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1. Introduction 

Confocal fluorescence microscopy is a commonly used imaging method when analysing 

biological samples. It can be used to visualize typical structures based on 

autofluorescence from cells or, more commonly, fluorescence labels. However there are 

drawbacks to using fluorescent labels (Murphy 2001; Evans and Xie 2008).  Staining is 

time-consuming and there is a tendency that the labels will bleach over time. Bleaching 

affects the imaging results because the intensity of the signal reduces. Fluorescent dyes 

can also be harmful to cells (Johnson 2006). Usually the fluorescent dyes are labeled 

analogues to the endogenous substances in cells such as proteins and lipids. These 

labeled substances can perturb normal distribution of these substances in cells. These 

dyes are often also phototoxic. 

In order to avoid these problems it would be good to use some label-free imaging 

method. Coherent anti-Stokes Raman scattering (CARS) microscopy is a label-free 

imaging method that is based on molecular vibrations in the sample (Evans et. al. 2005). 

The main benefit of this method is that the sample remains almost unaffected which is 

very important when imaging biological samples. Besides the label-free nature of 

CARS imaging there are also other advantages with CARS microscopy. Data 

acquisition time is fast which allows video rate imaging. CARS is also suitable for 3D 

imaging since the method is confocal and the signal is generated from small focal spot 

that can be scanned in x-, y- and z- directions (Rodriguez et. al. 2006).  

CARS microscopy is relatively new method and it is gaining interest for imaging 

pharmaceuticals and drug delivery and particle localization in tissues (Fussell et. al. 

2013). Nevertheless published articles about CARS imaging intestinal epithelial cell 

cultures such as Caco-2 and HT-29 cells have not yet been published. The intestinal 

epithelial cell layer is an important absorption barrier for drug ingested via the oral 

route (Shah et. al. 2006). Hence it is crucial to try to improve in vitro absorption models 

and understand the mechanisms behind those. This is especially important because most 

new drugs have the problematic drug delivery properties of poor solubility and poor 

intestinal permeation (Desai et. al. 2011). One aim of this study is to find out if label-

free CARS imaging can be used to image cell cultures that mimic the intestinal 

epithelium in order to better analyze and  understand drug absorption. 
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One promising approach to improve drug delivery properties is to use nanocrystals 

(Peltonen and Hirvonen 2010). Nanocrystal formulations, with suitable stabilizing 

agents that inhibits P-gp efflux protein, could be used for enhancing cancer drug 

delivery to tumor cells as suspensions, but is also possible when ingested via oral route 

(Liu et. al. 2010). Another possible use of nanocrystals is for long acting intramuscular 

suspensions (Kipp 2004). Imaging methods are needed to see if and how these nano-

/microcrystals are internalized in cells and label-free CARS microscopy could be one of 

these methods.  

 

2. Imaging methods for biological samples on the cellular level 

2.1 Linear optical imaging and electron imaging  

2.1.1 Light microscopy 

The easiest system for optical imaging is the normal optical microscope (Knight 2008). 

In principle a single magnifying glass, a convex lens, can be considered a simple 

microscope. In this case, the short focal length lens is placed between the object and the 

eye and the rays coming from the object can be made to form a larger angle than 

without lens (figure 1). 

 

 

 

Figure 1 Principle of simple light microscope or magnifying lens (Knight 2008). 
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In order to produce images of greater magnification lenses must be combined. The 

compound microscope is built like that (Murphy 2001). First, close to the object, there 

is an objective lens that collects light diffracted by the specimen and forms a magnified 

real image of the object in the image plane of the eyepiece (ocular). This image acts as 

an object to the second convex lens, known as an eyepiece or ocular lens, and together 

with the eye’s cornea the image is then formed on the retina (figure 2). 

                                       

 

 

 Figure 2. Principle of compound microscope (Knight 2008). First an objective lens is 
used to form a magnified image. This real image is then used as an object to the other 
(eyepiece or an ocular lens). The eyepiece and the human eye together form the final 
image on the retina.  

 

Lenses are also needed in microscopy for illumination (Murphy 2001). In a normal light 

microscope the light source is under the object plane and two lenses are needed to 

illuminate the sample adequately. The first lens above the illuminator is called the 

collector lens and the second one, which focuses light from the illuminator onto a small 

area of the sample, is the condenser lens. 
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There are a couple of simple equations that describe the image formation using lenses. 

First the lens equation describes the relationship between the focal length and the object 

and image distances from the lens (Murphy 2001) (figure 3). The lens equation is: 

  = + ,                                                                                                       (equation 1). 

where f is the focal length, a is distance between the object and the lens and b is the 

distance between the image and the lens. In addition, the magnification factor M can be 

calculated using the same markings: 

= .                                                                                                             (equation 2). 

In the case of a compound microscope, the objective lens and the eyepiece lens work 

together to get the total magnification: = +                                                                              (equation 3). 

 

 

Figure 3. Geometrical parameters that are used for the lens equation and for calculating 
magnification factor M of an image. F is focal point, ƒ is focal length, a is object-lens 
distance and b is lens-image distance (Murphy 2001). 

 

There are two different ways that an image can be formed when lenses are used 

(Murphy 2001). If the rays of light intersect and physically reunite after diffraction 

caused by the lens the image that is formed is said to be a real image. The image is said 

to be virtual when the lens diverges the rays, but the imaginary backward extensions of 
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the rays become convergent and intersect. The magnified real image is always formed 

when distance a between the object and the lens is ƒ < a < 2ƒ. This is a case with a 

microscope’s objective lens. In the case of an ocular, distance, a, is 0 < a < ƒ. This 

means that when the eye is placed behind the lens, a virtual image is perceived behind 

the lens. 

One important concept in lenses is numerical aperture, NA (Knight 2008). This is a 

measure for the light-gathering power of an objective and is defined as:  =  ∝,                                                                                                (equation 4). 

where α is the half angle of the lens as seen from the objective and n is the refractive 

index of material between the lens and the sample. 

For simple dry air microscopes n = 1, but there are also available so called oil 

immersion objectives for biological microscopes. In this case, n will have a value of 

about 1.46. Oil has similar refractive index to coverslip glass (Murphy 2001). This 

means that the refraction of light from the specimen at the coverslip-medium interface is 

eliminated, which increases α resulting in a better resolution. 

Light spreads when it enters a lens in a phenomenon called diffraction (Murphy 2001). 

Due to this, the image that is formed in a microscope from the point light source is not 

just one rounded spot. Instead, there is one brighter spot in the middle, called an Airy 

disk, and rings surrounding it. The wavelength λ and the aperture angle of the lens affect 

the size of this Airy disk. In the case of a microscope the radius of an Airy disk can be 

written: 

= .  ,                                                                                                        (equation 5). 

where λ is the wavelength of light and NA is the lens numerical aperture. This can be 

considered to be the spatial resolution of a microscope (Knight 2008). Because 

wavelength in the visible light region is between 400 nm and 700 nm and the NA for 

lenses is around 1, the smallest objects that can be seen using an optical microscope are 

around 300 nm. 
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2.1.2 Fluorescence imaging and confocal laser scanning microscopy and associated 

improvements for biological imaging 

The main idea and advantage in fluorescence imaging compared to normal light 

microscopy is that it allows specific imaging of molecules that fluoresce in the presence 

of excitatory light. This is a very important feature for imaging biological samples. The 

pathway of a light is different in fluorescence microscope compared to the normal 

optical microscope (Murphy 2001). This means that the condenser lens is not needed, 

because the light passes through the objective lens to the specimen and back.  

An atom or a molecule can absorb energy from light when the sample is radiated with 

light. When a fluorescent molecule absorbs a photon an electron in the molecule can be 

excited to a higher energy electronic state. The electron usually undergoes some degree 

of internal relaxation within the excited electronic state, and then relaxes back to the 

ground state and emits light in a process called fluorescence. Usually in normal single 

photon fluorescence emitted photon has lower energy (longer wavelength) than the 

excitatory photon due to the internal relaxation (figure 4). 

 

Figure 4. Principle of fluorescence. An atom absorbs photon and is excited to the higher 
energy excited state, then, after some internal relaxation within the excited electronic 
state, it relaxes back to the ground state and emits a photon with lover energy (Thermo 
Scientific 2014). 

In order to see specific molecular structures in fluorescence microscopy, these 

structures have to be stained (Murphy 2001; Johnson 2006). Nonfluorescent molecules 

can be tagged with a fluorescent dye (or fluorochrome) to make it visible. If the 
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fluorochrome is tagged to a large macromolecule the fluorescent molecule is then called 

a fluorophore. Usually these fluorescent dyes contain a large quantity of unconjugated 

double bonds which provide the fluorescent properties. The fluorescent dyes can bind 

directly to some specific parts in cells like DNA or they can be used together with 

antibodies in a method called immunofluorescence. 

Essential parts in a fluorescence microscope are filters and dichroic mirrors. Usually 

there are separate filters each for the excitation light and the emission light. These filters 

are used to isolate specific wavelength ranges in order to excite fluorochromes with 

light of suitable wavelength (range) for absoption to occur and only detect fluorescence 

emitted photons that are used for image formation. The dichroic mirror or beam splitter 

is a reflective mirror that is placed in front of the light source at an angle of 45° at the 

center of the optical axis. The purpose of the dichroic mirror is to reflect the higher 

energy excitation light at a 90° angle to the specimen, but transmit the lower energy 

emission light that is then collected with an objective and directed to the image plane. 

One disadvantage in normal fluorescence imaging is that the strong fluorescent signal 

outside the focal plane can affects the image quality (Murphy 2001). Confocal laser 

scanning microscopy (CLSM) avoids this problem. In CLSM the specimen is 

illuminated with a focused scanning laser beam and a pinhole aperture is placed in front 

of a detector (Figure 5). 

The CLSM is large system that has many parts (Murphy 2001). The basic components 

of CLSM are the laser sources, scan head, fluorescence microscope and computer with 

adequate software for image interpretation. The image is formed in the following way in 

the CLSM. First, the laser light with a desired wavelength is focused onto the specimen 

via an objective lens. The intense diffraction-limited spot is formed on/in the specimen. 

This focus can be scanned all over the specimen up and down and also horizontally. The 

scanning head does this job and the sample is scanned so that a pattern called a raster 

scan is formed via process called point scanning. The scan head also directs the 

fluorescence signal from the specimen to the detector through a pinhole aperture. The 

pinhole is a very important part of the system and accepts only fluorescent photons from 

a small illuminated spot in the raster to pass to the detector. The confocal pinhole filters 

out most of the out-of-focus light resulting in a sharp image in the focal plane. The 
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detector is usually a photo multiplier tube (PMT) detector that detects light intensity 

fluctuations from the different spots while the specimen is raster scanned. These 

fluctuations in intensity are converted into an analogue signal, a continuously changing 

voltage, that is then transformed into digital form to generate pixels that form an image 

on a computer screen. 

                                                   

Figure 5. The principle of confocal laser scanning microscope. The dichroic mirror 
reflects light from the laser point source at 90° angle to the specimen. An objective lens 
collects light from specimen and the light is detected with detector that has pinhole 
aperture in front of (Murphy 2001).  

 

2.1.3 Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) 

As described earlier, visible light is electromagnetic radiation that can be described with 

waves that have some specific wavelength (Physics for scientists and engineers). On the 

other hand, light can also be described using particles called photons. In a similar 

manner, a beam of electrons can be described with wavelength and particles (an 

electron). However, there is a big difference in wavelengths between these two 

situations. The wavelength range of visible light is 400 – 700 nm and the wavelength of 

an electron beam can be considered to be between 0.001 and 0.01 nm.  

The resolution of an electron microscope can be calculated from the equation: 
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= .∝                                                                                                             (equation 6). 

where  is the half angle of the lens in radians and λ is the wavelength (Goodhew 

2001). The equation is analogous to the equation for calculating the resolution for an 

optical microscope (equation 5), except there are two approximations: sin α = tan α = α, 

because usually the angle that rays need to be deflected are very small in electron 

microscopy, and the refractive index n can be considered to have a value of zero, 

because there is not much change in refractive index as electrons travel through the 

lenses, since the lenses in electron microscopy are magnetic fields. 

The wavelength for 100 keV electrons is 0.0037 nm and the angle α can be 0.1 radians 

(Goodhew 2001). By using these values in the equation 6, the resolution for the electron 

microscope would be around 0.02 nm. In practice this small resolution cannot be 

achieved, but the resolution is still much better than in variants of light microscopy. 

There are many specific techniques in electron microscopy, but scanning electron 

microscopy (SEM) and transmission electron microscope (TEM) are the most common 

(Electron microscopy and analysis). All of these need at least three parts integrated in 

the imaging system: an electron gun, condenser lenses and a detector. 

Electrons, unlike photons, are negatively charged particles and experience a force F in a 

magnetic field (Knight 2008): 

F = e- v × B,                                                                                                    (equation 7). 

where e- is electron charge, v is electron speed and B is magnetic field. Bold letters F, v 

and B are vectors and × indicates the cross product between v and B. This phenomenon 

is used in lenses in electron microscopy that are typically so called electromagnetic 

lenses (Goodhew 2001).  

Early versions of transmission electron microscopes (TEM) in particular were 

analogues to the optical microscopes, because they had one condenser lens that was 

supposed to direct the electron beam to the sample and one or two objective lenses for 

magnifying the image (Goodhew 2001). Modern transmission electron microscopes 

(TEM) are a bit more complex. Transmission electron microscopy works as follows. 

First the electron gun accelerates the electrons towards the condenser system. The 
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condenser lenses directs the beam path to the specimen. The condenser aperture is used 

to adjust the angle at which the beam faces the sample. The electrons impact the 

specimen in the specimen chamber inside the objective lens. First, an image is formed 

by the objective lens and the magnification is usually about 50 – 100 times. This image 

is then further magnified by using intermediate and projector lenses so that the total 

magnification can be up to a million times. Finally, the image is projected to the 

viewing screen and the camera.  

