrated in experiments with algae and other 
microorganisms [204, 71, 172, 59, 205]. With combination of Raman spectroscopy, optical 
trapping and microfluidic system, one could realize a high-throughput label-free and non-
invasive automated cell sorting based on spectroscopic features of individual living cells, 
which could find its use in challenging biotechnological applications such as the selection of 
rare natural mutants or genetically modified cells. 
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3.3 Raman microspectroscopy of selected oil producing algal species 
 
3.3.1 Introduction 

Raman spectroscopy can be used for identification and quantification of natural substances 
[206], which are present in algae [207]. We have performed a set of micro-Raman 
spectroscopic measurements on individual living algae from a selected group of oil producing 
algal species. The algal cells were deprived of nitrogen sources, such as nitrates in the 
medium, for the same period prior to the Raman analysis. Our goal was to detect several 
spectral signatures of lipids, carotenoids and chlorophylls in order to assess their relative 
quantities in various species. We devised a simple method to discriminate carotene or lipid 
rich cells based on the detection of a relative intensity of two Raman spectral signatures in 
spectra obtained from individual microalgae. We take advantage of the fact that Raman signal 
is directly proportional to the concentration of the analyzed substance [208]. In contrast with 
our previous studies on algal lipid unsaturation (section 3.1) and β-carotene concentration in 
algal lipids (section 3.2), in this study we measure both β-carotene and lipid concentration in 
cells relative to chlorophyll concentration.  Chlorophyll was chosen for the comparison based 
on the proportionality of its concentration to the photosynthetic capability of the cell [209]. 
We performed an exhaustive identification of Raman signatures of biomolecules present in 
the studied species. The spectra with identified Raman signatures will serve as a reference for 
identification of biomolecular composition of other samples. These annotated spectra will 
provide a set of Raman signatures that can be used for automated sorting of algae according to 
their biomolecular composition. Additionally, we explored the feasibility of some statistical 
methods that will be used for identification of Raman spectra of rare cells in the population. 
This knowledge will be employed in automated analysis and sorting (see section 4). 
 
3.3.2 Materials and methods 

The algal cultures were obtained from the Culture Collection of Autotrophic Organisms, 
CCALA (Institute of Botany, AS CR). The species were selected to cover several taxa that 
could be useful for production of valuable natural compounds, namely lipids and carotenoids. 
The list of the species selected for this experiment is in table 6. The cells were cultivated at 
room temperature in a minimal medium in which they were supplied from CCALA for 4 
weeks before the analysis. The lighting was natural, and the cultures were kept out of direct 
sunlight. The light intensity was approximately 50-100 µmol photons.m-2.s-1 during the day. 
 
CCALA no., Species    Class, Order    Pigments   
510 Tetrastrum komarekii   (Chlorophyceae, Sphaeropleales)   Chl a, b, Car  
297 Chlorokybus atmophyticus (Klebsormidiophyceae, Klebsormidiales) Chl a, b, Car  
416 Porphyridium purpureum (Porphyridiophyceae, Porphyridiales)  Chl a, Car, PhC, PhE   
353 Geminella sp.   (Ulvophyceae, Ulotrichales)   Chl a, b, Car  
423 Pseudendoclonium basiliense  (Ulvophyceae, Ulvales)    Chl a, b, Car  
217 Botrydiopsis alpina  (Xanthophyceae,  Mischococcales)  Chl a, c, Car, DiX  
512 Tribonema aequale   (Xanthophyceae, Tribonematales)   Chl a, c, Car, DiX  
514 Vischeria helvetica   (Eustigmatophyceae, Eustigmatales)   Chl a, Car, ViX  
833 Pseudellipsoidion edaphicum  (Eustigmatophyceae, Eustigmatales)   Chl a, Car, ViX  
NA Trachydiscus sp.   (Eustigmatophyceae, Heterokontophyta)  Chl a, Car, ViX  
NA Chlorella vulgaris 2714   (Trebouxiophyceae, Chlorellales)   Chl a, b, Car  
778 Botryococcus braunii   (Trebouxiophyceae, Botryococcales)  Chl a, b, Car  
250 Parachlorella kessleri  (Trebouxiophyceae, Chlorellales)  Chl a, b, Car  
 

Table 6: Algal cultures, taxonomy and pigments. Chl a = chlorophyll a, Car = carotene (alpha, 
beta or both), PhC = phycocyanin, PhE = phycoerythrin,  DiX = diadinoxanthin, ViX = 
violaxanthin. 
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The cells were immobilized for in vivo microspectroscopic experiments in order to provide 
stability for a precise positioning of the Raman beam, allowing maximal intensity of the 
recorded Raman spectrum. The precise protocol for immobilization of algal cells is described 
in section 3.1.2.4. Raman microspectroscopic experiments with living algal cells were carried 
out using a homebuilt experimental system described in section 3.1.2.5 and in figure 23. For 
Raman spectroscopy, we used laser at wavelength 785 nm. Laser power in the sample plane 
was approximately 13 mW. In the depicted spectra, most samples had integration time 10 s, 
except for Porphyridium, Geminella, Pseudendoclonium and Botrydiopsis with 15 s 
integration. In order to separate the Raman signal from the associated fluorescence 
background, we adopted the Rolling Circle Filter (RCF) technique for background removal; 
see section 3.1.2.6.  
 
3.3.3 Results 

The Raman signal was collected from a small spot inside the algal cell, determined by the size 
of diffraction limited focal volume created by the high NA objective lens. The images of the 
analyzed cells are in figure 34. The spectra of these cells are in figure 35 and the assignments 
of the spectral features are listed in table 7.  
 
Wavelength (cm-1) Assignment   Reference 
500-700  chla, Mg vibrations   [82] 
700-950  chla, tetrapyrrole ring deform. [82] 
737-740   chla, δH-C-O, δN-C-C  [71, 72] 
788-794  chla    [71, 72] 
800-900  lipid,  νC-C,  ρCH3, νC-O (complex) [66] 
907-917  chla, δN-C-C, δC-C-C  [71, 72] 
980-988  chla, δCH3   [71, 72] 
992-999  β-car, ρCH3, νC-C   [71, 72] 
1042-1049 chla, lipid,  νC-C   [72, 206] 
1060-1068 chla, lipid, νC-C(op, at)  [72, 66] 
1071-1081 lipid, νC-C(gauche)  [66, 59] 
1103-1111 lipid, νC-C(ip, at)   [66] 
1134-1139 chla, δCH, νN-C   [72] 
1150-1157 β-car, νC-C, δCH   [71, 72] 
1176-1185 chla, β-car, δCH, νN-C  [71, 72] 
1208-1212 chla, β-car, νC-C, δCH  [71, 72] 
1217-1225 chla,  δCH, νC-C, νN-C  [71, 72] 
1255-1261 lipid, νC=C-H (cis)   [59, 66, 63] 
1281-1285 chla, δCH3, δCH, νC-N  [71, 72] 
1297-1306 lipid, chla, τCH2, δCH, δCH3 [72, 59, 66] 
1320-1323 chla, νC-N, δCH   [71, 72] 
1343-1351 chla, δCH3, δCH, νC-N  [71, 72] 
1383-1387 chla, β-car, δCH3, δCH, νC-N [71, 72] 
1431-1438 lipid, chla, β-car, δCH2, νC-C, δCH3 [63, 59, 71] 
1475-1488 chla, νC-C, δCH3   [71, 72] 
1518-1524 β-car, νC=C   [71, 72] 
1541-1547 chla, νC-C   [71, 72] 
1597-1605 chla, νC-C   [71] 
1646-1658 lipid, νC=C (cis)   [66] 
1665-1674 lipid, νC=C (trans)   [66] 
1738-1744 lipid, νC=O   [66, 63] 

 
Table 7: Assignments of the Raman peaks to the relevant biological molecules and the 
different types of the molecular movements: δ – deformation (bend, scissor), ν – in-plane 
stretch, γ – out-of-plane stretch, ρ - rocking mode, τ – twist, ip – in-phase, op – out-of-phase, 
at – all-trans.  
 
While in our previous experiments [53] we have successfully used this setup for detection of 
spectra with dominant lipids, in this case we have measured highly complex spectra with 
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dominant features of carotenoids and chlorophyll, with minority of lipid and carotene rich 
spectra. It is apparent that the spectra of Pseudendoclonium basiliense and Pseudellipsoidion 

edaphicum have the most prominent Raman signatures of carotene, while Botrydiopsis alpina 
has the most prominent signatures of lipids.  
 
 

 
   Pseudendoclonium basiliense 

  
     
Figure 34: Images of the analyzed algae. Images were taken prior to the Raman analysis. 
Scale-bar is the same for all the images and it is 5 µm long.  
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Figure 35a: Raman spectra of the selected algal species. The laser wavelength for Raman 
excitation was 785 nm, laser power was 13 mW at the sample plane.  The Raman spectrum 
measurement was performed in Porphyridium, Geminella, Pseudendoclonium and 
Botrydiopsis with 15 s integration time. All other samples were analyzed with 10 s integration 
time. 
 
