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Chapter 1 

Introduction 

 
This Chapter offers a brief introduction to the properties and structure of the 

systems which have been investigated in this thesis: the formation of inclusion 

complexes in starch granules and organic bulk –heterojunctions. 
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1.1 Introduction 

Confocal Laser Scanning Microscopy (CLSM) has been showing in the recent 

years a high potential as experimental tool in very different research fields, due to 

several advantages over conventional widefield optical microscopy. The ability to 

produce high quality images in a relative short time and ease, and the possibility to 

investigate also living tissues, make CLSM a very popular technique in biology 

and other fields, which are far removed from the traditional fields of application. 

In this thesis we present two different applications of CLSM, exploiting the 

high spatial resolution and the high sensitivity of the photoluminescence detection. 

The first application we present regards the unravelling of inclusion complex 

formation in starch granules, a process which has many implications in both food 

and non-food industry; the second application is related to the investigation of 

photophysical properties of organic semiconductor heterostructures and the 

strategies to improve the efficiency of organic bulk-heterojunctions solar cells. In 

the following paragraphs an overview of the sample studied in this thesis, and an 

outline of the thesis are presented. 

 

1.2 Revealing amylose-lipid inclusion complex 
formation 

Starch is the main storage reserve of carbohydrates for humans 
[1]

 and in 

amount the second most pervasive biopolymer present on earth after cellulose. 
[2]

 

In the past few decades, starch and its functional properties have been the object of 

a broad research interest due to its very important role in the food and non-food 

industries.
[3, 4]

 

Starch can be found in several botanical sources, such as potato, maize, wheat, 

rice, sorghum, cassava; these plants use starch as an energy reservoir to survive 

from one growing season to the other.  

Native starch, which forms water-insoluble semi-crystalline granules, is mainly 

constituted by two polymers of D-glucose, amylopectin and amylose, with varying 

relative ratios - high amylose starch can present an amylose content up to 85%, 

while so-called waxy starch may reach up to 100% amylopectin content.
[5]

 

Amylose is essentially a linear α[1→4] linked glucan, while amylopectin is a 

branched polymer consisting of a linear α[1→4] linked glucan with a number of 

α[1→6] branching points. 
[6, 7]
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Figure 1.1: Chemical structures of amylose and amylopectin. 

Figure 1.1 shows the chemical structures of amylose and amylopectin 

polymers. Depending on the botanical source, amylose and amylopectin are 

arranged in semi-crystalline granules of specific size, shape and morphology. For 

example, root and tuber starch granules are generally large with smooth surfaces, 

and round or elliptical in shape. Cereal starches often contain small pores, maize 

starch presents an irregular polygonal shape that tends to be smoother as the 

content of amylose increases, while wheat starch mainly consists of disk shaped 

granules. The different characteristics of potato, maize and wheat starch granules 

are evident in the CLSM micrographs shown in Figure 1.2.  

The common set of characteristics of starch granules belonging to the same 

botanical source can be related to the particular types and amounts of synthetic 

enzymes involved in the growth of the granules.
[8]

 

 

 

Figure 1.2: CLSM measurements (field of view 210 µm x 210 µm) of potato (a), maize (b) and 

wheat (c) starch granules in water suspension. 

 

Amylose 

Amylopectin 



207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca

Unraveling structure and dynamics by confocal microscopy  

 

 

 

 

 

 

 

 

10 

It has been demonstrated that the amylose contained in starch, in the presence 

of a ligand like iodine or linear alcohols, tends to assume a compact helical 

conformation that can complex with the ligand 
[9,10]

, giving rise to the so called “V-

amylose”. 

V-amylose is structured as a left-handed single helix with a hydrophobic cavity, 

which is able to host the apolar aliphatic chain of a ligand, while the polar head 

tends to stay outside the amylose coil
[10–12]

, as depicted in Figure 1.3. 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.3: Complex formation between a left-handed single amylose helix and a ligand [based on 

Ref. 10]. 

 

The driving forces of this complex formation have been identified as 

determined by weak intramolecular bonds (van der Waals forces and hydrogen 

bonds) which take place between the turns of the amylose helix, 
[13,14]

 and 

intermolecular forces that stabilize the complex between the amylose chain and the 

ligand. Regarding the inclusion complex formation, many factors are still under 

debate; in particular, many studies are devoted to the understanding of the 

hydrophobic effect, which seems to be the leading force between the guest and the 

host. 
[11]

 

Optical Microscopy is one of the most exploited techniques for the visualization 

of starch granules.
[15]

 Chapters 3 and 4 are devoted to the investigation of the 

localization of inclusion complex between amylose as a component of different 

types of starches from various botanical sources and a fatty acid functionalized 

with a chromophore. Chapter 5 is devoted to the study of the investigation of the 

dynamic of the inclusion complex formation. Live experiments were performed 

with the CLSM to estimate the time of interaction between the amylose chains at 
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the surface of the granules and the chromophore-functionalized fatty acids in a 

water based solution. 

 

1.3 Charge transfer state in bulk-heterojunction 

In recent years, organic bulk heterojunction (BHJ) solar cells
[16,17]

 have 

garnered increased attention in the scientific community for their potential as ultra-

low-cost photovoltaic technology.
[18]

 Due to the latest progress, the result of a 

broad and international multidisciplinary effort, the maximum efficiency reported 

for organic solar cells (>10%) is approaching the performances of devices based on 

amorphous silicon.
[19] 

Currently, fundamental research on organic solar cells is focused on 

understanding the factors that affect their performance and on strategies for further 

improvement. 

Despite the fundamental importance of the charge generation process for the 

optimization of organic solar cells, this aspect of their functioning is still not fully 

understood, and the debate is still open.
[20,21]

 Recently, the formation of charge 

transfer states (CTSs) has been observed in several bulk-heterojunctions 
[22]

 and 

references therein. In the CTS state, the exciton is weakly bounded by Coulombic 

force, with the hole and the electron localized in the donor and acceptor material, 

respectively.
[23]

 CTS recombination has been demonstrated to be detrimental for 

the overall efficiency of the device.
[24,25] 

Therefore, a better understanding of the 

physics of the CTS in polymer: fullerene blends is crucial for the improvement of 

organic solar cells. 

Previous studies indicate that the donor: acceptor interfacial area and the phase 

separation of the materials and their domain size play a crucial role in the 

formation of the CTS.
 
Therefore, identifying the position of the CTS recombination 

in the BHJ will allow for addressing some of the relevant properties of this state, 

which have an impact for the charge generation and recombination in solar cells. 

In chapter 6 we use CLSM and spatially resolved PL to correlate the blend 

morphology with the optical fingerprints of the CTS excited state, thus enabling 

the detection of the circumstances under which the CTS state population is formed. 