While transmission electron microscopy (TEM) is used for studying internal structures 

of thin specimens, scanning electron microscopy (SEM) is more used for studying outer 

surfaces of specimens such as particle surfaces (Goodhew 2001). The working principle 

of a scanning electron microscope is illustrated in figure 6. The electron gun accelerates 

to the desired energy that is usually lower than in the case of TEM, somewhere around 

10 keV. The condenser lens and the objective lens direct the electron beam to the 

specimen via scan coils through the aperture and the detector detects scattered electrons. 

At the same time cathode ray tube (CRT) spot is scanned across the screen. The 

brightness of CRT- spot changes due to the amplified current that is formed from 

scattered electrons from specimen. 

 

Figure 6. The working principle of a scanning electron microscope (SEM). The fine 
beam of electrons is scanned across the specimen and the detector detects radiation 
resulting from different spots on the specimen surface while the CRT- spot is scanned 
across the screen and the brightness of the spot is modulated by the amplified current 
from the detector. 
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Electron microscopy is widely used for imaging biological samples such as tissues and 

cells. Because of the high spatial resolution of electron microscopy, the technique is 

very well suited to studying particle uptake in cells even on the nano-scale (Leclerc et. 

al. 2012). TEM in particular, is used for such analysis, because it can be used for 

visualizing inner parts of the cell with images from thin layers taken from some specific 

height of the sample. In contrast SEM typically gives information from the outer 

surfaces of a specimen. In biological applications, this method can be used for imaging 

an organism’s outer surface in very good detail (Ider et. al. 2014).  

Besides particle uptake and drug delivery studies, in pure pharmaceutical applications 

electron microscopy can be used for structure control and optimisation (Klang et. al. 

2012). It is important to see the surface structure of different pharmaceutical particles 

and particle interfaces in drug formulations, because surface/interface structure can 

affect toxicity and stability for example. Bulk powders surface morphology can also 

affect their usability in a process of making a dosage form. Electron microscopy can be 

used to ensure that the particle surface properties are adequate.  

One clear disadvantage in electron microscopy is difficult sample preparation 

(Goodhew 2001). The sample has to be very thin when imaged when using TEM, easily 

under a micron in thickness. During sample preparation, unwanted material is first 

removed from the specimen. This can be done by mechanical or chemical means and it 

can lead to a thin specimen sample. This thin specimen is then cut to produce an even 

thinner sample. Sometimes it can be difficult to obtain a representative samples to be 

imaged, because the specimen has to be so thin and small, but strong enough for 

imaging. In addition, the sample must be imaged under vacuum, which is also clear 

disadvantage in electron microscopy. Electron microscopy imaging lacks also chemical 

specificity. 

 

2.1.4 Spontaneous Raman spectroscopy and microscopy 

Spectroscopy can be defined as the study of interactions between light (photon) and 

matter (Smith 2005). Matter can absorb the energy of a photon in some specific 

situations. The absorption happens if the photon energy corresponds to the energy gap 
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between the ground state and an excited state in a molecule. The molecule is promoted 

to the higher energy excited state. In absorption spectroscopy, it is this energy change 

that is measured by the detection of the loss of that energy of radiation from the light at 

specific wavelengths. Mid-infrared (more commonly known as infrared (IR)), near 

infrared (NIR) and far-infrared (terahertz) spectroscopies are examples of absorption 

spectroscopies. 

Photons can also interact with matter so that they are scattered (Smith 2005). When the 

photons are scattered the energy of the photons does not have to match the energy gap 

between two energy levels of the molecule.  

In IR spectroscopy the IR light irradiating the sample includes many frequencies (Smith 

2005). When some frequency of the light matches the energy required to promote the 

molecule from a lower (usually ground) to higher (excited) vibrational state, absorption 

occurs. The loss of energy of radiation at that specific wavelength after irradiating the 

sample is then detected. In contrast, Raman spectroscopy uses a single frequency of 

radiation (laser) and the scattered light is then detected. In Raman spectroscopy, the 

radiation energy does not have to match the exact energy gap between molecule’s 

ground state and the excited vibrational state. Instead, an unstable short-lived virtual 

energy state is formed. 

There are two main_classes of scattering based on energy: elastic and inelastic (Smith 

2005). In elastic scattering, the photons are scattered without a change in frequency. 

This is called Rayleigh scattering and it happens most often.  In inelastic scattering, the 

energy will be transferred from the incident photon to the molecule and then from the 

molecule to the scattered photon of a different wavelength. This is Raman scattering 

and can be divided into two categories: Stokes scattering and anti-Stokes scattering. In 

Stokes scattering, the molecule absorbs the energy from the photon and in anti-Stokes 

scattering the scattered photon has a higher energy than incoming photons. Raman 

scattering is a rare process with only about every 106 - 108 incident photons being 

scattered this way.  
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In most cases molecules are in the lowest energy vibrational state (ground state), at least 

at room temperature (Smith 2005). When this kind of molecule interacts with 

electromagnetic radiation, Rayleigh scattering and Stokes scattering can occur. In 

Stokes scattering, the molecule is excited to a virtual state and it relaxes back to an 

excited vibrational state. In some cases the molecule is already in the vibrational state 

when the electromagnetic radiation interacts with it. In this case, anti-Stokes scattering 

occurs when the molecule is excited to virtual state and it relaxes back to the ground 

state.  

Electromagnetic radiation can be defined using frequency (f) and wavelength (λ). (Smith 

2005). Frequency corresponds how many waves cross one point within some specific 

time and wavelength corresponds the distance between two waves. However, in 

spectroscopy wavenumber is most often used rather than wavelength. Wavenumber (ω) 

is defined as 1/ λ and the unit is cm-1. 

The spectrum is produced after the sample has been irradiated with light and the energy 

changes between incident and outgoing radiation is detected. In the typical presentation 

of a spectrum there is wavenumber on the x-axis and the intensity on the y-axis (Smith 

2005). In IR spectroscopy and in Raman spectroscopy the peaks in the spectrs from the 

same vibrations are located at the same wavenumbers but the intensity of the peaks is 

different due to the nature of the signal (Smith 2005). In Raman spectroscopy, intense 

peaks are generated when the change in the polarizability of the electron cloud around 

the molecule is significant. In contrast, in IR spectroscopy the intensities of the peaks 

depend on the change of dipole moment. Usually symmetric vibrations give the largest 

intensities in Raman spectroscopy and asymmetric vibrations give the largest intensities 

in the IR spectroscopy.  

Raman spectroscopy is often good technique to detect active ingredients in 

pharmaceuticals, since Raman spectroscopy gives strong signals for molecules that have 

pi-bond electrons like in double bonds and in aromatic systems that are typical for 

medicines (Slipchenko et. al. 2010). However, it is good to consider that IR 

spectroscopy and Raman spectroscopy are complementary methods and it is often good 

to use both of them in order to get as much information about the sample as possible. 
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The absorption of energy in IR spectroscopy or intensity of scattering in Raman 

spectroscopy is based on bond vibrations in a molecule (Smith 2005). There are many 

kinds of vibrations such as stretching, bending, rocking, wagging and twisting. The 

number of possible vibrations in a molecule is 3N-6 where N is the number of atoms in 

a molecule. If two or more bonds are close together in a molecule and are of similar 

energies they can interact with each other. In these cases the peaks in spectrum come 

from group vibrations. For example, CH  groups have a symmetric and an anti-

symmetric stretch rather than two separate CH stretches. In general, vibrations that are 

induced by lower infrared frequencies are twisting and bending vibrations and 

vibrations that are induced by higher infrared frequencies are stretching vibrations 

(Rodrigues et. al. 2006). 

In a Raman instrument the inelastically scattered light has to be separated from the 

elastically scattered light (Smith 2005). This separation of light scattered at different 

frequencies can be performed using filters like notch filters. Usually, the scattered light 

is collected through the notch filter and the focused into a monochromator that separates 

the different Raman shifts. Then the light is then focused onto a charge-coupled device 

CCD) detector. A CCD detector is a sectored piece of silicon and signal from every 

pixel is sent to the computer. 

A microscope is easily coupled to a Raman spectrometer (Smith 2005). The idea of the 

microscope is that the microscope can focus the laser beam on some specific area or 

depth of the sample from which the spectra can be recorded. The advantage of using a 

microscope is that a relatively low-powered laser can be used, because the light will be 

focused so that the very small spot gives a high power density.  

When a microscope is attached to the Raman spectrometer it can be used in two ways: 

for imaging or mapping (Smith 2005). In imaging the detector works like a basic 

camera, but only a certain frequency of light hits the detector. This frequency is from 

the Raman active vibration, and therefore the image is formed only using light that is 

from Raman scattering at a single wavenumber. In mapping the focus moves one spot 

by one spot in the sample and a Raman spectrum of each spot is recorded each time.  
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Raman mapping and imaging are slow processes. Data acquisition takes minutes or 

even hours. This is a reason why faster label free imaging methods are needed. 

2.2 Non-linear imaging methods 

The basic idea in non-linear imaging or multi-photon imaging is that there is more than 

one photon going into the sample and interacting with the sample to create a photon 

with some other wavelength that is then detected (Strachan et. al. 2010). These photons 

interact with the sample simultaneously and this can be achieved when a sufficiently 

high intensity light is focused onto a small spot in the sample (Fussell et. al. 2013). 

Usually this is achieved by using lasers with pulses of picoseconds or femtoseconds and 

an objective lens with high numerical aperture (NA) (Schenke-Layland et. al. 2006). In 

non-linear processes, the intensity of signals detected depends non-linearly on the 

overall intensity since there are many photons to create the signal (Strachan et. al. 

2010). 

Two photon excited fluorescence (TPEF), second harmonic generation (SHG) and 

coherent anti-Stokes Raman scattering (CARS) are the most common applications that 

use non-linear processes in the optical microscopy field (Fussell et. al. 2013). All these 

phenomena can be used in one microscope setup if it has the required lasers and 

detectors. The most important benefit in these methods is the fact that the focused laser 

beams will generate the signal mostly in the focal region, since the non-linear process is 

inherently confocal (Strachan et. al. 2013). This phenomenon is therefore very well 

suited to 3D sectioning of the sample. 

In TPEF, two photons interact with the sample simultaneously in a small focal spot and 

the fluorophore is excited to an excited electronic state (Schenke-Layland et. al. 2006). 

These two photons have exactly double the wavelength (half of the energy) of the 

incident photon used in normal fluorescence, if exactly the same fluorescence process 

were to be observed (figure 7). Normally TPEF fluorescence can happen with incident 

light in the near-infrared wavelength range 700 – 1000 nm (Helmchen and Denk 2005). 

This kind of lower energy wavelength penetrates deeper into the tissues and is also less 

phototoxic. 
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In second harmonic generation (SHG) two photons also interact with a sample 

simultaneously (Fussell. et. al. 2013). Unlike in TPEF the specimen is not excited to the 

higher electronic state, but a short–lived virtual state is formed and the emission occurs 

directly from this virtual state. The emission wavelength is exactly half the wavelength 

compared to the incident beam (double the energy) (figure 7). SHG can occur within the 

bulk of samples only when the specimen has specific structures that lack inversion 

symmetry. These kinds of structures include starch and collagen, for example (Strachan 

et. al. 2013). 

In pharmaceutical applications SHG is well suited for imaging powders in order to see 

if the material is in a crystal or amorphous form, because SHG can be used to detect 

crystallinity (Kestur et. al. 2012). In biological samples SHG can be used to detect well 

ordered- protein structures such as collagen, microtubules and muscle myosin also in 

vivo (Campagnola et. al. 2002, Campagnola and Loew 2003, Fujita and Smith 2008). 

 

3. CARS imaging 

3.1 Principles of CARS 

Coherent anti-Stokes Raman scattering is a non-linear process that is based on Raman 

scattering (Evans et. al. 2007; Rodrigues et. al. 2006). It is a non-linear process because 

multiple photons are involved in the process to generate the signal to be detected. In 

CARS, the molecules are excited to the virtual state from the ground vibrational state 

and so the anti-Stokes signal is produced.  

Since spontaneous Raman scattering is an extremely weak process the basic Raman 

effect is not optimal for microscopy due to the long experimental time. Therefore, it 

would be good to strengthen the Raman signal some way (Evans et. al. 2005, Evans and 

Xie 2008). In CARS, the anti-stokes Raman effect is generated by using at least two 

laser beams with different frequencies (figure 7) (Strachan et. al. 2011). First, the 

molecule is excited to the virtual state with a photon that has frequency, ω  (pump). 

Then the second photon with different wavelength, ω  (Stokes), is used to stimulate the 

molecule back to a lower energy, excited vibrational state. After this, a third photon, 
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ω , which can be from the same laser as the pump photon, is used to probe the 

molecule to a still higher virtual state than that of that of the first pump laser. When the 

molecule relaxes back to the ground state the higher energy anti-Stokes signal ω  is 

produced and this is then detected.  

This coherent blue-shifted anti-Stokes signal can be mathematically expressed as (Silve 

et. al. 2012):  ω  = 2 ω - ω                                                                                              (equation 8). 

The energy difference between the pump and the Stokes lasers can be tuned so that it 

matches some specific Raman active molecular vibration (Evans et. al. 2005). This 

means that CARS microscopy is used for molecularly specific detection and imaging of 

specimen. 