 
 
 
 
 



 61

 
Figure 35b: Raman spectra of the selected algal species. The laser wavelength for Raman 
excitation was 785 nm, laser power was 13 mW at the sample plane. All samples were 
analyzed with 10 s integration time.  
 
In order to quantify the observed differences, we devised a Raman based approach to indicate 
the abundance of carotene and lipids relative to the amount of chlorophyll in the cell. This 
approach was based on the measurement of the relative intensity of selected Raman spectral 
maxima of individual algal cells. We found the intensity ratio calculated from Raman shifts 
740 cm-1 and 1520cm-1, denoted IR(ν1520)/IR(ν740), to be suitable for detection of carotene, 
while the Raman signal intensity ratio between 1320 cm-1 and 1440 cm-1, denoted 
IR(ν1440)/IR(ν1320),  was found suitable for detection of lipids. The data were subjected to a 
regression analysis. The output is a regression function representing the average ratio between 
Raman signals of the substance of interest (lipid or carotene) relative to chlorophyll. If this 
ratio for individual cell is higher than average, the concentration of carotene or lipid relative 
to chlorophyll in this cell is higher than in the rest of the population. The scatter plots of 
individual samples of each algal species together with regression curves are depicted in figure 
36.  
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Figure 36: The scatter plots of the Raman intensity ratios between carotene IR(ν1520) and 
chlorophyll IR(ν740) (Top), and between lipids IR(ν1440) and chlorophyll IR(ν1320) (Bottom). 
The black lines are the regression curves, see text. The red lines denote the 90% confidence 
interval. The samples colored red, positioned above the red line, were considered significantly 
more carotene or lipid producing than the rest of the population, see text. 
 
The regression equation for carotene for the ratio IR(ν1520)/IR(ν740) was found to be in the form 
of an exponential function y=6.2297x0.8709, with coefficient of determination R2=0.7978. The 
regression equation for lipids, from the ratio IR(ν1440)/IR(ν1320) was in a form of an exponential 
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function y=2.2578x0.8122, with coefficient of determination R2=0.8089. The coefficients of 
determination are not very high since they are influenced by the individual samples that are 
highly divergent from the trend. We plotted the frequencies of occurrence (number of cells) in 
specific intervals of the ratios of Raman intensities IR(ν1520)/IR(ν740) and IR(ν1440)/IR(ν1320) to 
create histograms. To these histograms, we have projected the 90% confidence interval, 
clearly separating the carotene and lipid rich samples respectively, see figure 37. The same 
results were visualized in a form of scatter plots. Here again, the 90% confidence level 
delineates the border between the area of carotene or lipid rich cells, and the rest of the 
population, see figure 36. This demonstrates the possibility to separate the individual cells of 
interest by a simple algorithm based on the statistics of the observed population. We have 
employed similar algorithm for automated Raman assisted sorting, see section 4. This part of 
analysis was performed using Matlab. 

 
Figure 37: The histograms of the Raman intensity ratios between carotene at 1520 cm-1 and 
chlorophyll at 740 cm-1 IR(ν1520)/IR(ν740) (Top), and between lipids at 1440 cm-1 and 
chlorophyll at 1320 cm-1 IR(ν1440)/IR(ν1320) (Bottom). The ratios of Raman peak intensities are 
on the x axis, the number (sum) of the cells with the given range of Raman peak ratio is on the 
y axis. Blue line denotes the mean value from all the samples. Green broken lines denote the 
range of standard deviation around the mean value. The red lines denote the 90% confidence 
interval (calculated from the standard deviation and the number of samples). The samples to 
the right of the red line were considered significantly more carotene or lipid producing than 
the rest of the population. 
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A fluorescence background can skew the results of Raman spectroscopic measurements. 
Rolling circle filter [182, 53] was used for subtraction of the background fluorescence. 
Nevertheless, it is common that some residual fluorescence, usually from glass, persists. The 
devised ratios were constructed to be stable even when small residual fluorescence is present. 
The two spectral features to be put into relation were chosen to reside either outside, or 
closely spaced inside the usual spectral range of the fluorescence residues of glass, which is 
usually positioned between 1200 cm-1 and 1500 cm-1. 
 
3.3.4 Discussion 

It is apparent from table 7, that most of the Raman spectral signatures are present in multiple 
chemical entities comprising the cellular content. This makes the quantitative analysis 
significantly more complex than in case where one chemical constituent is dominant. We 
have devised a method for discrimination of cells that are rich in carotene and lipids from the 
rest of the population. Raman spectral peaks defining the ratios of chlorophyll to carotene, as 
well as to lipids in the algal cells, presented some similarities across the studied species. 
Observed differences may be due to targeting various organelles, or they may stem from the 
different composition and size of the organelle itself. Because the organization of the 
organelles is variable and individual organelles can come into close contact, it is difficult to 
ensure signal collection from one type of organelles only. Since we found precise targeting 
problematic, especially in small cells, the spectra were partly collected from unspecified 
locations in the cells. The most prominent organelles were most likely to get optically trapped 
near the Raman beam focal volume. In the larger cells, intracellular lipid bodies were targeted. 
Some organelles have submicron dimensions and it is hard to control their presence in the 
focal spot of the Raman laser.  Therefore, a large amount of samples, or preferably Raman 
mapping of the entire cells would have been needed to provide valid insight into the 
composition of different compartments [77].  
 
Other factors causing problems with quantitative analyses are amplitude fluctuations and 
spectral shifts caused by heating of the photosynthetic structures by laser [140, 57]. The  
785 nm wavelength laser used might have caused variations in the spectral response of 
chlorophyll, which has still considerable absorption at this wavelength [124]. Spectral shifts 
and new spectral features were also observed in carotenoids in complexes with proteins, 
which are present in algal photosystems [57, 75]. Some of the shift in carotenes can be 
ascribed to a competitive excitation of two closely spaced vibrational modes [70]. Similar 
shifts and fluctuations in peak intensities were observed in chlorophyll complexes in 
chromatophores and were attributed to intermolecular interactions within these complexes 
[71].  
 
We have detected some spectral features of unclear origin, notably at 770 cm-1 in Geminella 

sp., and in the range 940-960 cm-1 in several samples, which probably belong to chlorophyll, 
but were shifted or generated by the mechanisms described above. Some of the observed 
spectral shift was probably introduced by the RCF filtering. In some cases, the amplitude of 
some peaks was influenced by the residual fluorescence. In general, fluorescence of 
photosynthetic pigment complexes can largely obstruct the Raman spectrum of algae [172]. 
Quantification of some parameters such as lipid unsaturation across the studied species would 
have been possible if there were larger or more abundant lipid bodies (possibly including 
carotenoids) in more samples. Absence of nitrogen sources (e.g. nitrates) in cultivation 
medium or excessive light can induce the accumulation of lipids. However, in the cultures we 
used, the nitrogen starvation was probably not long enough [71], or there was too little light 
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available to induce a considerable lipid accumulation in most of the samples [210]. 
Alternatively, resonance Raman spectroscopy could have been used to identify the carotenoid 
composition with high precision [57].  
 
We have collected Raman spectra from individual algal cells, and performed a semi- 
quantitative assessment of the spectral features of carotene and lipids, related to chlorophyll. 
We have analyzed the resultant data by a regression analysis to find typical ratios between the 
peaks of chlorophyll and carotene or lipids respectively, for the species under study. The 
individual algal cells with high carotene or lipid Raman signatures show distinctively 
different ratios than the average. The collected data provided a lead for construction of a 
simple algorithm in order to guide an automated selection of oil rich algal cells in a dedicated 
Raman cell sorting machine. The spectra with annotated features may serve for orientation in 
the three basic types of Raman spectra from algae, either with dominant carotenoids, lipids or 
chlorophyll. The concept of a two wavelength Raman analysis may lead to fabrication of one 
purpose Raman tweezers sorters based on analysis of only two intensive peaks in the Raman 
spectrum, which may offer faster processing of samples and it would comprise much less 
complex instrument compared to full-scale Raman spectrometer. Such affordable instruments 
may find their future in cell selection facilities, in biotechnology, biology and medicine. With 
a set of interchangeable notch filters fabricated to transmit only the desired bands, such 
instrument could serve for multiple types of analyses. The idea of Raman monitoring of 
biotechnological processes has been already proposed [211]. 
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4 Active optical micromanipulation and sorting 

 
4.1 Optical micromanipulation and sorting in horizontal microfluidic systems 

 
4.1.1 Introduction 

The idea of microfluidic (MF) systems that allow controlled manipulation of fluids in 
channels with cross-sectional dimensions in the order of tens of micrometers was proposed 
almost thirty years ago. The past decade has witnessed an ever increasing number of practical 
applications of microfluidics that have revolutionized the fields of biological and chemical 
analysis, synthesis, separation, and sensing [212]. One of the most powerful approaches 
combines MF systems with optical micromanipulation techniques that enable non-contact 
confinement and manipulation of micrometer and sub-micrometer sized particles and optical 
spectroscopy (fluorescence, absorption, or Raman) for analysis and classification of the 
confined objects [5]. Active optical sorting and trapping of micro-objects is considered a very 
useful technique in many areas of biology, chemistry, and medicine [53, 10]. We have 
devised a system that combines optical trapping and Raman analysis in a microfluidic system 
for non-contact sorting of individual living cells. The experimental procedure is schematized 
in figure 38. 
 