For the study we chose a prototypical BHJ composed by poly((2,7-(9,9-(di-n-

octyl)fluorene)-alt-5,5-(4',7'-di-thienyl-2',1',3'-benzothiadiazole))) (APFO3) and 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), which was reported by 

several authors to display CTS recombination.
[26-28] 
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1.4 Outline of the thesis 

The aim of this thesis is to unravel the physical-chemical processes occurring in 

different types of samples (from starch to organic semiconductors thin films) by 

using Confocal Laser Scanning Microscopy to study their spatial localization 

(microstructure) and their dynamics. 

 

In Chapter 2 an overview of confocal microscopy and the other experimental 

techniques used in this thesis is presented. 

 

In Chapter 3 we present an investigation of the complex inclusion formation 

occurring between lipophilic molecules and the amylose polymers present in starch 

granules from different botanical sources. In natural starch granules we reveal 

complexation of lipophilic molecules labeled with fluorescein with amylose 

located at the periphery of the granules, appearing as a bright well-defined 

luminescent rim. This phenomenon occurs below the gelatinization point for very 

low concentrations of aliphatic chains. Control experiments performed with the 

fluorescein dye show staining of the whole granule, evidencing a non-specific 

interaction. Similarly, experiments performed with waxy granules (starch granules 

containing >98% amylopectin) show a broader luminescent rim when interacting 

with the lipid-dye molecules. 

 

In Chapter 4 we show that by combining Confocal Laser Scanning Microscopy 

with spatial resolved photoluminescence spectroscopy we are able to discriminate 

the presence of amylose in the peripheral region of regular and waxy granules from 

potato and corn starch, associating a clear optical fingerprint of the interaction 

between starch granules and lipophilic dye molecules. We show in particular that 

in the case of regular starch the polar head of the lipophilic dye molecules remains 

outside the amylose helix experiencing a water-based environment. Measurements 

performed on samples that have been extensively washed provide strong proof of 

the specific interaction between lipid dye molecules and amylose chains in regular 

starch. These measurements also confirm the tendency of longer amylopectin 

chains, located in the hilum of waxy starch granules, to form inclusion complexes 

with ligands. Through real-time recording of CLSM micrographs, a time frame 

within tens of seconds is measured for the occurrence of the inclusion process 

between lipids and amylose located at the periphery of starch granules. 

In Chapter 5 we report for the first time the study in real time of the dynamics 

of inclusion with the peripheral starch of the granules. This measurement 

demonstrates that the process is completed in about 10 seconds, giving a first upper 
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value for the dynamic of the process. This is further proof of the efficiency and 

specificity of the inclusion process between the amylose located in the periphery of 

the starch granules and lipid molecules. 

In Chapter 6 organic semiconductors thin films are investigated. Charge 

transfer state emission in organic bulk heterojunctions has been demonstrated to be 

an important loss mechanism; for this reason a better understanding of charge 

transfer state recombination is fundamental for the improvement of organic solar 

cells. Here, the relation between photophysical and morphological features of a 

prototypical organic bulk heterojunction is investigated in blends with different 

donor acceptor ratios. By correlating imaging with photoluminescence spectra 

measured in different areas of the blends, the charge transfer state emission is 

unambiguously assigned to microscopical regions in which the intermixing of the 

two organic semiconductors is higher.  
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Chapter 2 

Confocal Microscopy 

 
This Chapter offers a brief introduction to confocal microscopy and to other 

experimental techniques employed in this thesis. 

 

 

 

 

 

 

 

 



207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca

Unraveling structure and dynamics by confocal microscopy  

 

 

 

 

 

 

 

 

18 

2.1 Fundamentals of Light Microscopy 

“I have already said that there are mirrors which increase every object they 

reflect. I will add that everything is much larger when you look at it through water. 

Letters, however thin and obscure, are seen larger and clearer through a glass ball 

filled with water. Fruits seem more beautiful than they actually are if they are 

floating in a glass bowl”. With these words the 1st-century A.D. philosopher 

Seneca described the astonishment at optical magnification as a tool to better see 

very small things not visible to the unaided eye.
[1,2]

 

The step from the use of a single lens as magnifier to the assembly of several 

lenses together into the first microscope took many centuries. The paternity of the 

first compound microscope, basically the combination of two lenses, is still 

controversial, although credit is commonly shared by the Dutchman Zacharias 

Janssen (or his father Hans) in 1590 and the Italian Galileo Galilei in 1624.
[2]

 This 

discovery represented a breakthrough for natural sciences, opening the path to the 

development of microbiology and tissue biology. From the discovery of the first 

microscope, scientists have improved and adapted the technique to specific uses 

and purposes, making the microscope a ubiquitous tool in a broad range of the 

experimental sciences. 

 

2.1.1 The compound light microscope 

Two main parts characterize a compound light microscope: the objective lens 

and the eyepiece, also called the ocular. The combination of these two lenses 

produces the final magnification of the object under examination according to the 

following equation: 

 

Mfinal = Mobj x Moc.   (1) 

 

where Mobj is the magnification obtained with the first lens and Moc is the 

magnification performed by the second lens.
[3]

 

Figure 2.1 shows the concept of optical magnification and how the final image 

reaches the human eye. 
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19 

 

Figure 2.1: Geometric optics of a compound microscope. The objective produces a first magnified 

image of the specimen, the real intermediate image at the ocular. The ocular generates a real image of 

the object on the eye retina, which perceives the object as a virtual image placed 25 cm far from the 

eye.  

 

The objective produces the so-called intermediate image, the initial magnified 

image of the object placed outside the focal distance F of the objective. The 

intermediate image plane is placed at a fixed position with respect to the front focal 

plane of the ocular (inside the ocular focal distance), producing a real image on the 

retina, which is interpreted by the eye as a virtual magnified image at ~ 25 cm from 

the eye frontal aperture (the eye pupil).
[3]
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Specimen

Objective

F Objective

F’ Eyepiece

Eyepiece
Eye

Lens

Real Image

on Retina
Tube

Lens

Magnified Virtual

Image (Perceived)

Intermediate

Real Image

25 cm

Parallel Light Beam

“Infinity Space”

For many centuries the standard length of a microscope tube was 160- or 170-

mm. These instruments, as shown in Figure 2.1, use convergent light in the inter-

lens space. Metallurgists and geologists require polarized light, and thus, before the 

invention of thin polarizers, massive prisms and other accessories were inserted in 

the inter-lens space. In the 1930s, confronted with insufficient space in the standard 

tube and plagued with aberration correction problems, a manufacturer first 

attempted infinite tube length optics. However, this type of microscope became 

common only in the 1980s as infinite tube-length microscopes (see Figure 2.2).  

 

 

Figure 2.2: Scheme of infinite tube-length microscope optics. In this configuration the specimen lies 

exactly at the focal distance of the objective.  

 

In this configuration the specimen is placed exactly at the frontal focal plane of 

the objective, creating a region in which the light beams between objective and 

eyepiece are parallel. This provides the necessary space to insert additional optical 

elements without introducing aberrations and while retaining the parfocality of sets 

of objectives (Figure 2.2).
[3,4]

  

 

2.1.2 Conjugate field and aperture planes in a focused 
microscope 

If the microscope is properly aligned and focused, two distinct sets of 

conjugated focal planes can be identified, placed along the optical path of the 

microscope.
[3,5]
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Under Kohler illumination, the planes, four for each set, occupy fixed relative 

positions.  