Because there are three laser beams that produce the fourth beam that is then detected 

the CARS process is said to be four-wave mixing process (Evans et. al. 2007). In order 

to occur this coherent event requires phase matching between the different frequencies 

(Strachan et. al. 2011). This means that the microscope setup has a couple of 

requirements. First the microscope objective must have high numerical aperture (NA) 

so that there is always a k-vector present in the short interaction volume. Another 

requirement is that the laser pulse duration is very short and the pulses are temporally 

and spatially overlapped in the focus. Usually picosecond pulse lasers are used. 
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Figure 7. Energy levels of different non-linear optical imaging events and spontaneous 
Raman scattering. From the left to right: two photon excited fluorescence (TPEF), 
Second harmonic generation (SHG), CARS and spontaneous Raman scattering (adapted 
from Strachan et. al. 2013). 

  

3.2 Advantages and disadvantages of CARS 

There are many benefits with CARS microscopy that make it suitable for imaging 

biological samples in particular. With the advent of fluorescence microscopy, the great 

improvement in the microscopy field was the capability of molecular specific imaging. 

Nevertheless this feature is achieved mostly by using external fluorescent labels, 

because there are not many intrinsic fluorescent structures in living tissues that could be 

used for specific detection (Murphy 2001; Evans et. al. 2005). It is evident that there are 

many drawbacks in the use of these fluorescent labels, like photobleaching, 

phototoxicity and effects on normal cell behavior, as mentioned before. CARS 

microscopy can avoid these problems, because the molecular specificity can be 

achieved without external labels by detecting molecular vibrations. 

Another very important benefit in CARS microscopy is the technique’s capability for 

3D sectioning across the sample. This is based on the confocal nature of the signal 

production only at the laser focus that can be scanned in the x- y- and z-directions 

(Evans et. al. 2005). The wavelengths used in CARS microscopy are also in the near IR 

range and this kind of light penetrates deep in the tissues (Evans and Xie 2008). These 
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features are very important for imaging biological samples, because they allow 

visualization inside cells (Fujita and Smith 2008) and tissues (Garrett et. al. 2012). In 

pharmaceutical imaging applications it allows for dosage forms to be imaged at 

different depths that can be useful for example when studying dissolution (Windbergs 

et. al. 2009). CARS microscopy also allows video rate imaging, since data acquisition 

time is short due to the strong anti-Stokes signal detected (Evans et. al. 2005). 

The strong anti-Stokes signal also the use of lower energy lasers in CARS microscopy 

compared to spontaneous Raman microscopy (Evans and Xie 2008). Because relatively 

low powered ultra-fast pulsed lasers are focused onto a small focal spot in the specimen 

in CARS microscopy, the photodamage is minimized. In addition, light is not absorbed 

in the sample, so the CARS microscopy is well suitable for imaging live organisms 

(Zumbusch et. al. 1999, Volkmer 2005). No cell damage has been reported after CARS 

imaging of cells (Silve et. al. 2012). 

The sample preparation is also relatively easy in CARS microscopy. Of course, samples 

can be imaged fixed as for normal fluorescence imaging, but for live imaging no or 

minimal sample preparation is required before imaging. Cells can be cultured on glass 

bottom dishes and then transferred into the microscope chamber with controlled 

temperature (Mouras et. al. 2009). 

There are also disadvantages in CARS microscopy. The output signal intensity in CARS 

microscopy increases quadratically as the number of molecules increases linearly due to 

the coherent excitation and emission in a small focal spot. This is of course a good thing 

if there are many molecules to be detected, but this can lead to problems with detecting 

molecules at low concentrations. This is further complicated by the issue of a non-

resonant background (Volkmer 2005, Strachan et. al. 2010), which is a signal that is not 

based on real vibrational contrasts. This signal can interfere with the real anti-Stokes 

signal and can overwhelm it, especially with minority species. In addition to this non-

resonant background signal, the water and dissolved molecules can have strong resonant 

signals in a large spectral range that can also affect the signal interpretation. 

Another disadvantage in CARS microscopy is that it is not very well suited to 

quantitative analysis (Rodriguez 2006), at least in its conventional setup. While there is 
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a relation between the detected anti-Stokes signal and concentration of the molecular 

species (Holtom et. al. 2001), many factors affecting the intensity detected, including 

the background signal, make it difficult to get quantitative information out from the 

image taken with a conventional CARS microscope. 

3.3 CARS imaging applications 

3.3.1 Imaging pharmaceutical formulations, dissolution and drug release 

CARS microscopy can be used widely for imaging pharmaceutical formulations, 

dissolution and drug release. It is well suitable for studying distribution of compounds 

in different dosage forms. Especially CARS is suitable in situations where there are 

compounds that have molecular bonds that are capable of C-H stretching in the 2800–

3000 cm-1 spectral region. Usually oily products contain an abundance of these bonds 

and thus emulsion type formulations have been imaged using CARS microscopy (Pautot 

et. el. 2003, Day et. al. 2010). In addition to purely oily formulations, polymer films are 

very good for CARS imaging, because polymers contain a high repetition of suitable 

Raman active bonds (Garrett et. al. 2012). CARS microscopy has been used for imaging 

paclitaxel distribution and release from different PEG/PLGA polymers (Kang et. al. 

2007). CARS microscopy can also be used for imaging tablets in order to see the 

distribution of active ingredient and excipients, as long as they have suitable Raman 

signals (Slipchenko et. al. 2010). 

CARS microscopy can also be a useful tool for studying drug dissolution and drug 

release. Theophylline in particular has been studied drug in this context. Theophylline 

release from lipid based drug forms and changes from the anhydrate to monohydrate 

form have been imaged using CARS microscopy (Windbergs et. al. 2009, Jurna et. al. 

2009). This solid state change can affect the dissolution process due to the monohydrate 

drug form having a lower solubility. CARS microscopy has also been combined with 

UV spectrometry to really understand the effect of the imaged solid state changes on 

dissolution (Fussell et. al. 2013).  
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3.3.2 Imaging live cells, tissues and drug delivery 

CARS microscopy is gaining interest for rapid imaging of cells and tissues. Cells and 

tissues are rich in different lipid structures that have CH bonds and can be visualized 

using CH stretching modes with CARS shifts of 2800–3000 cm-1 (Evans et. al. 2005, 

Wong et. al. 2011).  

Many cells store lipids in a droplet from where they can be taken for membrane 

synthesis or as a food source (Molecular biology of the cell). There are many 

publications where CARS microscopy has been used to image cells and these lipid 

droplets have been visualized. From lipid droplet visualization alone, lipid droplet 

studies have been expanded. Lipid droplet configuration and changes in lipid droplet 

distribution in murine cytomegalovirus infected fibroblast cells have been imaged 

(Wong et. al. 2011). Lipid droplet trafficking in unstained steroidogenic mouse adrenal 

cortical (Y-1) cells has been also studied (Nan et. al. 2006). Compositions of different 

lipids inside lipid droplet in adipocyte cells and in HeLa (cervical cancer) cells have 

even been investigated (Bonn et. al. 2008). 

In addition to lipid droplets and cell membranes that are rich in lipids, other organelles 

in cells can be also visualized using CARS microscopy. Other important resonances in 

addition to CH stretching modes that have been used for label-free visualization of 

different structures in cells are 1660 cm-1 and 1095 cm-1 (Mouras et. al. 2009). The 

signal at 1660 cm-1 is used for imaging amide I band of proteins, while that at 1095 cm-1 

instead is used for detecting (PO2)- vibrations in the DNA backbone. 

CARS microscopy is also used for specific molecular imaging of tissue samples alone 

or together with other non-linear techniques such as SHG and TPEF. For example 

different cell types have been identified from colon tissue using CARS microscopy 

(Krafft et. al. 2009). This kind of molecular and cell specific detection is especially 

useful in the case of cancer. Multiphoton techniques are used for cancer tissue imaging 

in order to diagnose the disease and for development of better treatment. CARS 

microscopy alone has also been successfully used for distinguish normal gray and white 

matter in brains (glioma in normal brain tissue) and detecting the tumor in mouse brain 

(Evans. et. al. 2007). Tumors have been distinguished in breast cancer tissues based on 
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specific imaging of autofluorescent connective elastin fibers (TPEF), proteins (CARS) 

and collagen fibers (SHG) (Mouras et. al. 2010).  

For drug delivery purposes CARS microscopy is especially well suited to imaging skin 

permeation based drug delivery. CARS microscopy allows skin imaging in vivo with 

video rate (Evans et. al. 2005). The Raman shift of 2845 cm-1 can be used to detect 

different lipids at many depths in mouse ear and CARS microscopy was used to detect 

the diffusion of externally added mineral oil through the skin stratum corneum between 

the corneocytes. In addition to transdermal drug delivery CARS microscopy can be used 

to detect drug delivery after parenteral and oral administration as well. Deuterated 

polymeric nanoparticle traffic and distribution to different organs such as the small 

intestine, liver and brain have been imaged with CARS microscopy (Garrett et. al. 

2012). Polymeric particles are especially good for CARS imaging because of the high 

repetition of Raman active bonds that allow detection of particles approximately in size 

of 500 nm. Deuterated particles can be used to shift  the CH stretching CARS signals to 

the 2100 cm-1 region — away from resonances normally found in biological samples 

and allowing particles and tissues to be better distinguished.  

 

4. Oral drug delivery and drug absorption from the intestine 

The oral route is the most preferred route for drug administration mostly because of 

good patient compliance and economical aspects (Ranaldi et. al. 1992, Desai et. al. 

2011). The drugs can be administered well via the oral route as long as the drug has 

reasonable aqueous solubility and sufficient permeation across the intestinal epithelium 

(Florence and Attwood 2006). 

The intestine is the major place where drug absorption occurs when a drug is given via 

the oral route (Florence and Attwood 2006). This is mostly due to the large surface area 

of the intestinal mucosa. There are substructures in the intestine that increase the surface 

area. For example, first there are around 1 cm height folds; these folds divide into 

smaller parts called villi and microvilli. Villi are usually less than 1 mm height. The 

apical surface of absorptive cells is covered with microvilli and it is calculated that the 

number of these microvilli in the small intestine mucosa is around 2×108 per mm2.  
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The intestinal epithelium consists of enterocytes, goblet cells and M cells (Chen et. al. 

2012). About 80-90% of cells are enterocytes that are responsible for nutrient 

transportation (Shah et. al. 2006, Chen et. al. 2012). Goblet cells are the second most 

common cell type in the intestinal epithelium. Their function is to secrete mucus which 

creates a barrier against external pathogens. M cells are responsible for mucosal 

immune system and they can take up antigens from the intestinal lumen (Kim and Jang 

2014). 

4.1. Dissolution of drugs 

The general idea is that the drug must be in solution to be able to cross the intestinal 

epithelium (Dressman et. al. 1998). When a drug is administered via the oral route it can 

start to dissolve immediately or it can first break to smaller granules that are then 

dissolved, and then these granules can even deaggregate to fine particles that are 

dissolved. All these dissolution processes can also occur simultaneously (Figure 8). The 

dissolution can be seen as a three-step process in which a solute molecule and solvent 

molecules interact. First, a solute molecule has to be removed from its crystal structure. 

After this a cavity in the solvent has to be formed, and finally the solute molecule can 

penetrate into this cavity. 

 

 

Figure 8. Drug dissolution from tablet. Dissolution can occur straight from tablet or 
from granules or fine particles. All these dissolution processes can also occur 
simultaneously (modified from Sinko et. al. 2011). 
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The drug dissolution rate in the dissolution process can be represented simply with the 

Noyes-Whitney equation (Noyes and Whitney 1897): 

=  ( − ),                                                                                          (equation 9). 

where, C is concentration of the dissolved substance at some specific time t, Cs is the 

solubility of a substance, D is the diffusion coefficient of a substance, Sw is the surface 

area of the particle, V is the volume of solution, and h is the thickness of the diffusion 

layer. 

4.2 Absorption through lipid layers 

4.2.1 Cell membrane and lipid droplets 

The cytoplasm of the cells is surrounded by the cell membrane. The cell membrane 

consists of membrane lipids and proteins (Klose et al. 2013). There are three main types 

of the lipids present in the cell membranes: glycerophospholipids, sphingolipids and 

sterols. Basically, these lipids have an apolar hydrocarbon chain and polar group 

attached to this chain. The class of lipids is defined by this polar group (figure 9). There 

are thousands of possibilities of how these apolar and polar parts of the molecule can be 

combined (Fahy et al. 2005).  
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Figure 9. Three main types of lipids: phospholipids, sphingolipids and sterols. Lipids 
are classified by polar groups (gray) attached to the apolar hydrocarbon chain. In 
phospholipids this group is attached to the diacylglycerol and in sphingolipids this 
group is attached to ceramide backbone (Klose et. al. 2013.) 

These lipid molecules tend to form bilayers spontaneously in aqueous environments, 

because the amphiphilic nature of the lipid molecules (Siewert et. al. 2001). 

Hydrophobic parts of the lipid molecules avoid water and they are clustered together so 

that the smallest number of water molecules is affected. In the case of a cell membrane 

the most important lipids forming the bilayer are phospholipids (Yeagle 1989). In the 

bilayer structure the hydrophilic headgroup faces the water at each surface of the lipid 

bilayer and the hydrophobic tails of the lipids are shielded from the water. This 

formation is energetically favourable. Nevertheless, there are some energetically 

unfavourable spots at the edges of the lipid bilayer. In order to avoid this, phospholipid 

bilayers can form sealed compartments and this leads to formation of the cell 

membrane. 

Sometimes it is possible that the phospholipids form enclosed structures (Thiam et. al. 