 
 
Figure 38: An illustrative schematic diagram of the experimental setup for the Raman 
microspectroscopy based sorter. Microorganism A is Trachydiscus minutus and 
Microorganism B is Botryococcus sudeticus. Iodine values (IV) for both species are shown 
next to the Raman spectra. Cells are flown into a microfluidic chip, which was constructed as 
a fork with one input and two output channels. Algal cell passing through the channel is 
trapped and its spectra recorded using Raman tweezers. In the next step, the obtained Raman 
spectra are analyzed. Consequently, depending on the unsaturation (represented by IV), the 
cells are sorted to the two output channels using the active sorting switch employing focused 
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laser beam. In this example, the sorting algorithm is set so that the algal cells with IV over 
120 follow the medium flow into the top channel, while the rest flows into the bottom channel.  
 
The design of the microfluidic channels, pumps and reservoirs, their respective positions and 
settings have profound impact on the function of the sorting system. Vice versa, the optical 
sorting mechanism poses some limitations to the microfluidic design. We will focus on the 
key parameters of our sorting systems and the microfluidics used in our experiments, describe 
their manufacture, properties, and we will discuss their benefits and the problems encountered 
during their development and testing in the sorting setup. 
 
4.1.1.1 Microfluidic designs for optical micromanipulations 

Many different applications of physics, chemistry, biology, medicine, etc. are possible and 
convenient to carry out in small volumes, directly in the field of view of the optical 
microscope, and with high precision of the sample dosing. Downsizing brings many 
advantages such as reducing the consumption of reagents for chemical analysis. It is possible 
to observe a range of reactions in parallel, to shorten reaction times, maintain stable sample 
temperature, low reagent volumes imply increased safety, etc. These trends lead to complex 
microfluidic systems, such as „lab-on-a-chip" [213]. Microfluidic chips consist of channel 
systems, chambers and various control and management elements (pumps, mixers, valves, etc. 
[214]) forming complicated structures with dimensions in the order of units to hundreds of 
micrometers. The possibility of precise fluid flow control in such scale opens a wide field for 
possible inclusion of optical micromanipulation techniques, laser ablation, microspectroscopy, 
or microphotopolymerization [215, 216]. With photopolymerization one can create complex 
3D microfluidic structures, which in conjunction with optical forces can control fluid flow 
between the working chambers [217], mixing the individual components [218], inject 
biological objects (cells), etc. 
 
Microfluidic systems can be manufactured in many different ways. The most frequent one 
uses a direct photolithographic process with subsequent chemical etching, resulting in a solid 
template, used to transfer the structure on a block of polymer. Other methods are based on the 
usage of polymers and are represented by laser ablation, casting against the pattern, thermal 
imprinting templates, die casting, etc. Production of precise and reproducible microfluidic 
designs, suitable to be combined with optical and biological applications, is ensured by so 
called “soft lithography” [219, 220]. In this procedure, a template is created using 
photolithography and resist (e.g. SU 8) that is subsequently printed into the polymeric 
material (e.g. PDMS). 
 
4.1.1.2 Optical sorting 

Optical micromanipulation techniques in their simplest form are represented by so-called 
"optical tweezers" [221] which use one tightly focused laser beam to capture particles 
optically denser than the surrounding medium near the beam focus. Advanced optical setups 
allow trapping of more objects in multiple coexisting optical traps (so called holographic 
optical tweezers) [126, 222], or rectification of particles motion in complex light patterns [4, 
223, 224]. 
 
Active optical sorting of micro-objects is a technique that is largely dependent on a 
microfluidic environment and it is considered very useful in many areas of biology, chemistry, 
and medicine [53, 10, 225]. It is based on a well-defined input parameter (e.g. specific pattern 
in the analyzed image, fluorescence intensity, or spectroscopic characteristics) that triggers a 
device which moves the analyzed micro-objects into different positions using optical forces of 
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an optical trap [53, 226]. The object is then usually routed to the appropriate branch of a 
microfluidic system by mechanism such as directional deflection by optical tweezers [227, 
228], or an array of optical traps [229]. 
 
We will discuss the feasibility of our microfluidic chip designs for active optical cell sorting 
in microfluidic channels. We will address the main benefits of the selected designs, their weak 
points, all with regards to their use for manipulation of various living cells. In particular, we 
will deal with critical points of the manufacturing process, and with the sedimentation, 
adhesion and clustering of cells and the consequences for the fluid flow stability.  
 
4.1.2 Materials and methods 

 
4.1.2.1 Fabrication of microfluidic chips 

Microfluidic networks were fabricated in polydimethylsiloxane (PDMS) using soft 
lithography [230]. This method enables microfluidic networks to be quickly replicated from a 
permanent, reusable master with reproducibility less than 100 nm. The networks are created 
by first transferring the pattern of a shadow mask to a negative photoresist film (SU-8 2015, 
MicroChem Corp.) spun upon a silicon wafer to a depth of approximately 20 - 70 µm, 
depending on the precise application. A two-part mixture of PDMS (Sylgard 184, Dow 
Chemical) is then poured and cured on a silicon master to produce an optically transparent 
replica. A glass cover slip was bonded to the PDMS channel network by a brief exposure to 
oxygen plasma, producing an irreversible seal [231]. 
 
4.1.2.2 Sample preparation and delivery 

Several different cell cultures, such as baker’s yeast (Saccharomyces cerevisiae), and various 
algae (Chlorella sp., Trachydiscus minutus, etc.) were experimentally manipulated or sorted 
in microfluidic channels. We have diluted the cultures with their usual cultivation media to 
acceptable concentrations, usually under 106 cells.ml-1. In some cases, an addition of a 
detergent (SDS) in minute amounts, around 0.05% w/v, was used to improve the flow 
properties by reducing cell adhesion. Peristaltic or syringe pumps were used to deliver the 
sampled fluids into the microfluidic chip either by pressure or by suction from reservoirs, 
either integrated in the chip, or connected externally.  
 
4.1.2.3 Raman tweezers setup 

Raman tweezers experiments with living cells were carried out using a home-built 
experimental system based on a custom-made inverted microscope frame. The layout of this 
system is shown in figure 39. The Raman laser beam (Ti:Sapphire, λ = 785 nm, beam 
diameter 0.6 mm; 899-01, Coherent) was delivered to the setup by an optical fiber that also 
expanded the beam diameter by a factor of 3 (not shown in the picture). After exiting from the 
fiber, the beam passed through bandpass filter BF (bandwidth 3 nm centered on 785 nm; 
MaxLine LL01-785, Semrock). Beam diameter was enlarged by 2x beam expander Exp  
(achromatic lenses AC254-150-B and AC254-50-B, Thorlabs) before coupling to the 
objective lens (Olympus UPLSAPO 60x, NA 1.20) via dichroic mirror D (LPD01-785RS, 
Semrock). The power of the Raman laser beam was adjusted by the neutral density filter 
NDF1 (Thorlabs, NDC-50C-2) and by a combination of a λ/2 waveplate WP (Thorlabs, 
AHWP10M-980) with a polarizing beam splitter cube PBS (Thorlabs, PBS202). 
 
The Raman excitation beam was focused and spectra were collected by the same objective 
lens  and focused by lens L2(AC254-50-B, Thorlabs) into the entrance slit of an imaging 
spectrograph (focal length 300 mm, f/3.9; SpectraPro 2300i, PI Acton). Two edge filters EF1 
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(ZX000626, Iridian) and EF2 (LP02-785RS, Semrock) were placed in the detection path to 
prevent the excitation light from reaching the spectrograph. The Raman scattered light was 
dispersed with a 600 gr/mm diffraction grating, imaged on the chip of a liquid-nitrogen-
cooled spectroscopic CCD camera (Spec-10:100BR/LN, Princeton Instruments), and recorded 
using a homemade control software created in LabView. The light in the imaging path could 
be diverted via flipping mirror FM to a standard CCD camera (piA1600, Basler). Maximal 
laser power for the excitation was 100 mW at the specimen. The trapping laser at 1064 nm 
wavelength (DPY 321 II, Adlas) was focused by a lens on a set of galvano-optic scanners 
(SP40K, SpaceLas). The beam was then expanded by expander Exp (achromatic lenses 
AC240TM-C and AC254-25-C, Thorlabs) and coupled to the common beam-path by a 
dichroic mirror D (highly reflective at 785 nm and longer wavelengths, homemade). Maximal 
laser power for trapping was 250 mW at the specimen.  
 