The illumination conjugate set correlates the apertures point source, starting 

from the lamp filament, through the front aperture of the condenser, to the 

objective rear focal plan and the microscope’s exit pupil. The conjugate field or 

conjugate image planes are the field diaphragm, the specimen or object plane, the 

intermediate image plane, and the retina or the image plane of an electronic 

sensor.
[6]

 Figure 2.3 shows the conjugate focal planes in the Koehler illumination 

setting.   

 

 

 

 

 

 

 

 

 

Figure 2.3: Correlation between the conjugated plane sets in Koehler illumination. 

 

The properties of the conjugate planes in a microscopy setup are several; among 

the other, the four planes of a set are focused simultaneously, and when the light 

rays are focused into the apertures in the illumination path, they are basically 

parallel when crossing the image planes in the field path, thus revealing their 

reciprocal nature.
[5]

 

 

2.1.3 Diffraction and optical resolution in image formation 

A fundamentally important physical phenomenon for imaging is light 

diffraction. The specimen illuminated under a microscope works as a complex 
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diffraction grating. The diffracted light is focused on the rear focal plane of the 

objective, and the resultant pattern can be viewed as the reciprocal image of the 

specimen.
[3,6]

 Therefore, the diffraction pattern of a point object when highly 

magnified results in a central spot (diffraction disk) surrounded by a series of 

diffraction rings. The bright central region is referred to as the zeroth-order 

diffraction spot, while the rings are called, in order from smaller to larger, the first, 

second, third, etc. order diffraction rings. When the microscope is properly 

focused, the intensity of light between the rings is zero. This point source 

diffraction pattern is referred to as Airy disk (after Sir George B. Airy). The size of 

the central spot in the Airy pattern is related to the wavelength of light and the 

numerical aperture (NA) of the objective. In terms of resolution, the radius of the 

diffraction Airy disk in the lateral (x,y) image plane is defined by the following 

formula
[6–8]

: 

 

AAiry= λ / (2 NA)   (2) 

 

where λ is the average wavelength of illumination (in transmitted light), and 

NA = n•sin(θ) where n is the refractive index of the imaging medium (usually air, 

water, glycerin, or oil) multiplied by the sine of the aperture angle (sin(θ)). The 

diffraction-limited resolution theory was developed by Ernst Abbe in 1873 (Eq. 

(2)) and later refined by Lord Rayleigh in 1896. Eq. (3) quantitatively measures 

the separation necessary between two Airy patterns in order to distinguish them as 

separate entities. 

 

RAiry = 0.61 / NA   (3) 

 

From the equation above it is clear that a higher resolution can be obtained 

using a high numerical aperture (NA) objective, which e.g., can be achieved using 

fluid immersion objectives.
[3,6]

 

Much research has been devoted to developing tools that are able to image 

objects with a resolution lower than the Rayleigh limit. One of these strategies led 

to the development of confocal microscopy, with which a resolution can be 

obtained that is about 30% higher than the Rayleigh limit.
[9]
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Figure 2.4: The image is formed due to the interference of rays which are deviated by the object 

(grating) and rays, which are not deviated, and are collected and interfere in the image plane. In the 

rear focal plane of the objective a diffraction pattern is produced, which is the inverse transform of 

the image in the image plane. Abbey's theory explains that if the specimen does not produce 

diffraction (a), or the objective does not collect the diffraction orders (b), the image cannot be formed. 

When at least two adjacent diffraction orders (c) are collected, the image is formed. A higher degree 

of definition of the image is correlated to a larger number of diffraction orders collected by the 

objective (d). 

 

2.2 Confocal Laser Scanning Microscopy 

Fluorescence Microscopy has been one of the most exploited microscopy 

techniques since its development in the 1940s.  

Fluorescence Microscopy is based on the idea that the optical excitation of the 

sample creates electronic excited states, which then emit light upon relaxation to 

the ground state. Fluorescence Microscopy is currently one of the most popular 

techniques for detecting biological processes.
[10]

 The fluorescence of a sample can 

be exploited to identify its different components by their intrinsic emission or by 

using chromophores to functionalize specific components.
[3]
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The concept of Confocal Laser Scanning Microscopy (CLSM) is a further 

development of Fluorescence Microscopy, which arose from an idea from Marvin 

Minsky in the 1950s. 
[11,12]

 

Compared to a conventional wide-field optical microscope, the CLSM has 

several advantages. Amongst other things, these include an improved resolution in 

the xy plane due to the reduction of the background light from out-of-focus planes, 

and a better control of depth of field and therefore the possibility for 3D imaging of 

the sample by collecting images from a different focus (optical sections) of thick 

specimens.
[3]

 

In the following, the basic concepts behind the functioning of a confocal 

microscope are discussed. 

 

2.2.1 The optical principle of confocal imaging 

The working principle of the confocal microscope is based on the introduction 

of a confocal aperture, generally an adjustable pinhole, in the conjugated image 

plan of a fluorescence microscope.
[12]

 Figure 2.5 shows the scheme of the optical 

path in a modern confocal microscope in inverted configuration. The excitation 

light (a scanning laser beam) is directed from the Light Source Pinhole Aperture to 

a dichroic mirror and focused through the objective system to a diffraction-limited 

spot within the specimen.  

The fluorescence emitted by the specimen after excitation is then collected by 

the same objective system and transmitted through the dichroic mirror to the 

photomultiplier detector. The Confocal Pinhole placed at the entrance of the 

detector allows only the fluorescence coming from the specimen in the focal plane 

of the system to reach the detector. The signal originated in the planes of the 

specimen that are out-of-focus (green and blue rays paths in Fig. 2.5) is rejected by 

the confocal pinhole, thus improving the signal-to-noise ratio. Adjusting the 

pinhole to smaller aperture dimensions, a higher rejection of the out-of-focus 

information, together with the suppression of a significant amount of stray light 

can be obtained, resulting in a higher contrast of the image.
[3]
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Figure 2.5: The principle of Confocal Laser Microscope. The pinhole aperture placed in the confocal 

image plan rejects the out-of-focus emission light (green and blue rays). Only the in focus light (red 

optical path) reaches the photomultiplier tube, contributing to the image formation. 

 

2.2.2 Confocal Laser Scanning Microscope 

In a Confocal laser microscope only a small single volume of the specimen is 

excited; upon collection of the signal, the image is formed by a point-by-point 

digital reconstruction of the single volumes. In order to generate images of more 

extended portions of the object, the sample can be moved in front of the exciting 

beam or, alternatively, the laser beam can be raster scanned across the sample.
[13]

 

The advantage in the latter case is that the reconstruction of the sample image 

requires only a few milliseconds, whereas in the first case it can require several 

minutes. However, the laser scanning approach requires optics of high quality that 

are aberration corrected also outside their optical axis; in the case of the sample 

scanning, the optics will always work in their optical axis. Figure 2.6 shows the 

schematic of a laser scanning head.  
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Figure 2.6: The scanning head of a confocal microscope. The laser path (blue line) and the 

luminescence path (green line) are pictured. The mirrors move because of galvanometric motors,   

which allow to raster scan the laser beam on the surface of the specimen. 