2013). These kinds of spheres are called lipid droplets and they can be found in most 

cells They are formed from the endoplasmic reticulum when enough high concentration 

of fatty acids is achieved. Basically, these droplets are water insoluble, thus the lipid 

droplets in aqueous cytosol can be seen as oil/water emulsions. The function of lipid 

droplets is to store neutral lipids such as triacylglycerides and cholesterol esters that can 

be used for membrane synthesis or as a food source. 
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On the surface of these lipid droplets, there are many kinds of proteins including 

caveolins (Meer 2001). The complete understanding of these proteins and their function 

is not quite clear. It is suggested that caveolin protein rafts on the surface of lipid 

droplets take part of intracellular signalling and these caveolins may play an important 

role also in balancing the cellular cholesterol levels. Some of the surface proteins 

function is also for controlling the surface properties of the lipid droplets (Thiam et. al. 

2013).  

4.2.2 Mechanisms of drug absorption 

After the drug has been dissolved absorption can occur from the intestinal epithelium 

(figure 10) (Shah. et. al. 2006). Passive diffusion is an important factor that makes drug 

molecules to cross the intestinal epithelium driven by concentration gradient. The 

passive diffusion can be divided into two categories: transcellular and paracellular 

passive diffusion. In transcellular passive diffusion the drug molecules cross the cells 

and in the paracellular diffusion tight junctions between cells are used for drug 

transport. The transcellular route is preferred for lipophilic drugs, because lipophilic 

molecules can easily partition into the cell membranes. The paracellular route is 

important for hydrophilic drugs (Artursson 2001). 

Except for passive diffusion, some substances such as vitamins and nutrients can cross 

the intestinal epithelium using specific transporter proteins, such as the amino acid 

transport system (Anderle et al. 2004, Shah et al. 2006). This route can also be 

important for drug transportation. There are also transporter proteins that pump 

substances out from the cells, such as P-gp (Liu et. al. 2010). These kinds of proteins 

are called efflux proteins. In some cases, drugs can also be transported through the 

intestinal epithelium inside a vesicle. The transport capacity is not very high this way. 
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Figure 10. There are many paths for the drug molecules to be transported across the cell 
intestinal epithelium cells: (1) passive transcellular route; (2) passive paracellular route; 
(3) carrier-mediated transport; (4) carrier- mediated efflux; and (5) vesicular transport 
(Shah et. al. 2006). 

 

4.3 In vitro cell culture models to study intestinal absorption 

4.3.1 Caco-2 model 

Since the oral administration route is still the most preferred route for drug 

administration and many new medicines lack properties that are required for efficient 

oral bioavailability, it is very important to have suitable in vitro cell models to screen 

new drug candidates and try to find out the best ones for oral drug delivery (Yamashita 

et al. 2000, Shah et. al. 2006, Desai et al. 2012). During the past decades cultured 

epithelial cell lines, especially colon adenocarcinoma Caco-2 cells, have become more 

and more popular methods for studying intestinal drug absorption, because they are 

relatively good models to mimic the intestinal epithelium and drug transport studies are 

quite easy to carry out using these models (Artursson et. al. 2001). Also, only small 

quantities of drug substances are needed for the experiments, which is very cost-

effective.  

When cultured in Transwell® insert on a semipermeable filter, Caco-2 cells 

spontaneously differentiate to mature cells and form a monolayer that mimics the 

intestinal epithelium (Figure 11) (Ranaldi et. al. 1992, Yamashita et. al. 1999). Caco-2 

cells originate from a human colon carcinoma. Despite this colon origin, Caco-2 cells 

express many of the features of intestinal enterocyte cells when they reach sufficient 

confluency, which in normal culture conditions takes at least about 20 days (Shah et. al. 

2006). Caco-2 cells express brush border microvillus structures, tight junctions between 
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cells, and the membrane components including receptors, enzymes, transport systems, 

and ion channels.  

 

Figure 11. Schematic of Caco-2 cells growing in a Transwell® insert on a filter and 
forming a cell monolayer that mimics the intestinal epithelium (Ranaldi et al. 1992). 

There are also drawbacks associated with the Caco-2 cell culture models. It is clear that 

Caco-2 cells model do not mimic the intestinal epithelium fully. There are other cells 

present in the intestinal epithelium than just enterocytes such as goblet cells and M cells 

(Shah et al. 2006). The mucus layer secreted by goblet cells can affect drug drift 

through the cell layer. M cells can also affect this event, because some nanoparticles can 

be taken up into the M cells and might cross the epithelium cells this way (Florence 

1997).  

Also, the colon origin might cause some problems. For example, it is well-established 

that tight junctions in Caco-2 cell monolayers are tighter than in the intestinal 

epithelium and this may cause much lower paracellular drug absorption than an in vivo 

situation (Artursson et. al. 2001). There are also differences in the amount of different 

proteins expressed between the intestine and the Caco-2 cells (Shah et. al. 2006). CYP 

3A4 enzyme is especially important in drug metabolism in the intestine and this enzyme 

lacks in Caco-2 monolayers. Also, transporter proteins and efflux proteins, such as P-

glycoprotein expression may vary between Caco-2 culturing conditions in different 

laboratories. It should be remembered that the Caco-2 cells originate from tumours and 

are out of their in vivo environment, and thus, the data that is obtained from these cell 

models is not fully correlated to the in vivo situation (Le Ferrec et. al. 2001). 
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4.3.2 Co-culture cell models 

There are other cells that can be combined with Caco-2 cells in order to mimic more 

efficiently the intestinal epithelium. The second most common cells in intestinal 

epithelium are goblet cells that secrete mucin (Shah et al. 2006). HT-29 cells also 

originate from human colon adenocarcinoma and can be used to mimic the mucus cells 

in the intestine (Balimane and Chong 2005).  

Unlike Caco-2 cells, HT-29 cells do not easily undergo spontaneous enterocytic 

differentiation (Chantret et. al. 1988). Normally treated, HT-29 cells form 

heterogeneous cultures that contain only about 5% of mucin secreting cells (Huet et al. 

1995). To achieve increased mucus secretion clones and sub-clones of HT-29 cells have 

been introduced. HT-29-H clones form monolayers with a larger proportion of mature 

goblet cells that increases the mucin secretion (Wikman-Larhed and Artursson 1995). 

Methotrexate treated HT-29-MTX sub-clones have also been used and they seem to 

have reliable mucus secreting properties (Behrens et al. 2001). 

There are also other benefits for mixing other cells with Caco-2 cells. There is evidence 

that the tight junctions in HT-29 cells are looser compared to the Caco-2 cells 

(Wikman-Larhed and artursson 1994). This may lead to more realistic drug permeation 

behavior, especially in the case of paracellularly diffused hydrophilic drugs. 

In addition, there are also other types of cells in the intestinal epithelium, so-called M-

cells (Shah et al. 2006). It is possible that nanoparticles cross the intestinal epithelium 

transcellularly via M-cells (Florence 1997). In order to take this into account it is 

important to have as good as possible in vitro cell culture models expressing M-cells. It 

has been shown that if certain types of freshly isolated lymphocytes are added to Caco-2 

cell cultures, M-cell expression can be boosted (Kerneis et al. 1997). Chitosan-DNA 

nanoparticles transport across this kind of M-cell model was found to be 5-fold higher 

than in the case of normal Caco-2 cells, which confirm the importance of M-cells in 

drug absorption from the intestine (Kadiyala et. al. 2009). 
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5. Particle uptake in cells 

Cells can take up macromolecules and other substances from the cell surface via a 

process called endocytosis (Mukherjee et. al. 1997). In endocytosis a substance is 

enclosed in the endocytic vesicle that is formed from the cell membrane. There are two 

main categories in endocytosis depending of the size of the endocytic vesicles: 

phagocytosis and pinocytosis.  

Pinocytosis is used to uptake fluids and solution in the cell continuously (Aderem and 

Underhill 1999). Usually endocytic vesicles in pinocytos are around 100 nm in diameter 

Pinocytosis is closely linked to the receptor-mediated endocytosis which cells use to 

uptake small particles, macromolecules and viruses for example. 

Phagocytosis is used in the case of large particles, often approximately 500 nm or 

larger, to be taken up into the cell by the vesicles called phagosomes that are generally 

over 250 nm in size (Allen and aderem 1996). There are two types of cells that are 

specialized for phagocytosis in mammals, macrophages and neutrophils, which are 

called professional phagocytes. These phagocytes play an important role in the immune 

defense system by ingesting microorganisms and phagocytosis is also used for cleaning 

out dead cells (Silverstein 1995). There are also so called para- and non-professional 

phagocytes such as fibroblasts, epithelial and endothelial cells that can have little 

activity of phagocytosis (Rabinovitch 1995). 

Compared to pinocytosis that is a continuous process particle internalization, 

phagocytosis is a more complex and not yet completely understood triggered process in 

which the receptor proteins are needed (Allen and Aderem 1996). Before the particles 

can be taken up into the cell, opsonization has to occur (Figure 12) (Hillaireau and 

Couvreur 2009). Opsonization is a process in which tag molecules, opsonins, are 

clustered on the surface of the particle. The macrophages surface is covered with 

receptors that recognize these tag molecules. Receptor ligation of opsonin to the specific 

receptor triggers a run that leads to actin polymerization and formation of surface 

extensions (pseudopodia) that enclose the particle. After that the phagosome is 

transferred in the cell and actin is depolymerized. In the end, the phagosome vacuole 
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membrane is fused with late endosomes and lysosomes, and the phagolysosome is 

formed and its contents’ pH-decreases and enzymes start to break it down. 

 

Figure 12. Phagocytosis process. After the cascade caused by ligation of the particle’s 
proteins to the receptors leading to phagocytosis, these proteins have to stick to the 
surface of the particle in a process called opsonization (Hillaireau and Couvreur 2009). 

 

Phagocytosis is not always a desired property in the case of drug usability although in 

some cases it can be used to enhance drug delivery. New drug molecules tend to have 

poor physicochemical properties for adequate drug delivery (Desai et al. 2013). In order 

to overcome this problem nanocarriers have been developed (Hillaireau and Couvreur 

2009). These carriers include for example liposomes, polymeric nanospheres, polymeric 

nanocapsules and polymeric micelles. In order to get these nanocarriers inside the cells, 

phagocytosis can play an important role. Especially, phagocytosis can be used in the 

case of tumour treatment and infectiology. Tumours are usually located in an organ of 

the reticuloendothelial system and pathogens are located in the macrophages of the 

reticuloedothelial system. 

There are many factors that affect nanoparticle uptake in cells. Particle size affects the 

internalization speed and internalization in general. It has been shown that particles in 

the range 250 nm–3 µm have the best particle uptake rate. Surface properties also affect 

particle uptake. Hydrophobic and ionic interactions are the most important factors that 

affect ionization of proteins (Hillaireau and Couvreur 2009). In addition to these, 

particle rigidity and shape can also affect cellular uptake of particles. 
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6. Aims of the study 

 

The aim of the study was to investigate the potential of CARS microscopy for live cell 

culture imaging and the study of particle-cell interactions in order to see how well label-

free, molecular-specific CARS imaging could be used for better understanding of cell 

and cell culture structure, drug absorption and delivery. 

The more specific aims were to: 

• image commonly used model in vitro intestinal epithelial cell cultures, 

specifically Caco-2- and HT-29 cell monolayers, and find out from which 

structures the CARS signal is coming from, follow monolayer formation and 

determine how cell and culture structure changes during this time  

 

• develop methods to recognize different cell types, in this case Caco-2 cells and 

HT-29 cells, based on CARS images so that the distribution of different cell 

types in cocultures can be better understood 

• image nano/microcrystal suspension particle uptake in cells, in this case RAW 

264.7 and THP-1 cells, and to investigate how the cell seeding density, 

incubation time, particle concentration, particle size and excipients affect uptake  
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7. Materials and methods 

7.1 CARS microscope  

7.1.1 Overview of the imaging system 

The microscope used for imaging was a Leica TCS SP8 CARS microscope (figures 13 

and 14). The microscope consisted of Leica DMI 6000 inverted microscope with seven 

different detectors, in which five are photo-multiplier detectors (PMT) and two are 

hybrid photo detectors (HyD). CARS signal is detected using PMT- detectors. CARS 

signal can be detected in the forward direction (Forward CARS, f-CARS) or backward 

direction (Epi CARS, e-CARS). The laser source is a picoEMERALD solid-state-laser 

(APE GmbH) with optical parametric oscillator (OPO) and specifications are: pulse 

duration 7 ps at 1064 nm and 5-6 ps from OPO, bandwidth 2-3 cm-1, repetition rate 80 

MHz, Stokes beam at 1064 nm from Nd:VYO4 pump laser, tunable pump/probe beam at 

780-940 nm from OPO, pump laser and OPO output powers ~ 1,3 W. There is also a 

chamber built over the microscope that allows controlled 37 °C temperature and 5% 

CO2 supply which are important for imaging live cells. The microscope objective was 

Leica HCX IR APO L 25×/0,95 W water immersion objective. 

 

 

Figure 13. CARS laser beam path in microscope system. Combined Stokes and pump 
lasers are raster-scanned over the sample. Generated signal is collected in the forward 
direction via condenser lens and filter or in the backward epi-direction. 
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Figure 14. Schematic picture of Leica TCS SP8 CARS microscope. The heating 
chamber over the microscope is missing from the picture. 

An optical parametric oscillator (OPO) is needed for producing pulsed lasers for 

multiphoton imaging. Combined this feature with sensitive detectors such as hybrid 

photo-detectors (HyD), the Leica TCS SP8 CARS microscope can be used for two-

photon excited fluorescence (TPEF) and second harmonic generation (SHG) signals to 

be formed and observed in addition to CARS. 

1. SmartMove                   7. Supply unit / cooling of the CARS laser      13. NDD detection unit 

2. CARS laser                      8. Panel computer                                             14. Workstation 

3. Beam coupling unit      9. Transmitted light detector                           15. Main switch board 

4. AOTF driver                    10. Microscope                                                   16. Control panel 

5. Path- folding mirror 1   11. Scan head 

6. Path- folding mirror 2   12. Microscope electronic box 
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Leica Application Suite: Advanced Fluorescence (LAS AF) was installed on the 

microscope computer. This software was used for image interpretation. Origin Pro 

software  was used for drawing the spectra. 