 
 
Figure 39: Schematic diagram of the experimental setup for Raman microspectroscopy and 
optical tweezers. BF – bandpass filter, D – dichroic mirror, Exp – beam expander, FM – 
flipping mirror, L1,2 – lenses, NDF1,2 – neutral density filters, EF1,2 – edge filters, PBS – 
polarizing beam splitter, WP – lambda-half wave plate. Inset shows the detail of the studied 
sample. 
 
4.1.3 Design of microfluidic chips 

We have devised various microfluidic chips for use in our Raman-tweezers cell sorting setup. 
In the fabrication of the PDMS microfluidic chips, we have found the critical point in the 
length of UV exposure in fabrication of the reusable masters. We have optimized the system 
to achieve the advertised fidelity and reproducibility by employing a UV-LED source and 
calibrating the length of exposure to the maximal contrast of the obtained features. We have 
found limitations in the height of the channels given by the low viscosity of the SU-8 type 
used. Our simple, nearly instant solution for fabrication of higher channels was based on 
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successive deposition of two layers of the photoresist. We have found PDMS to have 
sufficient thermal and mechanical stability, biocompatibility, and optical properties for the 
given purposes. The sealing process using activation with oxygen plasma was found to be 
very fast and useful for creation of leak-proof setups. 
 
Various designs were fabricated, mainly based on the standard solutions used by other 
researchers [229]. Most designs dedicated to particle sorting use some form of intersection 
between two otherwise separated channels, each with its own inlet and outlet. One channel 
contains clean medium, while the other has cell suspension in it, both liquids flowing in 
laminar manner next to each other in the area of intersection. The cells are then sorted in the 
intersection by placing the selected cells into the flow in the neighboring channel, from where 
it could be transported to a dedicated reservoir. The most straightforward design we have 
employed uses X shaped junction of two channels in various angles, see figure 40. In contrast, 
the H shaped junction does not connect the channels directly, but rather via a bridging channel. 
For combination of sorting and observation of cells, we have devised a special form of H chip, 
with a pair of clover-leaf-like patterned chambers (six chambers in total) available for 
immediate isolation of selected cells and subsequent long-term measurements, see figure 41. 
We have also devised several variants of chips with only one main channel branching into 
multiple chambers on each side, designed for long term observation experiments, see figure 
44. More sophisticated designs were employed later in the course of the sorting experiments 
to optimize the flow parameters. 
 

 
Figure 40: Description of X chip. A – design of the chip, B – detail of the central part 
(dimension in µm), C – photographic detail of the sorting junction during a functional testing 
with red dye solution and colorless liquid, simulating the cell suspension and the cultivation 
medium respectively. The flow direction is upwards. A cell suspension to be sorted enters the 
junction by the narrower channel and is flowing along with a fresh medium (flowing from the 
wider channel) to the other side of the junction. All the cells are entering the wide “waste” 
channel by default, but can be diverted to the narrower “selection” channel.    
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Figure 41: Description of H chip. 1 – H chip without chambers, 2 – with two chambers, 3 – 
with six chambers. A – design of the chip, B – detail of the central part (dimension in µm), C 
– photo from microscope, D – detail from microscope using colored water for study of 
laminar flow. The flow direction is upwards. 
 
In order to precisely control the inflow of cells into the sorting area, we have designed a “K” 
shaped junction, see figure 42. The idea was to create a wide primary channel with fast 
flowing cells at a constant rate, with a short narrow perpendicular branch leading into a small 
chamber with two angled outputs, each coupled to one syringe pump. With an asymmetric 
pull by both pumps, one outlet would become a waste channel, while the other, with slower 
suction, would serve only for selected cells. The short inlet channel would not become 
clogged so easily, and the large primary channel would support fast circulation of the sample 
from a reservoir of virtually unlimited size. This idea has proven more successful than the 
previous ones. With smaller cells, like Chlorella, we were able to achieve over ten hours of 
continual cell flow without clogging. 
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Figure 42: Description of K chip. A – design of the chip, B – detail of the central part 
(dimension in µm), C – microscope image with cells. 
 
 
Fast sedimentation of cells and limitation on the trapping velocity to about 50 µm.s-1 has 
prompted us to design chips with as short and narrow in- and outlet channels as possible, but 
widening in the central region to significantly decrease the velocity of cells for the ease of 
trapping. We have dubbed this design “D” chip, see figure 43. The wedges inserted in the 
dilated central part serve to maintain the laminar flow in the central sorting junction area. The 
goal of slowing the cells was achieved and estimated to work with a ratio of velocities 
approximately 4:1. However, even the reduction of the period of slow movement proved 
insufficient to prevent sinking of the cells and polluting the sorting area. Although this chip 
may be sufficient for sorting of very small, and therefore light cells, around 1 µm in diameter, 
for the most rewarding larger cells, this setup is still insufficient.  
 
 

 
Figure 43: Description of D chip. A – design of the chip (dimension in mm), B – detail of the 
central part (dimension in µm), C – microscope image. 
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Figure 44: Description of a chamber chip. A – design of the chip, B – detail of the central part 
(dimension in µm), C – image from microscope, D – image from study on living cells. 
 
4.1.4 Optical sorting 

It was possible for us to demonstrate cell sorting into different flow lines in various 
microfluidic channels, for example, see figure 45. However, we have found difficulties in 
establishing useful, stable, long term sorting in all the presented microfluidic channels, 
especially with larger cells with diameters around 10 µm. This can be attributed to several 
factors influencing the motion of the studied cells, most importantly gravity, clustering, and 
adhesion to surfaces. In our setup, we have experimentally determined that the maximal 
velocity of cells to be reliably trapped by the optical sorting system is around 50 µm.s-1 at the 
maximal trapping power 250 mW and diameter of the cell around 10 µm. We have also 
experimentally determined that the approximate sedimentation rate for a culture of globular 
algal cells of average diameter 10 µm is around 1cm per hour, translating to nearly 3 µm.s-1. 
In terms of standard microfluidic designs, this reflects in very short critical length of the 
channel, after which all the cells are rolling over the bottom wall, which in some cases 
promotes unacceptable adhesion and clustering of cells, depending on the species and other 
conditions. Adhesion and clustering has a profound negative influence on the flow stability, 
sedimented cells are contaminating the sorting area, preventing proper cell recognition by the 
image analysis software, and their presence defocuses the lasers used for trapping and sensing. 
While the situation does not seem so critical for small cells around 1 µm diameter, it is 
necessary to note that vast portion of the cells important for biotechnology and medicine 
exceeds this range. This made us compelled to aim for a system compatible with a wide range 
of cell sizes up to tens of micrometers in diameter. 
 
In the course of experiments conducted to achieve stable sorting, we have encountered also 
problems with flow instabilities originating in the pump design. We had to exchange 
peristaltic pumps for syringe pumps to reach the desired low flow rates without pulsations. 
However, the barrel of a syringe does not support stirring, rendering it unacceptable as a 
reservoir for a cell suspension to be fed into the system. Leaving suction as one obvious 
option, positioning of the feeding reservoirs becomes the critical question. Reservoirs can be 
positioned on the chip, giving them fixed mutual positions, or there can be external reservoirs 
connected to the chip by tubing. In this case, it is necessary to precisely level the reservoirs in 
order to achieve nearly identical flow-rates in the “medium channel” and the “cell channel”. 
In practice, we have found both the options tricky. With the fixed levels of reservoirs on the 
chip, it is not possible to adjust the flow-rate when some obstacle is deposited near the inlet 
channel, other than adding precise amount of liquid to counteract the resistance, or to remove 
the obstacle as soon as it starts to form. Even with adjusting the pump speed, it is therefore 
considerably hard to prevent unwanted “crosstalk” between the channels, disabling the sorting.  
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With external reservoirs, it is necessary to level them with sub-millimeter precision, and to 
prevent sedimentation of cells in the tubing, which proves to be hardly possible in the long 
term, unless the tubes are close to vertical. Otherwise, continual adjustments are needed, as 
the uneven liberation of small multi-celled “emboli” traveling through the system variably 
reduces the flow. 
 