 

The raster pattern creation is commonly based on the use of a pair of 

galvanometric mirrors, which move the light beam in mutually perpendicular 

directions within the main axis of the scanning head.
[13]

 

Fluorescent light coming from the specimen follows the reverse optical path 

with respect to the laser beam, resulting in a ‘de-scanned’ emission. The de-

scanning process is fast enough so that the resulting image, digitally processed 

with the intensity detected point-by-point by the photomultiplier tube, is steady.  

 

2.2.3 Spatial resolution  

As mentioned above, a point light source produces a diffraction pattern in the 

image plane, with a bright central area known as Airy disk, and the possibility of 

discerning two of these areas was used by Rayleigh to measure the resolution of 

the optical system (see Eq. (3)).
[6,11]

 By adjusting the pinhole aperture in order to 

achieve a size aperture comparable to the diameter of 0.25 Airy units (AU), where 

1 AU =1.22(exc/NA), it is possible to reduce by ~1000-fold the flare originated by 

out-of-focus emission, with respect the wide-field microscopy. 
[11]

 This gives rise  

to a theoretical xy resolution in accordance with the following equation: 

 

 Rxy ~ 0.6 / (√2 NA) = 0.4  / NA  (4) 
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where  is the wavelength of the light emitted and NA is the numerical aperture 

of the objective. 

In the case of the z direction, the resolution will be approximated by the 

following equation: 

 

 Rz ~ 1.4 n / NA
2
   (5) 

 

where n is the refractive index, and the other quantities are as above. However, 

more than the resolution, in the case of the z-direction the real advantage is 

determined by the optical sectioning capability. 

It is also worth noting that a variation of the pinhole aperture will result in 

different imaging resolutions. 

  

2.2.4 Optical sectioning 

As mentioned above, one of the most important properties of the confocal laser 

microscope (CLM) is the possibility of performing optical sectioning “cutting” in 

optical slices the sample. 
[13,14]

 The main advantage with respect to other techniques 

is that the optical sectioning is neither invasive nor destructive. 

Optical sectioning can be obtained by using a z-stack of confocal images, which 

are obtained by varying the focus through the depth of the specimen. These images 

are then recombined with specific software. In this way, 3D images of the 

specimen are easily achievable. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: CLM micrographs of patato starch granules in water based solution, generated by z-

stacking of the raster images using a 3D reconstruction software. Images a) and b) show the same 

sample portion viewed from different angles. 
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Figure 2.7 shows two 3D micrographs obtained by optically sectioning a 

sample of potato starch granules in water solution. The images a) and b) present 

the same sample volume observed from different angles. Obviously, the optical 

sectioning can be used when the specimen has z dimensions that are larger than the 

z-resolution of the instrument.  

 

2.3  Experimental setups 

The following section describes the specific set-ups used to perform the 

experimental work presented in this thesis. 

 

2.3.1 Confocal Laser Scanning Microscopy (CLSM) and 
spatially resolved photoluminescence spectroscopy setup 

In Figure 2.8 a scheme of the experimental setup for confocal laser scanning 

microscopy (CLSM) and spatially resolved photoluminescence (PL) measurements 

is reported. 

 

 

Figure 2.8: Scheme of the Confocal Laser Scanning Microscopy (CLSM) and spatially resolved 

photoluminescence spectroscopy setup.  
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The setup is based on the coupling of the second harmonic of a mode-locked Ti: 

sapphire femtosecond laser (Coherent) into the scanning head of a Nikon Eclipse 

Ti microscope in backscattering configuration. The optical elements used to 

perform the coupling between the free-space laser beam and the microscope are 

depicted in Figure 2.9. 

A Plan 40 times magnification Olympus objective mounted on a fiber launch 

system focuses the beam into a single mode optical fiber, which is connected to the 

scanning head of the microscope. The system is equipped with three axis 

differential adjusters, which can achieve fine adjustments of 50 µm/rev.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: Laser-Microscope coupling system. An objective focuses the free space laser beam into 

the single mode optical fiber, which is connected to the microscope scanning head. 

 

The Ti: sapphire laser delivers pulses of ~ 150 fs width at a repetition of ~ 76 

MHz; the wavelength of the pulses can be tuned in the range ~720-980 nm. By 

coupling the laser beam into a nonlinear LBO crystal, the second harmonic (~360-

490 nm) can be generated. 

Three single line cw lasers (488nm, 543 nm and 632 nm) are also connected to 

the scanning head of the microscope by using the same single mode optical fibers 

(see Fig. 1.8). 

The Nikon Eclipse Ti inverted microscope mounts a set of several objectives, 

which have different NA and working distances. 
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All the micrographs presented in this thesis (unless otherwise specified) were 

performed with a 60 times magnification immersion oil objective, characterized by 

a NA = 1.4.  

The sample imaging was obtained by collecting the photoluminescence signal 

coming from the specimen with a set of photomultiplier tubes, each centered at a 

different spectral range and covering together a total detection spectral range 

between 460 till 750 nm. 

In order to correlate the morphology features and spectroscopic properties, 

spatially resolved spectroscopy was performed, collecting the photoluminescence 

signal of the sample with a monochromator coupled with an Image EM CCD 

camera from Hamamatsu. To perform the spatially resolved photoluminescence 

experiments, customized dichroic mirrors were acquired for the microscope 

scanning head. 

 

2.3.2 Bright-field Microscopy 

Bright-field microscopy was performed with a Nikon Eclipse E600 light 

microscope using a 20x objective lens. The images were collected with a Nikon 

COOLPIX 4500 camera. 
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Chapter 3 

Imaging inclusion complex 

formation in starch granules using 

confocal laser scanning microscopy 

The tendency of amylose to form inclusion complexes with guest molecules has 

been an object of wide interest due to its fundamental role in food processing. Here 

we investigated the interactions between amylose contained in starch granules 

from different botanical sources and fluorescent lipophilic molecules below 

gelatinization temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is extracted from Marianna Manca, Albert J. J. Woortman, Katja Loos and 

Maria A. Loi, Starch/Stärke, 67, 132, (2015). 