7.1.2 Recording CARS spectra 

Recording CARS spectra with Leica TCS SP8 CARS microscope is not automated. 

Each spectrum was recorded so that the Stokes beam was kept constant at 1064 nm, but 

the pump beam was changed, so that the energy difference matched the wavenumber 

interested. In this way the CARS spectrum was manually recorded, normally using step 

sizes of 20 cm-1.  

Depending on the numbers of wavenumbers used many separate images were formed. 

In LAS AF software these images could be overlapped and some areas of interest could 

be selected to form a spectrum based on changes in intensity in this area. The areas were 

selected so that the image intensity was not saturated. 

7.1.3 3D imaging, z- stacks 

One huge advantage of multiphoton imaging is its capability of 3D sectioning. The 

microscope could be programmed so that the focus is scanned over one thin section at a 

time. In this way so called z- stacks could be formed when the focus is moved from 

close to the surface, for example the PTFE Transwell inserts® surface, up in the z-

direction. This way a whole cell, for example, could be scanned and changes in signal 

inside the cell could be seen. 

These z-stacks were used to detect CARS signal distribution inside the cell. This feature 

was also used to investigate whether cells grow in one monolayer or grow on top of 

each other. Z-stack images are also very important in particle uptake studies, because 

this way it is possible to see if particles are inside the cells and not just attached to the 

cell membrane. 
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7.2 Imaging intestinal epithelial cells 

7.2.1 Culturing Caco-2 and HT-29 cells 

Human colon adenocarcinoma cells, Caco-2 and HT-29 cells, were cultured in 25 or 75 

cm2 culture flasks (Corning, USA). The medium solution used was high glucose 

Dulbecco’s Modified Eagle Medium (DMEM) with 10% heat inactivated fetal bovine 

serum (HIFBS), 1% penicillin and streptomycin, 1% non-essential amino acids, and 1% 

L-glutamine. The medium solution was changed three times a week. Cells were kept in 

an incubator at 37 °C and 5% CO2 

The cells’ passage numbers 31−39 were used for the experiments. 0.5 mM PBS-EDTA 

and 0.25% trypsin-PBS-EDTA solutions were used for passaging the cells. The PBS 

solution was diluted from 10× PBS concentrated solution (without Ca2+ and Mg2+) with 

sterilized Milli-Q water. Cells were centrifuged at 700 rcf when passaged in order to 

remove the trypsin-PBS-EDTA solution and make appropriate dilutions for the 

experiments or for further culturing. 

For the cell monolayer formation, the cells were seeded on a polytetrafluoroethylene 

(PTFE) Transwell® inserts with collagen coating (Cat. #3496 and # 3492, Corning, 

USA). The cells were seeded at densities of 20000 cells / 0.33 cm2 insert and 280000 

cells / 4.67 cm2. Caco-2 cells were seeded alone, but also co-cultures of Caco-2/HT-29 

cells were seeded with ratios of 9:1 and 5:5. 

In some experiments, cells were also seeded on glass bottom 35 mm Petri dishes 

without coating or with collagen coating (MatTek, USA). In these cases, only individual 

cells or some cell groups were imaged, and thus, the cells’ seeding density was not 

defined. 

Prior to imaging, the cell culturing medium solution was changed to the buffer solution, 

Hank’s Balanced Salt Solution (HBSS, Gibco Invitrogen Corp., USA), using (2-[4-(2-

hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) (HEPES) as a buffering agent. The pH 

of the solution was adjusted to 7.4. 
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7.2.2 Imaging procedure for Caco-2 and HT-29 cells 

For imaging, the PTFE Transwell® inserts were placed on a coverslip with thickness 

No. 1. The coverslip was placed above the microscope objective and the water drop was 

added between the objective and the coverslip (figure 15). The heating system was 

turned ON while imaging the live cells. Also, the CO2 supply was turned ON. Petri 

dishes were placed above the objective using special stand designed for dishes.  

 

Figure 15. PTFE Transwell® inserts were placed on a coverslip when imaged. A 
waterdrop between the objective and coverslip is indicated in blue. 

 

CARS spectra were measured from some regions to see if there were any interesting 

peaks in spectra to increase the possibilities for spectrally resolving different structures. 

Also, based on the CARS spectra, the highest intensity peak was selected for routine 

imaging. The forward (F-CARS) direction was used for imaging the cells. 

The cells that were grown for 1, 2, and 3 weeks prior to imaging, and then the changes 

in the CARS signal were monitored during a 3-week time period. Also, the cell 

monolayer formation was monitored. In order to observe 3D cell structures and the 

distribution of the intracellular signals, the so-called z-stacks were recorded.  

7.2.3 Staining procedures for the cell membrane, lysosomes and nucleus 

Fluorescence microscopy was also used in some cases together with CARS. Fluorescent 

dyes were used when CARS signal origin was studied. Fluorescence microscopy was 

also used to distinguish between different cell types. 

The cell membrane was stained using CellMask® Orange Plasma membrane stain 

(Molecular Probes Life Technologies, USA) using the following protocol. First, the 

medium solution was removed and the cells were washed once or twice with HBSS 
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buffer. Then, 200−500 µL and 1 mL of the stain solution at the concentration of 3−5 

µg/mL for the 0.33 cm2 and 4.67 cm2 inserts (Cat. #3496 and # 3492, Corning, USA) 

and 35 mm Petri dishes (MatTek, USA), respectively, were added to the cells. After 

that, the cell sample was incubated for 5 min at 37 °C and then the stain was removed. 

The cells were then fixed with 4% paraformaldehyde. Then the cells were incubated at 

37 °C for 10 min and washed twice with HBSS−HEPES buffer, and finally the cells 

were kept in this buffer prior to imaging. 

Lysosomes were stained with Lysotracker® stain (Molecular Probes Life Technologies, 

USA). First, the medium solution was removed and then 200 µL and 1 mL of the 

Lysotracker® stain with a concentration of 25−50 nM for the small inserts and for the 

Petri dish, respectively, were added to the cells. The cells were then incubated for 30 

min at 37 °C. After incubation, the cells were washed twice with HBSS−HEPES buffer, 

and finally the cells were kept in this buffer prior to imaging. 

Also, the nuclei of Caco-2 and HT-29 cells were stained. The stain used for this purpose 

was DAPI Nucleic Acid Stain (Molecular Probes Invitrogen, Life Technologies, USA). 

First, a stain stock solution of 14.3 nM was prepared by dissolving the solid DAPI in the 

Milli-Q water. In the staining procedure, the medium solution was first removed and the 

cells were fixed with 2.5% glutaraldehyde. Then, the cells were washed quickly with 

Milli-Q water and after that 100 µL and 1 mL of DAPI stain with a concentration of 

10−25 µg/mL for the small insert and for the Petri dish, respectively, were added to the 

cells. The cells were then incubated for two min at room temperature, and after that 

were washed twice with Milli-Q water, following washing twice with HBSS−HEPES 

buffer solution, and finally the cells were kept in this buffer prior to imaging. 

7.3 Particle uptake studies 

7.3.1 Culturing RAW 264.7 macrophages and THP-1 monocyte cells 

Macrophage cells are commonly used in particle uptake studies. In this thesis RAW 

264.7 macrophages and THP-1 monocyte cells were used. 

RAW 264.7 cells are macrophages that originate from mouse Abelson murine leukemia 

virus-induced tumor tissues (ATTC®, USA). The cell culturing protocol for these cells 



39 
 

was exactly the same as in the case of Caco-2 cells. The only exception was that the 

passages of the cells were done more frequently than Caco-2 cells, usually every 2–3 

days, because these cells grow fast and when the culture flask was too confluent the 

morphology of the cells changed from long-shaped to more spherical and detached from 

the bottom of the culture flask. Passage numbers of RAW 64.7 used in this study were 

40−43. Cells were centrifuged at 1000 rcf when passaged in order to remove the 

trypsin-PBS-EDTA solution and make appropriate dilutions for the experiments or for 

further culturing. 

THP-1 cells are monocyte cells from human peripheral blood in acute monocytic 

leukemia (ATTC®, USA). The cell culturing protocol for these cells was different to the 

other cells used in this thesis. First, these cells are non-adherent cells that grow in 

suspension. They can be activated and stimulated to differentiate with treatment of a 

specific protein kinase c (PKC) activator phorbol 12-myristate 13-acetate (PMA) 

(Schwende et al. 1996). After this treatment, the cells will adhere to the bottom of the 

culture flask, stop their proliferation and increase phagocytosis activity. THP-1 cells 

were treated with 20 mM phorbol 12-myristate 13-acetate (PMA, final DMSO 

concentration of 0.1 % v/v) and allowed to differentiate and attach to 24-well plates for 

72 h. 

THP-1 cells were cultured in 25 and 75 cm2 cell culture flasks (Corning, USA). The 

medium solution used was Roswell Park Memorial Institute (RPMI) 1640 with 10% 

HIFBS, 1% penicillin and streptomycin, 1% non-essential amino acids, and 1% L-

glutamine. About 1 mL of new medium solution was added to the culture flasks, and 

when the color of the medium was changed the cells were passaged, usually every 2−3 

days. These cells seemed to be quite resistant and they stayed alive even if the new 

medium was changed sometimes once a week. The cells were monitored in order to not 

exceed a density concentration of 1×106 cells/mL. Cells were kept in an incubator at 37 

°C and 5% CO2. Cells were centrifuged at 1200 rcf when passaged in order to remove 

the trypsin-PBS-EDTA solution and make appropriate dilutions for the experiments or 

for further culturing. 
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7.3.2 Paliperidone palmitate nano/microcrystal suspension 

The drug used for the uptake experiments was paliperidone palmitate prodrug. The 

formulation was long-acting injectable (LAI) crystalline suspension that is administered 

intramuscularly. Five drug suspensions with the same active ingredient, but different 

particle size distributions or different stabilizing agents, were used as shown in table 1. 

The idea of using this kind of nano/microcrystal suspensions is to achieve stable and 

long lasting drug release for several weeks. Also, patient compliance is improved when 

injections are given once a month. This kind of formulation is especially beneficial in 

the case of chronic diseases such as mental disorders. Paliperidone palmitate is a 

palmitoyl ester prodrug of the antipsychotic drug paliperidone (figure 16). Paliperidone 

is an active metabolite of risperidone that is also used for the treatment of 

schizophrenia. This active ingredient is used to relieve the symptoms in schizophrenia 

by being receptor antagonists of central D2 and 5-HT2A receptors (formulary 

monograph). 

 

Figure16. Chemical structure of the antipsychotic drug paliperidone palmitate that is a 
palmitoyl ester of paliperidone. 

 

Drug suspensions were kindly supplied by the Drug Delivery & Disposition, 

Department of Pharmaceutical and Pharmacological Sciences, KU Leuven, Belgium, 

and were used as received. 

Different particle suspension concentrations were used in the particle uptake studies. 

Dilutions were made from real sample suspensions in DMEM (Gibco Invitrogen Corp., 
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USA) without phenol red in the case of RAW 264.7 macrophages and in RPMI (Gibco 

Invitrogen Corp., USA) without phenol red in the case of THP-1 cells. For fixed cell 

samples, HBSS−HEPES buffer (Gibco Invitrogen Corp., USA) pH 7.4 was used for 

dilutions when the particle uptake in live cells was imaged.  

The particle suspensions were named as F013, F015. MM40, MM41 and MM42 (table 

1). The quantitative compositions of two suspensions F013 and F015 are confidential, 

but the other three are shown in table 1. The particle suspension vehicle was prepared 

by dissolving the stabilizer in an aqueous solution of 12 mg/mL polysorbate 20 and 30 

mg/mL PEG 4000, 5 mg/mL citric acid monohydrate, 5 mg/mL sodium phosphate 

dibasic, 2.5 mg/mL sodium dihydrogen phosphate monohydrate and 2.87 mg/mL 

sodium hydroxide, followed by sterile filtration using 0.2 µm syringe filters. The 

particle sizes of the drug suspensions are also shown in table 1. 

Table 1. Particle sizes of drug (volume-based diameters) and stabilizing agents in the 
particle drug suspensions studied. 

Suspension Dv,10 (µm) Dv,50 (µm) Dv,90 (µm) Stabilizer Stabilizer / 

API 

F013 0.17 ± 0.01 0.65 ± 0.05 2.07 ± 0.14 Tween 20 - 

F015 NA >5.00 NA Tween 20 - 

MM40 0.10 ± 0.01 0.25 ± 0.01 0.56 ± 0.01 Tween 20 0.10 

MM41 0.10 ± 0.00 0.27 ± 0.00 0.87 ± 0.03 TPGS 0.10 

MM42 0.11 ± 0.01 0.17 ± 0.01 0.71 ± 0.03 Poloxamer 

338 

0.0321 
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7.3.3 Cell viability tests 

Before the particle uptake tests, the cell viability experiments were performed. The aim 

was to evaluate if there was any change in the cells’ viability after incubation with 

different particle concentrations. 

The viability test used was the CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega Corporation, USA). In this test, the cell viability is measured based on ATP 

production in cells using a reagent that causes luminescence that can be measured. The 

luminescence signal is proportional to the amount of ATP, which in turn is directly 

proportional to the number of the cells. 