 

 
 
Figure 45: Algal cells in figure A, flowing leftwards through the microfluidic channel, are 
detected by the image analysis in the area of interest (green frame). The cell indicated by the 
white arrow was selected for analysis (red frame). Figure B shows the cell transported in the 
direction of the white arrow to the Raman analysis area (blue circle) by the steerable beam of 
the laser tweezers. The sorting software automatically measures the Raman spectrum of the 
analyzed cell, subtracts the background and calculates the ratio of signals from the selected 
areas of the spectrum. The operator then decides based on the obtained signal ratio, sending 
the analyzed cell either to the reservoir for the selected pieces, or back to the streamline 
leading into the waste-bottle. (This step can proceed automatically after selecting the 
threshold ratio.) Figure C presents unsatisfactory cell optically dragged in the direction of the 
white arrow into the waste (red circle), while in the figure D there is satisfactory cell dragged 
towards the reservoir for the selected cells (green circle). 
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4.1.5 Conclusions 

Raman spectroscopy combined with optical tweezers and with microfluidic chips is an 
instrument capable of measuring chemical parameters of individual algal cells in vivo, in real-
time, and label free. Employing an active sorting switch, cells were sorted depending on the 
input parameters obtained from Raman spectra. This allows identification and isolation of rare 
cells with unique chemical properties, for subsequent experiments or for breeding and 
optimization of cultivation parameters of potential production strains for use in large scale 
bioreactor systems. However, we have found the traditional horizontal microfluidic setups 
limited by the intensive tendency of the larger algal cells of diameters in order of several 
micrometers to settle on the bottom of the channel. This in turn provokes creation of cell 
lumps traveling in the channels and causing flow irregularities, trapping and sensing problems. 
We have explored innovative approaches such as vertical microfluidic systems in order to find 
an integrated solution to optical sorting in a microfluidic environment for cells ranging from 
units to tens of micrometers in diameter. 
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4.2 Raman tweezers in vertical microfluidic system for analysis and sorting of living cells 
 
4.2.1 Introduction 

We have devised an analytical and sorting system combining optical trapping with Raman 
spectroscopy in microfluidic environment in order to identify and sort biological objects, such 
as living cells of various prokaryotic and eukaryotic organisms. Our main objective was to 
create a robust and universal platform for non-contact sorting of microobjects based on their 
Raman spectral properties. This approach allowed us to collect information about the 
chemical composition of the objects, such as the presence and composition of lipids, proteins, 
or nucleic acids without using artificial chemical probes such as fluorescent markers. The 
non-destructive and non-contact nature of this optical analysis and manipulation allowed us to 
separate individual living cells of our interest in a sterile environment and provided the 
possibility to cultivate the selected cells for further experiments. Such systems could find their 
use in many medical, biotechnological, and biological applications.  
 
The vertical sorting setup is a micro-Raman tweezers application designed for sorting of cells 
that may pose problem for traditional sorting mechanisms, e.g. horizontal microfluidic 
channels or FACS. We used algal cells which are strongly adhesive, tend to form clusters, and 
can be sized over 20 µm in diameter. The system uses a special microfluidic chip. The setup 
was designed to eliminate the problems of cell sedimentation and adhesion in the channels, 
and to simplify the means of propulsion of cells in the system by exploiting gravity. The 
system can provide information about the chemical nature of the studied objects, and it is 
equipped by a dedicated universal software for automated sorting of many different objects of 
interest. 
 
 
4.2.2 Materials and methods 

 

4.2.2.1 Optical setup 

Raman tweezers experiments with living cells were carried out using a home-built 
experimental system, see figure 46 and figure 47. The optical trapping and Raman excitation 
was done by a single focused beam (Ti:Sapphire laser, λ = 785 nm, beam diameter 0.6 mm; 
899-01, Coherent). The beam passes through the line filter LF (bandwidth 3 nm, center on 
785 nm; MaxLine LL01-785, Semrock) and the coupling lens C (f = 8 mm, C240TM B, 
Thorlabs) into the single mode optical fiber (P1-830A-FC-2, Thorlabs) to improve the spatial 
beam intensity profile. The beam is expanded by the expander lens Exp (f=40 mm, Thorlabs), 
passes through the dichroic mirror D1 (homemade for 45° incidence angle giving maximal 
transmittance at 785 nm and maximal reflectance at wavelengths shorter than 780 nm), 
reflects on the dichroic mirror D2 (45° incidence angle giving maximal transmittance at 785 
nm and maximal reflectance at wavelengths longer than 790 nm, LPD01-785R-25, Semrock) 
and enters the objective lens (Olympus UPLSAPO 60x, NA 1.20). Raman signal collected 
from the specimen by the same objective lens passes through the dichroic mirror D2, the edge 
filters EF1,2 (ultrasteep long-pass edge filter, LP02-785R-25, Semrock), and is focused by the 
lens L2 (f = 50 mm, Thorlabs) into the entrance slit of the imaging spectrograph (focal length 
300 mm, f/3.9; SpectraPro 2300i, PI Acton). The Raman scattered light was diffracted by the 
600 gr/mm diffraction grating imaged on the chip of the liquid-nitrogen-cooled spectroscopic 
CCD camera (Spec-10:100BR/LN, Princeton Instruments), and recorded using a homemade 
control software under LabView. Illumination light (white LED, MCWHL2-C1, Thorlabs, 
and aspheric condenser lens, f = 20 mm, ACL2520, Thorlabs) reflects on both D1 and D2 and 
reaches two standard CCD cameras (main: acA2000-50gc, Basler and auxiliary: 902H, 
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Watec) via filter F1 (homemade dielectric mirror for 90° incidence angle giving maximal 
reflectance at 785 nm and maximal transmittance at visible wavelengths shorter than 780 nm), 
focusing lens L1 (f = 150 mm, AC508-150-B-ML, Thorlabs) and polarizing beam-splitter 
PBS (PBS251, Thorlabs). Maximal laser power used for the excitation and trapping was 200 
mW at the specimen plane. The microfluidic chip was held on a  micropositioning platform 
(Microstage-20E, Mad City Labs) providing movement of the sample with respect to the 
objective lens. Electrically actuated shutter S (SH05, Thorlabs) was used to block the laser 
beam when necessary. We were able to safely move with the microorganisms with maximal 
speed of 15 µm/s. 
 
4.2.2.2 Microfluidic system 

Microfluidic channels were fabricated in polydimethylsiloxane (PDMS) using soft 
lithography [230]. A reusable mold was realized with a negative photoresist film (SU-8 2015, 
MicroChem Corp.) deposited on a silicon wafer. The depth of the created pattern was 
approximately 50 µm. Larger channels were produced by bonding a 20 µl plastic pipette tip 
with inserted acupuncture needle to the wafer with help of a UV-activated adhesive (Loctite 
3922). A two-component mixture of PDMS (Sylgard 184, Dow Chemical) was introduced 
into the mold to produce an optically transparent replica. A glass coverslip was bonded to the 
PDMS chip by a brief exposure to oxygen plasma, producing an irreversible seal [231]. See 
figure 48 for the schematic description of the chip, its function, and an image of the real chip. 
 
The chips of the last generation have 800 µm wide, 200 µm deep and 50 mm long vertical 
channel with rectangular cross section. The top part of the vertical channel is open and serves 
for cell injection. The bottom part of the vertical channel ends in a round port for connection 
of microfluidic tubing. In the middle, the vertical channel branches out into a side channel. 
The first portion of the side channel is perpendicular to the vertical channel, it has a 
rectangular cross section and it is 60 µm wide, 70 µm deep and 60 µm long. The side channel 
continues by a widened portion of channel about 200 µm wide, 70 µm deep and 300 µm long. 
This widened part is connected to a conical portion tilted downwards, nearly parallel with the 
vertical channel. The conical channel was molded around a pipette tip with a point of a needle 
protruding through the narrow opening, so that the pipette tip can be reinserted into the 
finalized chip. This way the objects sorted into the side channel fall directly into the opening 
of the inserted pipette tip. The pipette tip was filled with 20 µl of hot 3% (w/w) solution of 
low temperature melting agarose (Sigma, Type X1) in distilled water. Before the agarose 
solidified, entomologic pin was inserted into the tip to form a conical blind-ended channel in 
the agarose plug to trap the sorted cells. 

 
4.2.2.3 Setup preparation 

The microfluidic chip was flushed with a detergent solution prior to every use. Commercial 
detergent MiniRisk without additives (perfumes, colorants) was used as a 10% v/v solution in 
deionized water. Care was taken to fill the system completely, without air bubbles. 
Subsequently, a new 1 ml plastic syringe was filled with 1 ml of deionized water. The syringe 
was connected to a Luer-to-Micro-tight adapter (Upchurch scientific) equipped with 360 µm 
OD microfluidic PEEK tubing (Upchurch scientific). Then, the microfluidic tubing was 
connected to the port at the bottom of the vertical channel by pressing it inside about 2 mm 
deep, and the system was flushed with about 0.5 ml of deionized water. The system was 
completely filled with water and free of air bubbles at this point. Pipette tip with agarose plug 
was carefully inserted all the way into the port of the side channel. The prepared chip was 
placed into the chip holder. The vertical position of the main channel was maintained as 
precisely as possible. With help of the 3D-stage, the objective was aligned with the central 



 78

part of the chip where the vertical and horizontal channels intersect. The filtered immersion 
water was applied between the chip and the objective and the central part of the chip was 
brought in focus with help of the auxiliary screen. The optimal depth of the image plane was 
found to be around 25-35 µm from the glass surface. 