207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca

Unraveling structure and dynamics by confocal microscopy  

 

 

 

 

 

 

 

 

34 

3.1 Introduction 

As already mentioned in Chapter 1.2 starch is the main reserve of carbohydrates 

for humans
[1]

 and in aggregate the second most prevalent biopolymer present on 

earth after cellulose.
[2]

 In the last decades starch and its functional properties have 

been the object of intensive research due to its important role in the food and non-

food industries.
[3,4]

 

Native starch, which semi-crystallizes in water-insoluble granules, consists 

mainly of two polymers of D-glucose, amylopectin and amylose, with varying 

relative ratios; high amylose starch can present an amylose content up to 85%, 

while so called waxy starch may reach up to 100% amylopectin content.
[5]

 

Depending on the botanical source, amylose and amylopectin are arranged in semi-

crystalline granules of specific size, shape and morphology.
[6]

 

It has been demonstrated that the amylose contained in starch in presence of a 

ligand like iodine or linear alcohols tends to assume a compact helical 

conformation that can complex with the ligand,
[7,8]

 giving rise to the so-called “V-

amylose”. V-amylose is structured as a left-handed single helix with a hydrophobic 

cavity that is able to host the apolar aliphatic chain of a ligand, while the polar 

head tends to stay outside the amylose coil.
[9,10]

 The driving forces of this complex 

formation have been identified as determined by weak intramolecular bonds (van 

der Waals forces and hydrogen bonds), which take place between the turns of the 

amylose helix
[11,12]

 and intermolecular forces to stabilize the complex between the 

amylose chain and the ligand. However, many factors regarding the inclusion 

complex formations are still under debate. In particular, many studies have 

investigated the hydrophobic effect, which seems to be the leading force between 

the guest and the host.
[9]

 

Amylose inclusion complex formation is important for food processing as it can 

lead to reduced stickiness, improved freeze–thaw stability and an antistaling effect 

in bread and biscuits due to reduced crystallization (retrogradation) of the 

amylopectin fraction in starch. Several studies have focused on the guest molecules 

in the complex formation with starch amylose, such as iodine in solution,
[13,14]

 

potassium hydroxide,
[15]

 and dimethyl sulfoxide (DMSO),
[10]

 and have shown that 

the diameter of the amylose helix is strongly correlated to the ligand participating 

in the complex.  

Among guest molecules, lipids such as fatty acids and phospholipids have been 

investigated due to their influence on the gelatinization of the granular starch after 

the complexation with amylose, which is naturally present in the starch granules 

structure.
[16]

 Although some levels of lipids are present in native starch, they are 

often added as emulsifiers in order to tailor some properties and to improve the 
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quality of the starch-related food.
[2]

 Among others, the amylose-lipid inclusion 

complex has been demonstrated to have an influence on the staling.
[17]

 Recently, 

the inclusion complex formation between amylose in native wheat starch and 

lysophosphatidylcholine (LPC) was reported, underlying the effects of such 

inclusion on the structural properties and the susceptibility to amylase of starch.
[18–

21]
 

A fundamental aspect of the inclusion complex formation is the length of both 

the amylose and the lipid chains. Long amylose chains can form inclusions with 

more ligands
[22]

 and the length of the aliphatic chains of the lipids can vary.
[8]

 

Recently, a study of the complex formation between amylose brushes on a gold 

surface and fatty acids showed that octanoic (C8) acid can form inclusion complex 

more efficiently than myristic acid (C14).
[23]

 

Optical Microscopy is one of the most exploited techniques for the visualization 

of the starch granules.
[24]

 As already mentioned in the previous Chapter, Confocal 

Laser Scanning Microscopy (CLSM) is an especially powerful tool for its ability to 

obtain both 2-dimensional (2D) and 3-dimensional (3D) images of the granules by 

optically sectioning them and revealing their inner structure.
[25,26]

 Moreover, 

fluorescence CLSM can allow for the study of specific interactions when the 

chromofore used as marker has chemical or biological functionalities. The 

interaction between different amphiphilic dyes and waxy and regular wheat starch 

has previously been investigated using CLSM showing that the penetration of 

amphiphilic dyes is more effective through the waxy starches than through regular 

ones.
[27]

 

In this chapter we investigated the inclusion complex formation between 

amylose in starch granules from different botanical sources and lipophilic 

molecules labeled with fluorescein. These molecules are composed of an aliphatic 

chain and a polar head, consisting of a carboxylic group and the fluorescein dye. 

Using Confocal Laser Scanning Microscopy, the fluorescent labels allowed us to 

study with high spatial resolution the localization on the starch granules of the 

labeled aliphatic chains. In this way we unraveled the features of different starch 

granules and established that at low lipid-dye concentration even below the 

gelatinization point complexation of the lipid with the amylose located at the 

periphery of the granules is occurring. Control experiments performed with the 

waxy granules and with fluorescein confirm this finding. 
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3.2 Materials and Methods 

Maize starch, waxy maize starch, potato starch, lugol solution for microscopy, 

fluorescein (C20H12O5) with a molecular weight (Mw) of 332.31 g/mol and 

fluorescein octadecyl ester [chromoionophore XI] (C38H48O5) with a Mw of 584.78 

g/mol were purchased from Sigma-Aldrich (St. Louis, USA). Waxy potato starch 

(Eliane 100) was supplied by AVEBE FOOD (Veendam, The Netherlands). 5-

Hexadecanoylaminofluorescein (C36H43NO6) with a Mw of 585.74 g/mol was 

purchased from Life Technologies (Waltham, USA). Dimethylformamide (DMF) 

extra pure was purchased from Acros-Organics (Hampton, USA). 

Starch suspensions were prepared at a concentration of 2% in distilled water 

with 0.02% sodium azide. The starch granules were stained by adding 50 or 100 µl 

lugol reagent to 1 ml of the starch suspension. 

Starch suspensions for CLSM were prepared at a concentration of 2% in 

distilled water with 0.02% sodium azide as a preservative. 1 mL of the prepared 

suspensions was stained by 20 µl of one of the molecular probes, as the 

fluorescence dye by rotating overnight at room temperature in the dark. 

Dimethylformamide (DMF) was employed as stock solvent for the dye. 

Consequently, to correct for the difference in molar mass of the molecular probes, 

a 0.02% dye solution was prepared based on chromoionophore XI or 5-

Hexadecanoylaminofluorescein and a 0.0114% dye solution based on fluorescein 

(respectively 0.02% and 0.0114% dye based on starch). For CLSM imaging 40 µl 

of the stained samples were transferred to an object glass.  
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3.3 Results and discussion 

In order to obtain insight into the inclusion complex formation between 

amylose chains in starch granules and lipids, we performed Confocal Laser 

Scanning Microscopy (CLSM) measurements on samples from different botanical 

sources: potato, wheat and maize. 

Potato starch granules suspended in water solution were exposed at room 

temperature to two lipophilic fluorescent molecules, 5-

hexadecanoylaminofluorescein (lipid-dye 1) and fluorescein octadecyl ester (lipid-

dye 2). The lipid-dye 1 and 2 are characterized by a polar group consisting of a 

fluorescein molecule bound to an aliphatic chain of 15 and 18 carbons, respectively 

(see Scheme 3.1). By detecting the photoluminescence emission from the dye, the 

inclusion of the aliphatic chain into the amylose helix could be monitored with 

high spatial resolution. 

 
 

 

 

 

 

 
 

Scheme 3.1: Chemical structures of lipid-dye 1 and lipid-dye 2. 

 

Figure 3.1 shows the normalized photoluminescence spectra of the two lipid-

dye molecules in DMF solution.  