For these experiments, 96-well plates were and the number of cells were 50000 

cells/well. Four different concentrations of particle suspensions were used: 25, 50, 100 

and 250 µg/mL. The dilutions from original particle suspensions were made in DMEM 

without phenol red buffer solution (pH 7.4). First, the cells were seeded on a 96-well 

plate and they were allowed to attach to the bottom of the plate by incubating the plate 

overnight. Then, the medium solution was removed and the wells were washed once 

with HBSS−HEPES. After the cells were attached, 100 µL of each positive and negative 

control were also added to the 96-well plate. The positive control was HBSS−HEPES 

(pH 7.4) buffer solution and the negative control was Triton® X-100. Buffer solution 

alone and particles alone without cells were used as controls. The incubation time was 3 

h at 37 °C. After the incubation the medium solutions was removed and the wells were 

washed twice with HBSS−HEPES and 50 µL of the buffer was left in each well after 

the last wash. CellTiter-Glo® reagent was prepared so that CellTiter-Glo® buffer was 

combined with CellTiter-Glo® substrate and the solution was mixed. Then, 50 µL of the 

CellTiter-Glo® reagent was added to each well and the 96-well plate was covered with 

aluminum foil. The 96-well plate was orbitally shaked for about 5 min and then after 15 

min the luminescence was measured using Varioskan® Flash luminescence plate reader 

(Thermo Fisher Scientific Inc., USA). 

 

 



43 
 

The cell viability (%) was calculated from the luminescence values using the following 

equation 10:  

Cell viability (%) =           × 100.                      (equation 10). 

7.3.4 Raman spectra of paliperidone palmitate suspension and excipients 

Raman spectra of liquid suspension, air dried suspension as well as excipients were 

recorded. Raman spectra, together with CARS spectra, could be used to pick the best 

Raman shift for CARS imaging suspension particles. The device used for recording 

Raman spectra was Raman microscope LabRam HR 800 (Jobin Yvon Horiba) with 

excitation at 785 nm and a remote probing (Superhead). 

7.3.5 CARS imaging of paliperidone palmitate particle suspension and excipients 

and CARS spectra 

In order to evaluate if it would be possible to image the particles in suspension with 

CARS microscope, all the possible excipients and active ingredient were imaged 

separately and CARS spectra were recorded from lipid CH stretching region 2760–3000 

cm-1. The Raman spectrum was also measured. Raman and CARS spectra were 

measured, because information of peak positions of different materials is needed to be 

able to tune CARS lasers matching suitable vibration in order to get best possible CARS 

signal from particles and discriminate signals originated from particles and cells. 

The compounds tested were paliperidone (PP), paliperidone palmitate (PPP), air dried 

suspension (LAI), hydroxypropyl methyl cellulose 2910 (HPMC), polyethylene glycol 

4000 (PEG4k), poloxamer 338 (F108), d-alpha tocopheryl polyethylene glycol 1000 

succinate (TPGS) and polysorbate 20 (Tw20). All substances were imaged on a 

coverslip glass, except the real suspension that was imaged between two coverslips. 

Epi-CARS was used for solid powders and f-CARS was used for liquid suspension. 

Autofluorescence was also measured using epi-SHG channel. 

7.3.6 Imaging procedure for fixed cells 

First, the cells alone were imaged to evaluate how the CARS signal was working in the 

presence of RAW 264.7 macrophages and THP-1 cells. The cell membrane was stained 
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using the same protocol as in the case of Caco-2 cells. The cell membrane was stained, 

because this way it was easier to evaluate if the particle suspensions were inside the 

cells or not. Glass bottom 24-well plates (MatTek, USA) were used for imaging the 

fixed cells. In the microscope a special stand for the 24-well plate was used. CARS 

signal was detected in the forward direction and two photon excited fluorescence 

(TPEF) was used to detect the fluorescence signal from cell membranes. Hybrid photo-

detector (HyD) was used to detect the fluorescence signal. Z-stack images were taken 

routinely, because they allowed particle visualization inside the cells. 

First, optimal cell seeding density and particle concentration was defined. Five different 

cell seeding concentrations were tested: 50000, 125000, 250000, 312500 and 500000 

cells per well. Particle suspension concentrations of 50 and 250 µg/mL were used in 

these studies and the incubation time was 3 h. The cells were seeded at these 

concentrations and the particle incubation and imaging was performed the next day.  

Different particle incubation times were also studied at 30, 60, 90 and 120 min. The 

particle concentrations used in these studies were 50 and 250 µg/mL. The amount of 

particle suspension added per well was 1 mL. 

After the optimization of incubation and imaging conditions, different particle 

suspensions were imaged. The different zooms were used so that the overall picture 

could be seen as well as the closer details in the cells. 

7.3.7 Particle uptake imaging using live cells 

Particle uptake studies were also performed with live cells. Glass bottom 24-well plates 

(MatTek, USA) were used in these studies. Cells were transported to the imaging unit in 

the cell medium solution. The cell medium solution was removed and 1 mL of particles 

in HBSS−HEPES (Gibco Invitrogen Corp., USA) pH 7.4 buffer solution was added to 

the cells. The heating system was turned ON and the temperature was kept at 37 °C and 

supplied with 5 % CO2. The bright field images as well as the z-stack images from 

CARS signal were taken every 6 min during a 60 min period. 
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8. Results and discussion 

8.1 CARS imaging of Caco-2 and HT-29 cells 

8.1.1 CARS spectrum and signal from Caco-2 and HT-29 cells  

To identify the optimal wavenumber to image Caco-2 and HT-29 cells, CARS spectra 

were recorded from the region of 2700 – 3000 cm-1 (Figure 17.) Based on spectra, the 

signal at 2860 cm-1 was used when these cells were imaged, because in that case the 

signal intensity was highest. CH2 vibrations are commonly identified in this region 

(Smith 2005). Using the Raman shift of 2860 cm-1 a CARS signal was obtained from 

the cells (Figure 17.).  

Figure 16. CARS spectra of Caco-2 cells (left) and HT-29 cells (right). 
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Figure 17. Overlaid image of bright field (grey) and CARS (red) images from Caco-2 
cells that were grown for 1 week on a PTFE filter. The CARS signal is coming from 
cells and was observed at Raman shift 2860 cm-1. 

The origin of the CARS signal detected was further studied. The cell membrane and 

lysosomes were stained and fluorescence images and CARS images were compared to 

each other. Based on the comparison between the fluorescence image with stained cell 

membrane and CARS image a CARS signal was coming from inside the cells was 

detectable (figure 18).  
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Figure 18. HT-29 cells grown 1 week on a PTFE- filter. CARS image at 2860 cm-1 on 
the left and fluorescence image on the right. Cell membrane was stained with CellMask 
Orange. 

Fluorescence stained images from lysosomes revealed that the most intense CARS 

signal and fluorescence signal did not come from the same spots (figures 19 and 20). By 

looking at the bright field image in figure 20 and comparing it to the fluorescence and 

CARS images, the black spots in the bright field image gave the highest signal in 

CARS. Instead, the Lysotracker stain seemed to give a higher signal from areas that 

looked gray in the bright field image. The strongest CARS signal did not come from the 

lysosomes, which is presumably due to the much lower concentration of CH2 lipid 

structures in lysosomes compared to lipid droplets.  
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Figure 19. HT-29 cells grown 1 day on a coverslip. On the left fluorescence image 
stained with Lysotracker stain and on the right CARS image (2860 cm-1). Red arrow 
indicates fluorescence signal from lysosomes. The weak CARS signal can be seen from 
these lysosomes.  

                      

Figure 20. HT-29 cells grown one day on a coverslip. On the left bright field image, in 
the middle fluorescence image where lysosomes are stained with Lysotracker and on the 
right CARS image (2860 cm-1). 

Sometimes cell membranes were very clearly visible (figures 21 and 22.). There were 

also bright CARS signal concentrations in membranes, which were probably cell 

membrane associated lipid droplets. In these cases, when the cell membrane was clearly 

visible,  it was also easy to observe that cells were growing on top of each other on 

Transwell® inserts rather than forming a monolayer. 
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Figure 21. Caco-2 cells grown 1 week on a PTFE –filter. Four images taken from 
different axial positions in a z- stack. Image a is closest to the filter and the subsequent 
images are progressively more elevated. The red arrow indicates the cell membrane 
with membrane lipids. It can also be seen that cells are growing on top of each other. 
Stack size is 37.07 µm. Z-positions expressed positive values from the first capture are: 
(a) 9.92 µm, (b) 13.64 µm, (c) 16.74 µm and (d) 22.94 µm. The wavenumber used was 
2860 cm-1. 

a 

c d

b
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Figure 22. HT-29 cells grown 2 weeks on a PTFE- filter. Four images taken from z- 
stack. Letter a is close to the filter. Red arrow indicates the cell membrane with 
membrane lipids. It is also clear that cells are growing on top of each other. Stack size is 
19.97 µm. Z-positions expressed positive values from the first capture are: (a) 1.53 µm, 
(b) 4.08 µm, (c) 7.65 µm and (d) 11.73 µm. CARS shift used was 2860 cm-1. 

 

Caco-2 and HT-29 cells were imaged after they had grown one, two and three weeks 

(Figures 23 and 24). The overall changes in CARS signal from the cultures was 

followed during this time period. The comparison of CARS signal was also made 

between Caco-2 cells and HT-29 cells. One important observation was that in Caco-2 

cells, lipid droplets that are detected with CARS, and increase size a lot during the three 

dc 

a b
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week period. The biggest lipid droplets had diameter of around 7 µm (figure 23). In 

contrast, there is not much change in size of lipid droplets  in HT-29 cells.  

Because the CARS signal spots increased their size in Caco-2 cells it was evident that 

the signal from inside the cells came from lipid droplets. The fact that CARS signal did 

not seem to come from lysosomes and the observed spots in cell membranes (membrane 

lipids) suggest also this. 

 

Figure 23. Caco-2 cells grown one week (top left), two weeks (top right) and three 
weeks (bottom) on a PTFE- filter. Lipid droplets increased their size a lot as observed 
by CARS microscopy (2860 cm-1). 
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Figure 24. HT-29 cells grown one week (left) and two weeks (right) on a PTFE- filter 
observed by CARS microscopy (2860 cm-1). There is only a slight increase in lipid 
droplet size that is almost impossible to see. 

Other differences, in addition to lipid droplet size, were also observed between Caco-2 

and HT-29 cells. Lipid droplet distribution seemed to be different. This can be seen for 

example in figures 21 and 22. Small lipid droplets in HT-29 cells seemed to appear 

more within membrane structures. Also cell membranes could be seen in HT-29 cells 

that were grown for a longer period of time. In general clear cell membranes were 

visualized earlier very rarely. In the case of Caco-2 cells cell, membranes could be seen 

sometimes after one week, but in HT-29 cells cell membranes could be seen also after 

two weeks. In addition to these there were also differences in the morphology of 

boundaries between cells in different cell types. Interestingly, in HT-29 cell cultures the 

junctions appeared tighter (figure 25).  
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Figure 25. CARS image at 2860 cm-1 of HT-29 cells grown 2 weeks on a PTFE- filter. 
Red arrow indicates a boundary between cells. In HT-29 cells these boundaries seemed 
to be better visualized and were tighter looking than in Caco-2 cells. 

 

8.1.2 CARS images from co-cultures of Caco-2 and HT-29 cells and discriminating 

Caco-2 and HT-29 cells in co-cultures 

 

Since there were differences in lipid droplet size and distribution between Caco-2 cells 

and HT-29 cells, co-cultures of Caco-2 cells and HT-29 cells were also imaged and 

discrimination between Caco-2 cells and HT-29 cells based on observations from single 

cell cultures was performed. Cell seeding ratios were 9:1 and 5:5. By looking at the 

images from these co-cultures and compared to those that were taken from single cell 

cultures, there were certainly areas with small lipid droplets that were probably from 
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HT-29 cells and areas with big lipid droplets that were definitely from Caco-2 cells 

(Figure 26).  

 

Figure 26. CARS images at 2860 cm-1 of Caco-2 and HT-29 cell co-cultures on a PTFE- 
filter. Cell seeding ratio was 9:1 (up) and 5:5 (down). On the up left are 1 week grown 
cells and on the up right are 3 weeks grown cells as well as in 5:5 image. 

 

Distinguishing between cell types based just on visual observations is not likely to be a 

very accurate method. However, some areas could be distinguished as Caco-2 cell areas, 

because lipid droplets as big as 5.64 μm in diameter were never observed from single 

cultures of HT-29 cells. The problem is the areas that contain small lipid droplets as 
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well. Those areas cannot be distinguished as HT-29 cell areas for sure, since Caco-2 

cells can contain also smaller lipid droplets.  

Because the cell types could not be unambiguously identified just based on CARS 

images taken at 2860 cm-1 alone, other approaches to resolve the cell types were 

investigated. For that purpose cell nuclei were stained in Caco-2 cells and in HT-29 

cells with DAPI nuclear stain (figures 27 and 28.). From the literature it was found that 

the cell nucleus size in Caco-2 cells is bigger than in HT-29 cells (Wikman-Larhed and 

Artursson 1995). Discrimination was also studied based on differences in CARS spectra 

from those cell types (figure 29.) 

 

 

Figure 27. Fluorescence images of Caco-2 cell nuclei (left) and HT-29 cell nuclei (right) 
stained with DAPI nuclear stain. Cells were grown on a 35 mm glass bottom Petri dish 
(MatTek). 

When Caco-2 cells and HT-29 cells were grown on their own and stained with DAPI 

the Caco-2 cells appeared to have bigger nuclei (figure 27). Scale bars in figure 27 are 

cross sections of cells nuclear content in their longest direction. Based on these images, 

the average diameter of Caco-2 cell nuclear content was 15.5 μm and average diameter 

of HT-29 cell nuclear content was 11.8 μm.  

After this co-cultures of Caco-2 cells and HT-29 cells on a PTFE- filter were stained 

with DAPI (figure 28). Despite this size trend, it was difficult to use nucleus size as 
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discriminating method in the co-cultures. Figure 28 is z- stack image of co-culture of 

Caco-2 and HT-29 cells. The problem here was that in these areas where big lipid 

droplets located in CARS channel (Caco-2 cells), signal from DAPI was very weak or 

there did not seem to be big nuclei as was expected. This can be seen in sub-figures c 

and d in figure 28. 