 
4.2.2.4 Sample preparation and loading 

Trachydiscus minutus (Bourrelly) Ettl, CCALA # 838, was obtained from the Culture 
Collection of Autotrophic Organisms, CCALA (Institute of Botany, AS CR). T. minutus was 
cultivated in several 500 ml batch cultures at room temperature (20 °C), 1x BBM medium 
[195, 196]. The cultivation vessels were placed on a bench near the window to provide natural 
lighting. Photosynthetically Active Radiation (PAR) flux density Qp was ranging 80-300 
µmol (photons).m-2.s-1 during the day. The samples for sorting were taken after various 
periods of cultivation, up to several months. The cultivation vessels were 1000 ml Pyrex 
conical flasks. Aeration was effected with occasional swirling. For the testing of the sorting 
setup we used three differently treated cultures of T. minutus. Culture A was about 3 weeks 
old aliquot from a constantly aerated cultivation, and it received the smallest light intensities. 
Culture B was about 10 weeks old and it received medium light intensities. Culture C was 
about 18 weeks old and it received the highest light intensity for the longest time. While the 
culture A was green, the culture B was green-brownish, and the culture C was brown, see also 
figure 29. An adjustable pipette with a special narrow tip (Eppendorf Microloader) was used 
to load the sample. The cell suspension was aspirated into the pipette tip and transferred into 
the chip by putting the tip carefully into the vertical channel below the level of the liquid 
inside, and introducing the sample into the column. When cells appeared flowing around the 
junction on the auxiliary screen, the sorting was initiated. 
 
4.2.2.5 Software 

The control software for the Raman tweezers sorting system was built in LabView. Before the 
series of measurements the control software is initialized and it establishes communication 
with peripherals: spectrograph, spectroscopic camera, standard CCD camera, 
micropositioning platform, laser shutter and white illumination switch. After initialization, 
graphical user interface (GUI) is used for setting the parameters of the system: speed and 
range of the stage motion, the settings of the spectral filter, gain and exposition time of the 
CCD camera, parameters of object recognition, parameters of spectral peaks recognition . The 
micropositioning stage and CCD camera are calibrated using a transparent micro-structure 
with known dimensions. The calibration of Raman spectra is performed using  a sample of 
pure polystyrene. Spectral filter in the control software serves to remove the fluorescence 
background and noise from the spectra. It is a combination of a rolling circle filter [182] to 
remove the background and Golay-Savitzky algorithm to remove the noise. 
 
The microfluidic system is placed into the holder and optical system is adjusted manually to 
give clear view of the sorting area with the channels junction. The laser spot is automatically 
detected and the region of interest (ROI), where the system will  automatically search for the 
cells, is manually selected. In the side channel, location to drop the selected cells is defined. 
When the calibrations are finished, the cell suspension is introduced and sorting is initiated in 
a semi-automatic learning mode. This setting allows the operator to manually confirm, if the 
analyzed cell is to be selected or rejected. The object recognition module detects the cells in 
the ROI and moves the stage horizontally, until the closest detected cell falls into the range of 
the optical trap. The cell is trapped and the Raman spectrum is recorded. The spectrum is then 
filtered and the maximal intensities in selected Raman shift areas are calculated (for example 
1440 cm-1 and 1660 cm-1 for calculation of lipid unsaturation [53]). The ratio of these two 
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numbers is then displayed in a dedicated table along with the number of the sampled cell. 
Concurrently, an image of the analyzed cell is taken and the whole Raman spectrum is saved 
in a form of a text file. The table of the Raman spectral ratios continually calculates the mean 
value from all the samples. The operator can then use this value to regulate the stringency of 
the cell selection, by choosing the right value of the critical ratio, above which the cells will 
be selected. After setting this ratio to the correct value, the software is switched to a fully 
automatic mode, where no intervention of the operator is needed, and the machinery continues 
the sorting as long as there are cells to trap. It is obvious that selected method does not sort all 
the cells in the sample, nevertheless, the sample can be passed through the system several 
times. 
 

 
Figure 46: Schematic diagram of the vertical sorting setup combining Raman 
microspectroscopy with optical tweezers. Raman excitation laser serves also for trapping 
and it is delivered through shutter S, line filter LF and coupling lens C into an optical 
fiber. The beam is expanded by an expander Exp, passes dichroic mirror D1, reflects from 
dichroic mirror D2 and enters the objective lens. Raman signal from the specimen passes 
D2, edge filters EF1,2 and is focused by lens L2 into the spectrograph. Illumination light 
reflects from both D1 and D2 and is coupled to two CCD cameras via filter F1, focusing 
lens L1 and beam-splitter PBS. Inset shows the detail of the studied sample. For 
specifications of the optical elements, see the text. 
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Figure 47: Image of the vertical sorting setup. The laser with wavelength 785 nm is coupled to 
the optical fiber, it is expanded and passed through the dichroic mirror 1 and reflected by the 
dichroic mirror 2 into the objective lens. Raman signal passes through dichroic mirror 2 and 
into the spectroscope, while the illumination light reflects from both mirrors and is coupled 
into the CCD cameras for sample observation. Note the horizontal objective lens and vertical 
sample holder necessary for the proper function of this device. The laser source in this version 
of the device is not Ti:Sa, but a diode laser (Sacher, TEC-300-0785-1000, λ = 785 nm, 1 W). 
 
4.2.2.6 Sorting and cell isolation 

The CCD camera was cooled to -110 °C. Laser power at the sample was approximately  
100 mW. The optimal depth was found to be around 25-35 µm from the glass surface. When 
the system was set to the automatic mode, it collected the cells of desired properties in the 
horizontal channel far enough from its edge to avoid their unwanted escape. Sorting continued 
until the cells stopped to fall into the ROI. All the liquid in the vertical channel was aspirated 
into the syringe until the vertical channel was empty. The chip was cautiously removed from 
the holder without disturbing the pipette tip blocking the port of the side channel. The chip 
was then incubated in upright position for approximately 6-12 hours in room temperature and 
high humidity (>90%) to allow the cells to sediment and attach themselves to the agarose 
surface. Then the pipette tip was removed from the chip. Under binocular microscope, the part 
of the agarose plug containing the cells was gently pushed out of the pipette tip on a 
microscope slide for immediate observation or on the surface of a suitable solid cultivation 
medium. The selected cells were then cultivated in standard conditions. 
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Figure 48: Schematic representation and a photograph of the microfluidic part of the Raman-
tweezers sorter. Left: Scheme of the vertical sorting chip with microfluidic circuits. Biological 
sample (e.g. algae) is top-loaded into a vertical channel. As the cells fall through the column 
of liquid medium, they are recognized, optically trapped, spectrographed and moved through 
the sorting junction to the side-channel if it is desirable. The selected cells are collected in a 
conical reservoir inside an agarose plug in a pipette tip connected via the insertion point to the 
sorting junction, see the circular inset. The syringe serves to fill and empty the main channel.  
Right:  Image of the microfluidic chip from PDMS bonded to a glass cover slip in oxygen 
plasma. Vertical channel and the ports for the microfluidic tube and for the pipette tip are 
visible; the tip is inserted in the port. 