The lipid-dye 1 emission presents a main peak at 530 nm; the lipid-dye 2 

emission is broader and more structured with a main peak at 560 nm and a 

shoulder at 530 nm. 
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Figure 3.1: Photoluminescence spectra of 5-hexanodecanoylaminofluorescein (lipid-dye 1) and 

fluorescein octadecyl ester (lipid-dye 2) in DMF solution. Excitation wavelength 380 nm. 

 

Figure 3.2 shows CLSM micrographs of potato starch granules in a water-

based suspension after addition of 0.02% lipid-dye 1 (a) and 0.02% lipid-dye 2 (b). 

The spatial resolution of the images was estimated as <300 nm.  

In both cases, the images show a bright rim area around the granules, revealing 

the tendency of lipid-dye molecules to link to the outer part of the granules, rich in 

amylose chains.  

It is important to emphasize that the formation of the bright rim occurs at room 

temperature, well below the gelatinization temperature of starch, suggesting the 

high efficiency of this process at low concentration of the lipid-dye used for the 

complexation (see above). The core of the granules remains dark, inferring that the 

lipid-dye molecules do not interact with the inner structures of the granules due to 

the protective coating generated by the lipid-dye molecules already linked to the 

outer part of the starch granule, or that penetration is hindered by their bulky size 

and presence of the polar head. From this evidence, we concluded that in the case 

of un-gelatinized potato starch granules lipid-dye molecules at low concentration 

selectively complex with the outer amylose chains of the granules, as previously 

reported by our group as well as others.
[8,19–21,28]
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Figure 3.2: CLSM images (field of view: 140 µm x 140 µm) of potato starch granules in water 

suspension after addition of 5-hexadecanoylaminofluorescein (a) and fluorescein octadecyl ester (b). 

The suspensions were rotated overnight at room temperature in a dark environment. Micrographs 

were recorded exciting the sample at 488 nm. 

 

 

In the case of the sample prepared with the lipid-dye 1 (Figure 3.2a) the 

micrograph shows that the granule’s contours appear bright and sharp. However, 

when the lipid-dye 2 molecules (Figure 3.2b) were added to the starch suspension 

the rims appear less defined, revealing also the presence of aggregates in the 

peripheral zones of the granules. In the second case the background also presents a 

diffuse emission, suggesting that not all the lipid-dye molecules were involved in 

the complex formation with the starch granules. Such divergent behaviour of the 

two molecules can be explained by a better solubility in the water-based 

suspension of 5-hexanodecanoylaminofluorescein molecules due to the shorter 

aliphatic apolar chain with respect to fluorescein octadecyl ester. A further possible 

explanation is the faster complex formation with the lipid-dye 1 due to the relative 

lengths of the host and lipid-dye chain (15 C).
[23] 

Consequently, we focused our attention on the study of the complex formation 

mechanism between different types of starch granules and the lipid-dye 1. 

In order to establish which portion of the lipid-dye molecules is involved in the 

interaction with the starch granules, we performed a series of experiments and 

control experiments with the lipid-dye and the fluorescein dye.  

Figure 3.3 shows CLSM images of potato (a, b), maize (c, d) and wheat (e, f) 

starch granules after addition of 5-hexanodecanoylaminofluorescein (a, c, e) and 
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pure fluorescein dye molecules (b, d, f). These experiments were carried out using 

the same relative ratios of starch granules and dye molecules for all the samples.  

Despite the different features of granules belonging to different botanical 

sources, Figures 3.3a, 3.3c, 3.3e confirm the ability of peripheral amylose chains to 

form complexes with the lipid-dye 1 molecules at room temperature. All samples 

presented a strong emission contrast between the contour and the core of the 

granules, implying that in all three cases the same process was occurring. 

Potato starch granules (Figure 3.3a) are characterized by an oval shape and have 

diameters ranging between 10 and 100 µm and a smooth surface. In the 

micrograph, together with the granules complexed only on their surface, a 

damaged granule can be seen in which the lipid-dye molecules have access to the 

inner part--spotlighting its internal structure--with alternating rings of amylose and 

amylopectin. These appear to be of different brightness, probably because of the 

varying interaction of the lipid-dye with the two macromolecules. 

The maize starch granules (Fig. 3.3c) present a typical truncated shape with 

small channels (~ 1 µm) in which the lipid-dye can be absorbed (the channels are 

indicated in Fig. 3.3c) by an arrow). Wheat starch granules are oval (Figure 3.3e), 

resembling the potato starch granules; however, Evers revealed in 1971 the disk or 

lenticular shape of wheat starch granules by means of Scanning Electron 

Microscopy (SEM).
[29]

 In this case most of the granules also show the 

complexation at the peripheral region of the granules, in addition to several 

damaged granules that show complexation with the lipid-dye inside.  

As control experiment we used fluorescein dye instead of the lipid-dye. For all 

three botanical species (Fig. 3.3b, d and f) we revealed a very different behaviour 

with respect to that shown by the samples treated with the lipid-dye.  

In the case of potato starch (Fig. 3.3b) the granules appeared as dark domains in 

a bright background, suggesting that the dye molecules remained in the solution 

without interacting with the granules. This observation is a further confirmation of 

the inclusion complex formation between lipid-dye 1 and amylose chains, 

indicating that the discriminant factor is the aliphatic chain present in 5-

hexanodecanoylaminofluorescein. Fluorescein molecules are polar and therefore 

not driven towards the inside of the amylose chains, which is hydrophobic. 

In the case of maize (Fig. 3.3d) and wheat (Fig. 3.3f) starch granules the 

interaction with the fluorescein dye was also dissimilar to the interaction with 

lipid-dye. In these two types of starch granules, fluorescein molecules appeared to 

be absorbed by the inner part of the granules, highlighting their structures. This is 

due to the fact that maize and wheat starch granules are characterized by a different 

porosity than potato starch, which allows the fluorescein molecules to penetrate 

inside these granules.
[30]

 Another interpretation involves the amount of lipids 
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naturally present in potato, maize and wheat starch. The common cereal starches 

(maize, wheat, rice) present a higher percentage of lipids (0.6 – 1.0%) compared 

with potato (0.05%).
[31,32]

 Fluorescein can be attracted and absorbed by the fatty 

acids due to its lipophilic nature; this can justify the presence of fluorescein inside 

cereal starch granules. 

To obtain a further proof that the amylose in the starch granules is driving the 

lipid adsorption process, we proceeded in the preparation of identical samples with 

waxy potato starch. Waxy potatoes are characterized by starch granules that 

contain only traces of amylose (<1%) and > 99% of amylopectin.
[33]
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Figure 3.3: CLSM measurements of potato (a, b), corn (c, d) and wheat (e, f) starch granules after 

addition of 5-hexadecanoylaminofluorescein molecules (a, c, e) and fluorescein molecules (b, d, f). 