 

 

Figure 28. Four images taken from z- stack of co-culture of Caco-2 cells and HT-29 
cells grown two weeks on a PTFE- filter . A is closeest to the filter. Red ovals indicate 
areas where big lipid droplets probably from Caco-2 cells are located. Clear big nuclei 
were not still observed unlike expected. CARS shift used was 2860 cm-1. Stack size is 
34.07 µm. Z-positions expressed positive values from the first capture are: (a) 6.92 µm, 
(b) 12.12 µm, (c) 20.72 µm and (d) 30.00 µm. CARS shift used was 2860 cm-1. 

a 

c d

b
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Another approach that was used to try and resolve the two cell types was to record 

entire CARS spectra rather than a single Raman shift (wavenumber). This approach 

could be better, since spectra could reveal some recognizable peaks typical for some 

specific cell. This spectral information could then be used for discriminating different 

cell types. For cell type discrimination based on CARS spectra, a co-culture of Caco-2 

cells and HT-29 cells was imaged and spectra from 2700 - 3000 cm-1 were recorded 

(figure 29). Spectra were formed from some regions of interests from obvious Caco-2 

cell lipid droplets and some regions from areas that looked like HT-29 cell areas. As 

seen previously in figure 16 there was a slight peak in CARS spectrum of Caco-2 cell 

lipid droplets  at 2900 cm-1. Nevertheless this peak cannot be seen in spectra from 

regions of interest 1-4 in figure 29. The problem might be that there are too many 

similarities in the molecular composition of lipid droplets in Caco-2 cells and HT-29 

cells and that is why the spectral shapes are similar. It was also attempted to select 

larges areas, like whole cells, to form spectra, because that way there might be more 

different structures to be used for distinguishing the cell types. However the shape of 

the spectra were too similar also in this case. 
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Figure 29. CARS image of co-culture of Caco-2 cells and HT-29 cells grown 2 weeks 
on a PTFE- filter (up). Four regions of interests (ROI) are choosed from image and 
CARS spectra from these areas are shown down. The shape of spectra are pretty much 
similar. 

In summary it can be said that live Caco-2 and HT-29 cells, which are used to mimic 

the intestinal epithelium, can be rapidly imaged without labels by CARS microscopy. 

Strong CARS signals were observed from both cell types. Inside the cells lipid droplets 
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were easily visualised. They increased their size a lot in Caco-2 cells during a three 

week time period. This was not observed in HT-29 cells.   

Cell membranes could also be seen sometimes in both cell types. Cell membranes were 

easily observed only after 1 week in Caco-2 cells. In HT-29 cells the membranes could 

be seen also after 2 weeks. Individual membrane associated lipid droplets were also 

observed and it seemed so that in HT-29 cells there more such droplets, and in general 

lipid droplet distribution seemed to be closer to the cell membrane in HT-29 cells. There 

were also differences between cell junctions in these two cells. The junction between 

cells seemed to be easier to visualize in HT-29 cells and these junctions looked tighter 

than junctions in Caco-2 cells. 

It was also observed against usual perception (Ranaldi. et. al. 1992; Yamashita et. al. 

1999), that Caco-2 cells and HT-29 cells can grow also on top of each other and not just 

in a single monolayer on Transwell® inserts. This could cause variations between 

absorption studies performed using Caco-2 cell culture model. If cells are growing in 

many layers the drug has to pass more than moer lipophilic bilayers and this may slow 

down the absorption rate for example.  

Usually Caco-2 cell cultures reach adequate properties for drug absorption studies in 

about 20 days when cultured in Transwell® inserts (Shah. et. al. 2006). This can be 

confirmed by measuring the trans epithelial electrical resistance (TEER). TEER 

measurments confirm that tight junctions between the cells have developed enough for 

experiments to be performed. However, TEER alone, might not give all the information 

about cell layer. A clear observation in this thesis is that lipid droplets inside Caco-2 

cells increase their size a lot during a three week period, finally reaching diameters as 

high as 7 μm after three weeks. This shows that lipid content in cells can vary a lot. The 

diameter of Caco-2 cell is roughly estimated at about 20 – 30 μm (figure 2), so at some 

a point large part of cell’s content can be composed of these lipid droplets. Variations in 

lipid quantity inside cell can also affect the drug absoption across the cell layer. 

Discriminating methods between Caco-2 cells and HT-29 cells still need to be 

improved. Based on lipid droplet size alone, it was easy to identify some Caco-2 cells 

from co-cultures. Nevertheless,  it was not able to be proved that based on fluorescently 
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stained nuclei and their size and CARS spectra from co-cultures. More accurate data 

analysing methods could be used in the future. These methods should include image 

more efficient image interpretation. For example, the size of cell nuclei from 

fluorescence images could be more quanitatively analysed used some specialised 

computer software. Multivariate data-analysis can also be a possible technique. 

Multivariate data analysis methods such as principal component analysis (PCA) could 

be used to better visualize slight variances between spectra taken from different cell 

types (Shinzawa et. al. 2009). Finally, in future M-cells could also be incorporated and 

analysed in so called triple co-cultures. 

8.2 Particle uptake studies 

8.2.1 Raman and CARS spectra of excipients and CARS signal from suspension 

The first step in particle uptake studies was to record Raman and CARS spectra from 

suspension and excipients. Both Raman spectra and CARS spectra were recorded since, 

there are some differences bewteen the two techniques. CARS signal is proportional to 

the square of the concentration, since it is coherent, non-linear process, and therefore it 

is sensitive to the majority vibrations (Zumbuch et. al. 1999). CARS signal also 

contains non-resonant backround inherently, which can result in complex shapes in 

spectra and make interpretation for spectra more difficult. Spontaneous Raman event is 

instead incoherent process and this cause linear concentration dependence.  

Based on the Raman and CARS spectra the best possible Raman shift could be used to 

CARS image suspension particles. Raman spectra from 2600 – 3300 cm-1 are shown in 

figure 30 and CARS spectra are shown in figure 31 from 2760 – 3000 cm-1. Raman 

spectra were recorded from 250 cm-1, but only the 2700 – 3000 cm-1 region is shown 

since this region is most suitable for for imaging with the CARS microscope used. 
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Figure 30. Overlaid Raman spectra of suspension and excipients. The black line is from 
liquid suspension (LAIsuspension) and the blue line (LAI) is from air dried suspension. 

 

 

Figure 31. CARS spectra of suspension and excipients.  

2600 2800 3000 3200

0,0

4,0k

8,0k

12,0k

16,0k

 

 

R
am

an
 In

te
ns

ity

Raman shift (cm−1)

 LAIsuspension
 PPP
 PP
 LAI
 TW20
 TPGS
 F108
 HPMC
 PEG4k

2800 2850 2900 2950 3000

 

 

In
te

ns
it 

/ a
.u

.

Raman shift (cm-1)

 PPP
 PP
 LAI
 PEG4k
 HPMC
 F108
 TPGS



62 
 

There are two main peaks in the Raman spectrum of the liquid suspension (figure 30.) 

One is at around 2850 cm-1 and the other one is just slightly under 3000 cm-1. In the 

CARS spectrum there is a very broad peak in paliperidone palmitate prodrug used in 

suspension at around 2860 cm-1 (figure 31). The peaks at around 2850 cm-1 can be 

assigned to CH2 stretching. There are a lot of CH2 groups in the lipid structure of 

palmitate. Peaks at around 2940 cm-1 are probably caused by C-CH3 stretching. This 

peak can be seen in Raman and CARS spectum of paliperidone, but also in the Raman 

spectrum of the liquid suspension. 

Based on this information the wavenumber around 2850 cm-1 was used when 

suspension particles were imaged with CARS microscope (the exact Raman shift at 

2845 cm-1 gave the highest CARS signal from the suspension particles). The CARS shift 

at 2845 cm-1 was used in every uptake image in this thesis, unless otherwise stated. The 

idea was also that the prodrug peak at 2940 cm-1 could also  be used if needed for 

discrimating  paliperidone signal from lipid signal originating from the cells that can be 

very strong at 2845 cm-1.  

Autofluorescence was not observed from excipients or prodrug, but the active 

paliperidone was highly fluorescent (figure 31). Nevertheless the suspension contains 

paliperidone palmitate, not paliperidone, so although autofluorescence could not be 

used for detecting suspension particles the CARS signal from suspension particles was 

good (figure 31), and CARS could be effectively used to image the prodrug particels 

without fluorescence interference.  
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Figure 31. On the top left is an e-CARS image of paliperidone palmitate imaged at 2860 
cm-1 and on the top right is an f-CARS image at 2860 cm-1 of liquid suspension between 
coverslips. This indicates that the particle suspensions can be imaged using CARS 
microscopy. The bottom images are taken at 2940 cm-1 (the peak in CARS and Raman 
spectra) from paliperidone. On the left is an e-SHG image that shows highly fluorescent 
particles. On the right is an e-CARS image of paliperidone particles. 

 

Nano/microsuspensions for parenteral injection consisted of drug or prodrug as 

nano/microcrystals which were dispersed into a buffered aqueous vehicle, containing a 

minimal quantities of surface stabilizing agents (Kipp 2004). Small particles in 

suspension can be produced using top-down technique, such as milling. For prolonged 

drug release the drug has to have relatively slow dissolution behavior. This can be 
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achieved by using a poorly soluble salt or some other modification to the drug, such as 

in this case an ester prodrug (Lindenmayer 2010). Generally, it is thought that drug 

absorption from this kind of formulation is controlled by the dosage form, but since the 

drug is given intramuscularly, the macrophage-like cells might also affect the drug 

kinetics and the drug might also accumulate in these macrophages (Darville et. al 2014).  

The main idea here was to investigate the possible particle accumulation in the cells 

using CARS microscopy. There are no previous publications for these kind of studies, 

thus it represents the first use of CARS microscopy for detecting nano/microcrystals 

uptake into the cells. Also, the effect of different particle sizes and stabilizing agents in 

particle uptake event was studied. 

8.2.2 Imaging RAW 264.7 macrophages and THP-1 monocyte cells 

RAW 264.7 macrophages and THP-1 monocyte cells were imaged first without 

particles to evaluate what kind of CARS signal was coming from the cells alone. This 

information was needed for the uptake studies to confirm that the internal CARS signals 

from cells really originated from the particles and not from endogenous structures in the 

cells. There were some issues related with the imaging of both cell types, but the main 

issue for the imaging was observed in THP-1 cells. THP-1 cells contained lipid droplets 

or other endogenous structures that gave a strong CARS signal at the same Raman shift 

as the suspension particles, which would make the imaging and interpretation of the 

results difficult and challenging, since it overlapped with the CARS spectra from the 

particle suspensions (figure 32). 
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Figure 32. (a) CARS image (red) at 2845cm-1, (b) bright field image and (c) CARS 
spectrum from endogenous signal from the THP-1 cells. Scale bars of the images are 30 
µm. 

 

 

It was observed that RAW 264.7 macrophages changed their morphology easily and 

different morphologies were observed depending of the day (figures 32 and 33). 

Nevertheless, when the morphology of the cells was normal, it was observed that the 

RAW 264.7 macrophages did not contain any endogenous structures obvsered in the 

CARS signal (figure 33). That was the main reason why RAW 264.7 cells were mostly 
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used in particle uptake studies below and, only when the images for cells with 

morphology like the ones in figure 33 were observable, were images used. 

 

Figure 32. Bright field image (left) and CARS image at 2860 cm-1 (right) of RAW 264.7 
macrophages presenting with suboptimal cell morphology. When cells were in this 
state, CARS signal was observed also from the endogenous structures. The image in the 
middle shows autofluorescence from the cells in this condition. Scale bars of the images 
is 30 µm. 

  

Figure 33. Bright field image and CARS image (red) at Raman shift 2845 cm-1 from 
RAW 264.7 cells presenting a normal cell morphology. In this condition there were no 
endogenous structures that gave a strong localised CARS signal. Scale bars of the 
images is 30 µm. 

 

8.2.3 Cell viability tests 

Cell viability test results are shown in figure 34. No cytotoxicity was observed after 3 h 

of incubation of RAW 264.7 macrophages with five different particle suspensions. No 

particle concentration dependence was observed to affect the cytoxicity of the RAW 
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264.7 macrophages. Therefore, the ranges of particle concentrations tested here were 

then used for futher studies. 

 

Figure 34. RAW 264.7 macrophages viability tests for different suspensions and particle 
concentrations determined by a luminiscent ATP-based assay. Incubation time was 3 h 
at 37 °C. Error bars represent mean ± standard deviations (n ≥ 3).  

8.2.4 Optimization of seeding cell density 

Before performing the uptake studies with the five different particle suspensions, the 

optimal conditions for the cell seeding density were determined. The cell seeding 

density, incubation time and concentration of the particles were the parameters studied 

(figures 35 and 36). 

It is obvious that in order for the uptake event to take place, the cell density has to be 

high enough so that there are enough particles contacting the cells, and thus, making the 

experiments more representative of an in vivo situation. The seeding cell densities tested 

were 50000, 125000, 250000, 312500 and 500000 cells/well, and the particle 

concentrations tested were 50 and 250 µg/ml. The incubation time varied between 30 

min and 3 h. 
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Figure 35. RAW 264.7 macrophages seeded at a density of 50000 cells/well. Bright 
field (top), TPEF (middle) and CARS at 2845 cm-1 (bottom). The concentration of the 
particles was 50 µg/ml in the images on the left and 250 µg/ml in the images on the 
right. TPEF and CARS images are zoomed in from the blue circles in the bright field 
images. Scale bars of the images is 20 and 30 µm. 
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Figure 36. RAW 264.7 macrophages seeded at different cell densities. On the top-left 
125000 and right 250000 cells/well, and on the bottom-left 312500 and right 500000 
cells/well. Scale bars of the images are 100 µm. 