 
4.2.3 Cell analysis and sorting by Raman tweezers in microfluidic channel 

The effectivity of recovery of the selected cells from the chip and other basic system 
parameters were tested by mixing the cells of T. minutus with polystyrene beads (7 µm 
diameter). The mixture consisting of approximately equivalent concentration of polystyrene 
beads and algal cells was sorted to isolate the cells based on the ratio between the intensities 
of Raman peaks typical for polystyrene (1001 cm-1) and for β-carotene in algae (1525 cm-1), 
denoted IR(ν1525)/IR(ν1001), see figure 49. The selected critical ratio was 1. 50 cells were sorted 
to the side channel. The system lost ~75% of objects (cells and polystyrene beads) during an 
attempt to optically trap, during spectral analysis or during transport in optical trap. The losses 
were caused mainly by inefficient trapping of objects far from the focal plane and by 
collisions with other cells or beads. The difference in Raman spectra between cells and 
polystyrene beads was resolved with accuracy close to 100%. Unwanted exchanges of cells 
for beads or other cells during optical trapping after Raman analysis caused contamination 
~10% in the isolated sample. In this experiment, we have isolated 38% of the selected cells 
from the agarose plug. The isolated cells appeared anatomically normal when inspected under 
microscope (BF, magnification 150X and 600X) with no obvious signs of photodamage 
(bleaching of chlorophyll, atypical morphology) 13 hours after the sorting.  
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The sorting speed was strongly varying in time. It reached up to about 1 object (cell or bead) 
every 10 seconds, equivalent to 360 objects per hour, when about 50% of the trapped objects 
were transported to the side channel and when the optical trapping was successful in 100% 
cases during the time of observation. The sorting speed was considerably higher when the 
proportion of selected cells was low, e.g. 0.1%. Depending on the density of the suspension, it 
occasionally reached up to 1 object every 5 seconds (~720 objects per hour). However, the 
average sorting speed over longer period was considerably lower, due to fluctuations in cell 
suspension density around the sorting area. The effective sorting speed was defined as a 
number of objects the system attempted to sort during 2 hour interval minus the objects lost 
from optical trap and exchanged cells, while 50% of the trapped objects were transported to 
the side channel. The effective sorting speed was estimated to be ~90 objects per hour.  

 

 

Figure 49: Raman spectra of optically trapped polystyrene bead and a cell of T. minutus. The 
polystyrene ring breathing vibration at 1001 cm-1 and β-carotene double bonds vibration at 
1525 cm-1 that were used for particle sorting are denoted by their Raman shifts and by images 
of the respective particles.     
 
We have tested the sorting system with different populations of alga T. minutus. First, the 
cells were sorted arbitrarily in a semi-automatic mode, to test the ability of the system to 
move the selected cells to the desired location in the horizontal channel. See figure 50. Then, 
based on the average ratio between the intensities of the Raman peaks (1440 cm-1 and  
1660 cm-1), the critical ratio was selected and the system was allowed to sort cells in a fully 
automatic regime. During the sorting process, the Raman spectrum and the image of the 
sorted cell were collected. The examples of the typical cell images taken after the Raman 
spectra acquisition are in figure 51. The images were automatically cropped to contain only 
the cell of interest and they are equipped with a scale-bar. The selected typical spectra from 
the sorted cells are in figure 52.  
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Figure 50: Sequential figures of cell sorting. Screen grab sequence from the working sorting 
system GUI shows the image from the CCD camera. A: A cell in the green square region of 
interest is recognized which is indicated with the red box around it. The optical trap is 
positioned below the cell. B: The cell is trapped at the laser spot, indicated by the blue circle. 
Illumination light is turned off, Raman spectrum is recorded, ratio of selected peaks is 
calculated and decision is made whether to select or refuse the analyzed cell. C: The selected 
cell is moved through the sorting junction to the side channel, from where it falls to the 
agarose target. D: The cell is released from the trap and the trap returns to the vertical channel 
for another cell. The position of the trap is always fixed, while the chip moves on the 
motorized stage. The scale bar (white) is 40 µm long. 
 

 
Figure 51: Selected images of the trapped algal cells of T. minutus. The control software of 
the sorting system automatically takes a snapshot of every analyzed cell. The image is 
equipped with a scale-bar and saved to the measurement protocol. 
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Figure 52: Examples of the Raman spectra from the three groups of T. minutus, used for 
testing the Raman-tweezers sorter. Raman spectral features represent various vibrations of 
molecular bonds present in the sample. In this case, mostly the vibrations of carotenoids and 
lipids can be distinguished. The ratio of the maxima at 1440 cm-1 (saturated bonds, CH2) and 
1660 cm-1 (unsaturated bonds, C=C), denoted IR(νU)/IR(νS), was used for calculation of the 
mean unsaturation of the algal lipids. The spectra A are from the algae cultivated for short 
time period and in low illumination. There are similarly intensive signatures of both saturated 
and unsaturated lipids (about 30 a. u.). Spectra B and C are from cells cultivated for gradually 
longer time period at intensive illumination. The spectra present higher intensity of 1440 cm-1 
peak, (about 50 a. u.), but considerably lower intensity of 1660 cm-1 peak (25 a. u. and less). 
This translates to gradually lower unsaturation and higher absolute amount of lipids in the cell. 
Dominant features in spectra B and C are two peaks of carotene around 1160 cm-1 and 1530 
cm-1. Carotene accumulates in cells of T. minutus cultivated under strong lighting.  Parts of 
spectra A and C were removed due to stray reflections in the apparatus, which caused 
intensive parasitic bands in the spectrum. 
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The ratio of the intensity maxima at 1660 cm-1 and 1440 cm-1, denoted IR(νU)/IR(νS) was 
calculated from the obtained Raman spectra for each sampled cell and plotted against the 
sample number to visualize the variability within and between the experimental populations 
A, B, and C, of T. minutus. The average values and standard errors were calculated to 
demonstrate the statistical difference in the lipid unsaturation defining ratio IR(νU)/IR(νS), see 
figure 53. We found that the population A, that received the shortest period of nutrient stress 
and only mild light intensities during the cultivation, possessed the highest IR(νU)/IR(νS) ratio 
which was interpreted as a relatively high level of cellular lipids unsaturation. This is about 
0.1 in terms of mass unsaturation NC=C/NCH2, equivalent to a mixture of oleic (18:1) and 
linoleic (18:2) acid. The longer periods of nutrient stress and higher light intensity during 
cultivation in populations B and C have caused gradual reduction of the IR(νU)/IR(νS) ratio 
which translates to gradually lower production of unsaturated lipids. The lowest detected mass 
unsaturation NC=C/NCH2 was around 0.01, equivalent to almost purely saturated fatty acids, 
e.g. palmitic (16:0). The quantitative relation between IR(νU)/IR(νS) and unsaturation 
NC=C/NCH2 is discussed in reference  [53] and in section 3.1.3.  

 
 
 

 
Figure 53: Left: The distribution of the Raman unsaturation parameter IR(νU)/IR(νS) in the 
selected populations of T. minutus. Right: The average unsaturation IR(νU)/IR(νS) of the 
selected populations of T. minutus. Error-bars represent the 95% confidence level. Number of 
used samples: A: 60, B: 89, C: 134. 
 
4.2.4 Discussion 

The use of the traditional horizontal microfluidic setups is limited by the intensive tendency 
of the larger algal cells of diameters in order of several micrometers to settle at the bottom of 
the channel. This in turn provokes creation of cell lumps traveling in the channels and causing 
flow irregularities, trapping and sensing problems. We have tested an alternative approach 
with a vertical microfluidic channel where the contact of the cells with the wall is eliminated 
and the cells were propelled in the channel by the gravity force. This PDMS channel was 
integrated into an optical setup providing automated optical trapping of the falling cells and 
acquisition of Raman spectra from a single trapped cell of sizes from few micrometers up to 
several tens of micrometers. Real time analysis of the Raman spectra signatures allows sorting 
of living cells according to character of the chemical bonds present in the biological structures 
inside the cell.  
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We proved that our sorting system is capable of automatic object recognition, optical 
trapping, Raman spectral analysis and sorting. We have demonstrated that the system is 
robust, hard to clog with impurities in the sample, and that the selected cells are reliably 
separated from the rest with minimal risk of contamination from unwanted cells if handled 
properly. The central result of this work was the designing of this complex apparatus, 
containing elements of advanced optics, microfluidics, and LabView programming. 
 
We analyzed algal cells of Trachydiscus minutus according to the degree of saturation of their 
cellular lipids. We were able to analyze and sort about 12 cells per minute with high 
efficiency with respect to the desired chemical content, when the proportion of the selected 
cells was low. However, the overall efficiency of the sorting system is still only about 90 cells 
per hour, due to problems with steadiness of the cell delivery, and with stable and efficient 
recognition, trapping, and dragging of the objects, which are relatively large in terms of 
optical trapping. We are currently optimizing the system in these respects. 
 

The Raman-tweezers vertical microfluidic sorting system is currently in the state of 
development. Several changes are being implemented, especially to the microfluidic system 
and the control software. The microfluidic system is redesigned to achieve more effective 
recovery of the selected cells. The upgrades of the software are aimed mainly to improve the 
object recognition, and to maximize the speed and reliability of the cell delivery into the 
horizontal channel. So far, the sorting system was tested only with small test batches of cells 
and most of the effort is invested into the optimization of the system parameters. We want to 
develop a highly automated system capable of working continually for several hours without 
human intervention. We think it may be possible to increase the throughput to more than ten 
times the current effective value, over 1000 objects per hour. Although this is several orders 
of magnitude lower throughput than in fluorescence based sorting techniques, we hope this 
system will find its use for some types of cells or even inanimate microscopic objects, such as 
liposomes, in which the label-free metabolic profiling or chemical sensing of multiple or 
complex chemical variables is desired. 
 