The suspensions were rotated overnight at room temperature in a dark environment. CLSM 

micrographs recorded exciting the sample at 488 nm. 
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Figure 3.4 presents CLSM micrographs of waxy potato starch granules after 

addition of the lipid-dye 1 (Fig. 3.4a) and the fluorescein dye (Fig. 3.4b). In the 

sample prepared with lipid-dye 1 molecules, the granules present a bright rim, 

which is not as defined or as sharp as in the regular inclusion complexed starch 

(Fig. 3.3a). The rim around the starch granules in this case appears broader (up to 

5µm) and fuzzier, with the small granules almost completely stained. This finding 

can be explained by the lack of amylose in the periphery of the granules in contrast 

to the regular grains. It was observed that the lipid-dye molecules could penetrate 

through the granules due to interactions with the amylopectin chains. Experiments 

carried out on the same sample showed that the rim tends to grow with time, 

indicating that adsorption and diffusion of the lipid-dye molecules are the most 

probable phenomenon. Washings of the samples with DMF showed a full removal 

of the lipid-dye from the waxy starch, while the inclusion of the lipid-dye with 

regular granules was not affected by the washing.
[34]

  

The control experiment conducted with the fluorescein molecules (Fig. 3.4b) 

shows a diffused luminescence, indicating that in the case of the waxy potato 

starch the fluorescein molecules also does not penetrate into the starch granules. 

Comparison of the results displayed in Figure 3.3b and Figure 3.4b clearly shows 

that the lack of the aliphatic chain in the ligand produces the same result in both the 

regular and waxy starch granules, suggesting that the porosity of the two species 

are similar.  

 

 

Figure 3.4: CLSM micrographs of waxy potato starch granules after addition of 5-

hexanodecanoylaminofluorescein molecules (a), and fluorescein molecules (b). The suspensions were 

rotated overnight at room temperature in a dark environment. CLSM micrographs were recorded 

exciting the sample at 488 nm. 
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The inclusion complex formation with amylose, indicated by the appearance of 

a bright and sharp rim around the starch granule, occurs only when in the 

experiment both the amylose polymers and the aliphatic chain of the lipid-dye are 

involved. 

 

The ability of amylopectin to form complexes when the chains are long enough 

has been widely debated.
[35]

 In order to investigate this process we performed 

CLSM and BFM measurements on waxy maize starch granules. Since waxy maize 

granules lack amylose, positive staining therein can be attributed to interaction 

with long chain amylopectin branches. In addition, the high porosity of maize 

granules enables the ligand to reach the hilum, where the amylopectin chains are 

known to be longer 
[36,37]

 and therefore more suitable for complex formation.  

Figure 3.5a presents a CLSM image of waxy maize starch granules treated as 

described previously with the lipid-dye 1 molecules. The granules show a sharp 

and bright spot corresponding to the hilum, with a diffuse luminescence all over 

the granule; this proves the interactions of the lipid dye with the long chain 

amylopectin branches localized in the hilum. Figure 3.5b shows a BFM image of 

waxy maize starch granules after addition of iodine molecules.
[38]

 The center of the 

granules also presents a bright and sharp spot. These findings demonstrate that the 

long amylopectin chains present in the center of the granules can preferentially 

generate complex formation with ligands. As a further control experiment, we 

treated the waxy maize granules with fluorescein (Figure 3.5c), which showed in 

this case a dark hilum. Therefore the micrographs shown in Figure 3.5 are a strong 

indication that the lipid chains can selectively interact with longer amylopectin 

chains. 

 

 

Figure 3.5: CLSM micrographs of waxy corn starch granules after addition of 5-

hexadecanoylaminofluorescein molecules (a) and fluorescein molecules (c), and bright-field 

micrographs of waxy corn starch granules after addition of iodine molecules (b). 
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3.4 Conclusions 

We investigated the inclusion complex formation between amylose and 

fluorescent lipophilic molecules in regular and waxy starch granules from different 

botanical sources. Performing Confocal Laser Scanning Microscopy below 

gelatinization temperature we evidenced a specific interaction of amylose 

molecules and the aliphatic chain of the ligand. By studying waxy and not-waxy 

starch granules, we revealed that the amylose at the periphery of the starch 

granules interact specifically with aliphatic chains forming inclusion complexes. 

This phenomenon is occurring efficiently for temperature below the gelatinization 

point for low lipid concentration. In addition, we confirmed that long amylopectin 

chains are also able to form complexes with aliphatic ligands. 
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Chapter 4 

Localization of amylose-lipophilic 

molecules inclusion complex 

formation in starch granules 

 
By combining Confocal Laser Scanning Microscopy and spatial resolved 

photoluminescence spectroscopy, we are able to discriminate the presence of 

amylose in the peripheral region of regular and waxy granules from potato and 

corn starch, associating a clear optical fingerprint of the interaction between 

starch granules and lipophilic dye molecules. Measurements performed on 

samples that have been extensively washed provide strong proof of the specific 

interaction between lipid dye molecules and amylose chains in regular starch 

 

 

. 

 
 
 
 
 
 
 
 

 
This chapter is extracted from Marianna Manca, Albert J. J. Woortman, Andrea Mura, 

Katja Loos and Maria A. Loi, Physical Chemistry Chemical Physics, 17, 7864, (2015). 
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4.1 Introduction 

As already discussed in Chapter 3, starch constitutes the main source of 

carbohydrates for humans and many animal species and consequently is one of the 

main ingredients of foods.
[1–3]

 We have already described how starches from 

different botanical sources are found in the form of granular structures, ranging in 

size between ~1 and over 100 µm,
[4]

 which are characterized by a variable content 

of amylose and amylopectin. They consist typically of 10-30% amylose and 90-

70% amylopectin, but high-amylose starches with a content up to 85% exist, and 

the so called waxy starches are constituted of nearly 100% amylopectin.
[2,5]

 

Several models have been proposed in order to explain the architecture of these 

semi-crystalline structures.
[6]

 A cluster-like arrangement of the amylopectin 

polymers generates alternating stacks of amorphous and crystalline lamellae. The 

amorphous regions consist of branching zones of the amylopectin chains, while the 

crystalline lamellae are constructed by an ordered packing of parallel linear glucan 

chains.
[7–9]

 Figure 4.1 shows the schematic diagram of starch granule structure. 

Amylose chains appear generally interspersed among the amylopectin clusters
[10]

, 

although it has been commonly assumed that amylose resides mainly in the 

amorphous regions.
[11,12]

 
 

 
 

 

 

 

 

 

 

 

 

 

Figure 4.1: Amorphous and semi-crystalline phases in alternating rings in a single granule (a). 

Scheme of the composition of the semi-crystalline compositions, emphasizing the alternation of 

crystalline and amorphous lamellae (b), resulting respectively from branching amylopectin and 

regular linear glucan chains zones (c) [based on ref. 8]. 
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Jane and co-workers demonstrated that amylose bundles are more concentrated 

near the granule surface,
[13]

 which in native starch and according the Lineback’s 

model
[14]

 (“hairy billiard ball” model) and later implementations (by Stark and 

Lynn),
[15]

 has been characterized by the terminations of the amylose chains 

protruding from amylopectin clusters. 