 

The cell density of 50000 cells/well was definitely too low, because there were only a 

few cells in one picture using the zoom parameter of 1 (figure 35). When the seeding 

cell density was 500000 cells/well, there were already cells that were growing on top of 

each other (figure 36). Based on these observations, the optimal seeding cell density 

was found to be 312500 cell/well (Figure 36).  
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8.2.5 Optimal incubation time and suspension particle concentration 

RAW 264.7 macrophages were incubated with different particle suspension 

concentrations and at different times and at the cell density of 312500 cells/well (figures 

37 and 38). The particles at the concentration of 50 µg/ml were incubated with the cells 

for 30, 60 and 90 min (figure 37). For the particle concentration of 250 µg/ml the 

incubation times with the cells were 60, 90 and 120 min.  

A clear difference between the incubation times can be observed in Figure 37 when 50 

µg/ml of particles was used. Not many particles could be found in cells after 60 min of 

incubation. After 90 min, more particles in contact with the cells were observed. When 

250 µg/ml of particles was used, no significant difference could be seen in the number 

of particles in contact with the cells for the different time points tested (figure 38). 

When comparing the different particle concentrations and at the same incubation times 

of 60 or 90 min, it can be seen that the higher number of particles in contact with the 

cells at at the particle concentration of 250 µg/ml (figures 37 and 38). 

In conclusion, the particle concentration of 250 µg/ml was found to be an optimal 

concentration for imaging and it was used in particle uptake tests described below. The 

2 h incubation time was also selected for the uptake studies, because it was observed 

that the number of particles in contact with the cells increased as the incubation time 

was increased (figure 37). There were no significant differences observed between 90 

min and 120 m, but in order to make sure that all the particles had sedimented and were 

available for contact with the cells, the 2 h incubation time was selected (figure 38). 
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Figure 37. RAW 264.7 macrophages incubated with particle suspensions at the 
concentration of 50 µg/ml at different incubation times: 30 (top), 60 (middle) and 90 
min (bottom). The bright field images and overlaid images of CARS (red) and TPEF. 
Scale bars of the images are 50 µm. 
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Figure 38. RAW 2647.7 macrophages incubated with particle suspensions at the 
concentration of 250 µg/ml at different incubation times: 60 (top), 90 (middle) and 120 
min (bottom). The bright field images on the left and overlaid images of CARS (red) 
and TPEF from cell membranes (green). Scale bars of the images are 50 µm. 
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8.2.6 Particle uptake studies with different particle sizes  

Particle uptake studies revealed that CARS microscopy is well suitable for imaging 

nano-/microcrystal particle internalization in cells. The CARS signal from particles was  

strong and individual particles of size around 500 nm could be detected (figure 39).  

   

Figure 39. RAW 264.7 macrophages incubated for 120 min with F013 particles (right) 
and MM42 (left) at the concentration of 250 µg/ml. Particles as small as 500 nm were 
observed in the images. Scale bars of the images is 20 µm. 

 

Z-stack images were used to prove that the particles are inside the cells and not just 

stuck to the cell membrane. Especially orthogonal projections based on z-stack images 

were taken as shown in figure 40. One particle could be picked from the XY- projection 

and the same particle could be found in the other orthogonal projections. If the particle 

was shown to appear in the middle of the cell in every orthogonal projection it was 

evident that the particle was internalized inside the cell. For the final evidence of 

particle internalization, 3D images were generated using Leica Application Suite (figure 

40). In these 3D-images, the image can be sectioned in eight pieces of which four are at 

one side of the cell. Then, one of these sections can be removed and the contents in this 

section can be seen and discriminated. 
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Figure 40. Orthogonal projections based on the z-stack image from RAW 264.7 
macrophages incubated with F013 particles for 120 min at the concentration of 250 
µg/ml. The center of the cross in XY- projection was used to pick the spot of interest 
and same spot could be seen in other projections. 

 

  

Figure 40. 3D-images of RAW 264.7 macrophages incubated for 120 min with F013 
particles at the concentration of 250 µg/ml. The green signal is TPEF-signal from the 
cell membrane and red signal is CARS signal from the particles at 2845 cm-1. CARS 
signal from the particles can be clearly seen inside the cell. 

Figure 41 shows the particle uptake results when the particle suspensions with larger 

sizes (F013 and F015) were incubated for 120 min at the concentration of 250 µg/ml. 
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The particle accumulation and internalization in the cells can be clearly seen in the 

images taken by CARS. 

   
 

    

Figure 41. Bright field image (magnification of 25×) and overlaid images of TPEF, and 
CARS with magnification of 25× and 25× / 6.5× (on the right). Overlaid TPEF and 
CARS images are maximum projection images of z-stacks with stack sizes of 
approximately 30 µm. The incubation time used was 120 min and the concentration of 
particles was 250 µg/ml. F013 particles were used for taking these images in the top row 
and F015 particles are shown in the bottom row. Scale bars of the images are 50 µm. 

For particle suspensions with smaller particle sizes (MM40, MM41 and MM42), the 

results are shown in figure 42. The particle accumulation and internalization in the cells 

was hardly observed after incubation with a normal morphology of RAW 264.7 

macrophages for 120 min at the concentration of 250 µg/ml. Maybe 120 min was not a 

long time enough for many small particles to be accumulated in the cells. It might be 

that due to the resolution limit of CARS microscope, as the smallest particles could not 

be observed, if there were only a few of them as internalized in the cells.  
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Figure 42. Bright field image (zoom 1), overlaid images of TPEF and CARS with zoom 
values of 1 and 6.5. Overlaid TPEF and CARS images are maximum projection images 
of z-stacks with stack sizes of approximately 30 µm. The incubation time used was 120 
min and the concentration of particles was 250 µg/ml. MM40 particles were used for 
taking these images in the top row, MM41 particles in the middle row and MM42 in the 
bottom row. 

A longer incubation time was also tested, since there were not many particles 

accumulating and internalizing in the cells observed when the particle suspensions with 

smaller particle sizes were tested (figure 43). Over 20 h of incubation was performed for 

the particle suspensions MM40 and F013. Now, the particle accumulation and 

internalization could be observed also in the case of MM40 suspensions. This can be 

explained by the fact that during longer incubation times the small particles 
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accumulated in the close in the vicinity of the cells and a high number of the small 

particles can then generate a CARS signal. After 120 min of incubation, the low number 

of very small internalized particles could not give sufficient CARS signal, and thus, 

they were not detectable. 

It should be taking into account that the morphology of RAW 264.7 macrophages are 

not the best ones seen in the bright field images of figure 43. Some of the black spots 

seen in the in bright field images are definitely particles, but some CARS signal might 

also originate from the endogenous structures of the cells as seen in figure 32. It might 

be also possible that over 20 h of incubation with the cells, the particles induced some 

toxic to the cells, however no viability tests were performed for longer incubation times 

with the particles. 

 

Figure 43. Bright field images and maximum intensity images of overlaid TPEF and 
CARS image of RAW 264.7 macrophages incubated at 37 °C for 120 min with MM40 
(top) and F015 (bottom) particles at concentrations of 250 µg/ml. 
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8.2.7 Particle uptake imaging with living cells 

During a 1 h incubation time period, the F013 particle sedimentation close to the cells 

was observed (figure 44). Figure 44 represents a series of images taken every 6 min at 

constant focal plane just about the cell level. Every image is an overlaid image of CARS 

channel and bright field images. An increasing number of particles could be seen at 

least until 42 min of imaging. From 42 to 60 min of imaging, the number of particles in 

focal plane did not show a significantly increase anymore. 

Nevertheless, it was very difficult to conclude which particles were inside or outside of 

the cells. However, from the z-stack images it could be seen that the particles had 

started to accumulate in vicinity of the cells (figure 45). When a stack position in one 

stack was moved over the cell in the z-direction, it could be seen that some particles 

were moving only a little bit and were in contact with cells, while many other freely 

floating particles could be seen on top of the cells. This accumulation started to happen 

after about 30 min from the time point when the particles where added. 

The fact that it was possible to see the particles starting to accumulate in the cells was 

delightful observation. It suggests that in the future label-free CARS microscopy could 

be used to properly record particle uptake with living cells. It would be nice if the 

changes in morphology of the cell could be seen while particles are internalized in the 

cell. This kind of video record of particle uptake event could be possible to perform in 

the future using CARS microscopy. 
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Figure 44. Overlaid images from z-stacks of CARS and bright field. F013 particles 
incubated at 37 °C for 1 h with living RAW 264.7 macrophages. The incubation time 
points were: 6 (a), 12 (b), 18 (c), 24(d), 30 (e), 36 (f), 42 (g), 48 (h), 54 (i) and 60 min 
(j). Stack size was about 22 µm. The focal plane is just over the cells, about 6,9 µm 
from the first stack. Scale bar size is 50 µm. 
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Figure 45. Four images from z- stack of CARS images at 2845 cm-1 of live RAW 264.7 
macrophages with F013 particles at concentration of 250 µg/ml. The z-stack image was 
taken after 30 min from the time point when the particles were added. Stack size is 
about 22 µm. z- positions of the sub-figures from the first image of the z-stack are: (a) 
5.87 µm, (b) 6.36 µm, (c) 6.85 µm and (d) 7.34 µm. The red ovals indicate areas where 
particles started to accumulate which can be seen so that CARS signal from these areas 
stay in place. The blue ovals indicate areas where CARS signal disappeared. 

 

9. Conclusions 

The first main aim of this thesis was to investigate the potential of CARS microsocopy 

for imaging live intestinal cell cultures, specifically involving Caco-2 and HT-29 cells, 

which are typical cells grown on Transwell® inserts as a monolayer for drug absorption 

studies. These absorption studies based on monolayers are performed so that the drug is 
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applied on top of the monolayer and concentration of drug that passes the monolayer is 

then measured at different time points using suitable methods such as high-performance 

liquid chromatography (HPLC). However these kinds of studies do not give any 

information about how drug absorption occurs. It would beneficial if CARS microscopy 

could be used for imaging the monolayer and possibly even visualizing the drug 

absorption at some level. 

The results in this thesis represent the first label free CARS imaging of in vitro 

intestinal cell cultures, and show that live Caco-2 cells and HT-29 cells can be well 

imaged with both cell membranes and lipid droplets able to be visualized. Some new 

information of Caco-2 and HT-29 monolayers was revealed. Both cells contain lipid 

droplets and in Caco-2 cells these lipid droplets increase their size a lot during a three 

week period, which is a typical period for growing these cells as a monolayer. After 

three weeks lipid droplets with diameters as big as 7 µm in diameter can occur inside 

the Caco-2 cells. This means that lipid droplets can occupy a large volume inside the 

cells, since the diameter of Caco-2 cells is roughly 20 – 30 µm. 

Another interesting observation in Caco-2 and HT-29 cells was that these cells do not 

always grow as a monolayer on Transwell® inserts. Z-stack images taken with CARS 

microscope revealed clearly that sometimes some of these cells were on top of each 

other.  

These two facts  observed (large and changing lipid droplets and lack of a single 

monolayer structure) are likely to contribute to variations in drug absorption study 

results between laboratories and even individual cell cultures. Sometimes the inner part 

of Caco-2 cell can be full of lipid droplets and this might favor transcellular absorption 

in the case of lipophilic drugs for example, since lipophilic drugs can partition into the 

lipid mixture more easily. The absorption rate can change, possibly slow down,  if the 

cells are growing on top of each other, since there are more than one cell layer to pass. 

Even though new information was obtained from Caco-2 and HT-29 cells, there were 

also difficulties. In order to image drug behavior in contact with monolayer formed by 

these cells, cell membrane should be easily visualized so that it could be seen if drug 

particles are inside the cells or not. It was quite rare for cell membranes to be easily 
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visualized without fluorescent labels. Although not investigated in this study, drug 

nano/microparticles could be also be difficult to discriminate from endogenous lipid 

droplets. Also, the CARS setup may not be sufficiently sensitive to detect any dissolved 

drug, so if drug particles were added on top of Caco-2 and HT-29 cells monolayer and 

imaged with CARS microscope the CARS analysis may not be very relevant for oral 

drug absorption unless the particles themselves are taken up by the cells. However, 

particle addition would be the next step here. 

In addition to imaging the cells that mimic intestinal epithelium, the nano-/micro crystal 

particle internalization by cells was also imaged by CARS microscopy for the first time. 

Nanocrystals as small as about 500 nm could be easily visualized inside the RAW 264.7 

macrophages. The observation that this kind of particles can be imaged with CARS 

microscope is very important, since nanocrystal based formulations are gaining interest. 

Nanocrystals can be used in parenteral drug formulations such as long acting 

intramuscular suspensions, but probably even in oral dosage forms to enhance poor 

bioavailability of novel cancer drugs for example. Whether nanocrystals are used in 

parenteral or in oral drug formulations it is important that particle uptake in the cells can 

be imaged and these particles cannot be easily fluorescently labeled. 

The resolution of electron microscope is still much better, but as a relatively easy and 

fast imaging technique with no need of difficult sample preparation and labeling, CARS 

microscopy is a very good tool for imaging nanocrystal internalization in the cells. In 

the future even the videos of particle uptake event could be possible to record with 

CARS microscope.  

This thesis has shown that CARS microscopy is a potential tool for label free cell 

imaging and drug particle imaging in drug delivery studies. The technique is not yet 

widely available, since the costs of a CARS microscope is quite much and there is still 

some technical development going on. As the technique becomes more widely available 

and undergoes some technical developments, it will become much more widespread 

imaging method in the future. 
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