This sorting system allows isolation of rare microalgal cells with unique chemical properties. 
These can be used for subsequent experiments or for breeding and optimization of cultivation 
parameters of potential production strains for use in large scale bioreactor systems. 
Microalgae are a rich source of various interesting organic substances useful in 
pharmaceutical, cosmetic and food industry, as well, as in the development of 3rd generation 
biofuels. The obtained cells with the desired chemical properties can be further cultivated to 
create a whole population overproducing the substance of interest. 
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5 Summary 

 
We have tested the influence of optical trapping by different laser wavelengths on the 
individual algal cells. We have estimated the quantum yield of the photosynthetic apparatus of 
Trachydiscus minutus suspended in a culture medium, before and after the irradiation by a 
tightly focused laser beam, forming an optical trap. We used several different wavelengths of 
the trapping laser between 735 nm and 935 nm, with constant duration and power of 
irradiation. Pulse amplitude modulation fluorescence spectroscopy has detected a significant 
decrease of the quantum yield after irradiation by shorter wavelengths (735 nm), while at 
longer wavelengths (935 nm) the decrease was negligible. This finding indicates that non-
invasive optical manipulation of living cells of photosynthetic microorganisms can be 
performed using laser wavelength longer than 950 nm. We have also trapped Saccharomyces 

cerevisiae yeast cells and found most of them to survive 15 minutes of trapping with 1064 nm 
laser at 100 mW power. 
 
We have demonstrated the potential of Raman microspectroscopy for the fast and spatially 
resolved characterization of the composition of selected intracellular compartments in 
individual living algal cells. In particular, we have focused on lipid storage bodies and 
quantified the degree of unsaturation of algal lipids (iodine value) which is an important 
parameter for biofuel production and food industry. We have exploited the easily identified 
characteristic Raman spectral peaks corresponding to the saturated and unsaturated carbon-
carbon bonds in lipid molecules. Based on the calibration data obtained with pure fatty acids 
of varied degree of unsaturation, we have calculated the average ratio of unsaturated-to-
saturated carbon-carbon bonds in algal lipids and determined their average iodine value. We 
have shown that various algal species display significantly different iodine values (88 up to 
216), which has important implications for biotechnological exploitation of the particular 
algae. Specifically, our results suggest that Trachydiscus minutus with its very large iodine 
value (~216) might not be the species of choice for the biofuel production where iodine values 
below 120 are typically exploited. However, this alga might find its use in food industry 
applications where high amounts of omega-3 unsaturated fatty acids are beneficial. Our 
spectroscopic data agree with the results obtained by mass spectrometry - gas chromatography 
that can be considered as an experimental standard for characterizing the fatty acid 
composition of cells. These findings were published [53]. 
 
We found a Raman based method to measure the β-carotene concentration, which is an 
important parameter for selection of the production strains for biotechnology and industry. 
The link between β-carotene and lipid deposition was described in literature [197] and it is 
species-dependent. Induction of β-carotene and storage lipid synthesis by increased PAR 
intensity was employed in several published experiments [198], [199]. We have calculated the 
relative concentrations of β-carotene in the storage lipids from the Raman spectral peak ratios. 
The absolute concentrations were extrapolated from the calibration based on β-carotene oil 
solutions. The analysis of the image of the analyzed cell allowed us to calculate the volume of 
algal lipid bodies in absolute units, to be used as a reference measurement. The use of 
carotenoids as a proxy of lipids has been researched in various spectroscopic settings, in order 
to achieve label-free, “green” lipid quantification [200, 201, 202], while some research has 
been focused on artificial fluorescence probes, such as BODIPY® (Molecular Probes, Eugene, 
OR, USA), or Nile red [179, 203]. Thanks to the high intensity of β-carotene spectral 
signatures, the detection of very large or β-carotene rich lipid bodies for the purpose of 
Raman assisted sorting could be achieved with integration times in order of milliseconds with 
laser power in 100 mW range at 785 nm wavelength. The method was published [54]. Based 
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on the LB volume measurements, simple Raman assisted method of LB volume estimation 
was developed as well. It could aid fast semi-quantitative discrimination between small (e.g. 
VLB < 10 µm3) and large (e.g. VLB > 10 µm3) lipid bodies, and was published in [55]. 
 
We have devised an active cell sorter with various microfluidic systems to deliver the 
sampled microalgae to the Raman-tweezers. We have tested the PDMS based microfluidic 
systems for cell manipulation and sorting. We found that a vertically positioned channel is 
superior for sorting of algal cells with diameters around 10 µm, and that a horizontal branch 
from the main channel can be used as an effective sorting junction, providing minimal 
chances for contamination with unwanted cells. We demonstrate the achievements in the 
construction of Raman tweezers based cell sorting system, which can sort cells automatically 
according to the degree of unsaturation in lipid storage bodies of individual living algal cells. 
The resultant instrument offers a possibility to measure chemical composition of cells and to 
track metabolic processes in vivo, in real-time and label-free. In the same time, the cells can 
be separated depending on the input parameters obtained from Raman spectra. In this device, 
the cells are sorted within the microfluidic channel using such Raman spectra recorded and 
processed by homemade analytical and automation software developed in LabView (National 
Instruments). The cell sorter employs an active sorting switch, and a focused laser beam is 
used as the sorting mechanism [10]. It combines the versatility of Raman tweezers 
instrumentation with the automation potential delivered by computing and microfluidic 
technology. The apparatus was successfully used for cell analysis and its sorting capability 
was demonstrated. Currently, the system undergoes further testing, optimization, and various 
upgrades to achieve reliable routine sorting of thousands of cells in a single run.  
 
We believe that Raman microspectroscopy has the potential to become fast and versatile 
instrument for applications in science, medicine, biotechnology, engineering and industry. 
The usefulness of Raman spectroscopic analysis especially when combined with optical trap 
was already demonstrated in experiments with various objects, cells, algae, bacteria, and other 
microorganisms [204, 71, 5, 172, 59, 81]. With combination of Raman spectroscopy, optical 
trapping and microfluidic system, one can realize a label-free and non-invasive automated cell 
sorting based on spectroscopic features of individual living cells. This approach could find its 
use in challenging biotechnological applications such as the selection of rare natural mutants 
or artificially modified cells resulting from genetic manipulations. 
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7 Abbreviations and symbols 

 
α polarizability 
ε permittivity 
λ wavelength 
ν frequency 
σ cross section for scattering 
ADP adenosine diphosphate 
ATP adenosine triphosphate 
BBM Bischoff-Bold medium 
BF bright field (microscopy) 
CCALA Culture Collection of Autotrophic Organisms (Institute of Botany of the ASCR, v.v.i.) 
CCD charge coupled device 
CHO Chinese hamster ovary cells 
CMOS complementary metal–oxide–semiconductor 
Da Dalton 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
E electric field 
EPA eicosanepentaenoic acid 
ER endoplasmatic reticulum 
F force 
f frequency  
FACS fluorescence activated cell sorter 
G3P glyceraldehyde 3-phosphate 
GC-MS gas chromatography-mass spectroscopy 
GFP green fluorescent protein 
GLMT generalized Lorenz-Mie theory 
GP glycerate 3-phosphate 
GT generation time 
GUI graphical user interface 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  
IV iodine value 
LB lipid body 
LED light emitting diode 
LHC light harvesting complex 
Fm maximal fluorescence of chlorophyll 
F0 minimal fluorescence of chlorophyll 
Fv variable fluorescence of chlorophyll 
m/z mass to charge ratio, relative mass 
NA numerical aperture 
NADPH reduced nicotinamide adenine dinucleotide phosphate 
NADP+ oxidized nicotinamide adenine dinucleotide phosphate 
Nd:YAG Neodymium doped Yttrium Aluminium garnet 
NDF neutral density filter 
NPQ non-photochemical quenching of chlorophyll fluorescence 
NR Nile red 
OT optical tweezers  
P dipole 
PAM pulse amplitude modulation (spectroscopy) 
PAR photosynthetically active radiation (400-700 nm) 
PBS polarizing beam splitter 
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PDMS poly(dimethylsiloxane) 
PGAL 3-phosphoglyceraldehyde 
Pi inorganic phosphorus 
PS I photosystem I 
PS II photosystem II 
PT purge and trap (injector) 
PUFA polyunsaturated fatty acids 
RCF rolling circle filter 
RNA ribonucleic acid 
ROI region of interest 
ROS reactive oxygen species 
RP Rayleigh particles 
RuBP ribulose-1,5-bisphosphate 
RuBisCO ribulose-1,5-bisphosphate carboxylase/oxygenase  
SLM spatial light modulator 
Ti:Sa Titanium doped sapphire laser 
USB universal serial bus  
VLB lipid body volume 
WP half-wave plate 
YPD yeast peptone dextrose (medium) 