The tendency of amylose chains to generate inclusion complexes in presence of 

an appropriate guest molecule has been object of wide interest,
[10,16,17]

 and already 

debated in Chapter 3. The amylose helix presents a hydrophobic cavity that shows 

a high affinity for apolar guest molecules.
[18]

 In the process of inclusion complex 

formation, amylose coils undergo a conformational change, assuming the structure 

of a left-handed helix that allows inclusion of guest molecules such as iodine,
[19]

 

dimethyl sulfoxide (DMSO)
[20]

 or potassium hydroxide.
[21]

 Among others, 

inclusion complexes between amylose and lipids such as fatty acids and 

phospholipids have been widely investigated.
[22–24]

 It has been demonstrated that 

amylose-lipid inclusion complexes affect the staling,
[25]

 the digestibility,
[10]

 and the 

rheological properties of food.
[26]

 It is therefore important to understand the nature 

of the process and its dynamics. 

The most accepted model describes the aliphatic chain of the fatty acid 

molecule hosted inside the hydrophobic cavity of the amylose helix,
[27]

 while the 

polar group, including the carboxylic acid, remains outside the helix due to 

electrostatic interactions.
[27–30]

 Several studies have been carried out in order to 

validate the models. Karkalas and co-workers, for example, determined the thermal 

properties of the inclusion complexes, investigating their dissociation temperature 

and dissociation enthalpies.
[31]

 Lately, we have shown by Confocal Laser Scanning 

Microscopy the formation of specific inclusion complexes between lipophilic 

molecules with regular and waxy starch granules from different botanical 

sources.
[32] 

Importantly, and in contrast to what is commonly believed, we 

demonstrated that the inclusion occurs also at temperatures below the 

gelatinization point for very low lipid concentrations.  

Although there is a great interest for the inclusion complex formation, very 

limited data are available concerning the dynamics of the process. Recently, Cao 

and co-workers presented a study on the dynamics of complex formation involving 

well-defined amylose brushes and fatty acids characterized by a different length of 

the aliphatic chain (C8 and C14), showing that octanoic acid (C8) includes more 

efficiently than longer fatty acids.
[33]

 

The aim of the work presented in this Chapter is to associate an optical 

fingerprint of the interaction between starch granules and lipids, thus determining 

the role of the amylose chains present in the peripheral region of the granules. 

Combining Confocal Laser Scanning Microscopy (CLSM) with spatial resolved 
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photoluminescence (PL) spectroscopy, we established that the presence of amylose 

in the starch granules modifies the PL signature of the lipid-dye, which is used as a 

nano-probe of its interaction with the surroundings. We demonstrate in this way 

that in regular starch, as opposed to waxy starch, the hydrophobic head remains 

outside the helix. Furthermore, measurements performed on samples that have 

been extensively washed provide a strong proof of the specific interaction between 

lipid dye molecules and amylose chains in regular starch. These measurements also 

confirmed the tendency of longer amylopectin chains, located in the hilum of waxy 

starch granules, to form inclusion complexes with ligands. 

 

4.2 Materials and Methods 

Corn starch, waxy corn starch, potato starch, and lugol solution for microscopy 

were purchased from Sigma-Aldrich. Waxy potato starch (Eliane 100) was 

supplied by Avebe Food. 5-Hexadecanoylaminofluorescein (C36H43NO6) with a 

Mw of 585.74 g/mol was purchased from Life Technologies. Dimethylformamide 

(DMF) extra pure was purchased from Acros-Organics. 

Starch suspensions for Confocal Laser Scanning Microscopy (CLSM) were 

prepared at a concentration of 2% in distilled water with 0.02% sodium azide as a 

preservative. 1 mL of the prepared suspension was stained with additional 20 µl of 

a 0.02% solution of the fluorescence dye 5-Hexadecanoylaminofluorescein in 

DMF, by rotating overnight at room temperature in the dark (stock suspension).  

For CLSM measurements 40 µl of the stained samples were transferred to an 

object glass. 

Washed starch suspensions for CLSM were prepared at a concentration of 2% 

in distilled water with 0.02% sodium azide as a preservative. 10 mL of the 

prepared suspensions was stained with 200 µl of 0.02% DMF solution of the 

fluorescence dye 5-Hexadecanoylaminofluorescein, by rotating the preparation for 

7 days at room temperature in the dark. The suspensions were centrifuged for 5 

min at 2000 rpm in a Heraeus Labofuge 400R with swing out rotor. The 

supernatants were decanted and an equal amount of distilled water with 0.02% 

sodium azide was added. 1 ml of the suspension was taken as a reference 

unwashed sample. For the washing procedure, several other aliquots of 1 ml from 

the suspension were transferred in separate micro tubes and centrifuged for 5 min 

at 2000 rpm. The supernatant was decanted and 1 ml of 50%, 80%, 90% or 100% 

DMF was added, followed by rotating for 1 hour in the dark. The suspensions were 

centrifuged for 5 min at 2000 rpm and the residues were washed two additional 
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times under similar conditions. The residues washed with different percentages of 

DMF were suspended in 1 ml distilled water with 0.02% sodium azide. For CLSM 

imaging 40 µl of the washed and unwashed samples were transferred to an object 

glass.  

 

4.3 Results and discussions 

Confocal Laser Scanning Microscopy (CLSM) combined with spatially 

resolved photoluminescence (PL) spectroscopy are ideal tools to investigate the 

nature and the properties of the inclusion complex formation between starch 

granules from different botanical sources and lipids. The samples were prepared by 

suspending starch granules in water and exposing them to 5-

hexanodecanoylaminofluorescein, a lipophilic fluorescent molecule (lipid-dye) 

characterized by an aliphatic chain of 15 carbon atoms and a polar head based on a 

carboxylic acid and a fluorescein molecule. The exposure of the starch granules to 

the lipid-dye molecules, as well as the CLSM measurements, were performed at 

room temperature, well below the gelatinization temperature of starch, using lipid-

dye concentrations as low as 0.02% respect to starch. The amylose content in 

starch have been estimated to be roughly 30%.
[34,35] 

Therefore the amount of 

complex in our case is limited by the lipid-dye concentration we have used. It is 

therefore evident that techniques such as DSC and x-rays are not sensitive enough 

to detect such a low percentage of complexes. While photoluminescence based 

techniques are the only which may allow this level of sensitivity. 

Figure 4.2 shows the CLSM images of starch granules in water-based 

suspension after addition of 0.02 % (based on starch) lipid-dye molecules at room 

temperature. The starch granules are from regular potato (Fig. 4.2a), waxy potato 

(Fig. 4.2b), regular corn (Fig. 4.2c) and waxy corn (Fig. 4.2d). The CLSM images 

were recorded after rotating the starch-lipid-dye suspensions overnight in a dark 

environment at room temperature.  

The micrographs reveal a bright rim area around the granules from both the 

regular potato and regular corn starch (Fig.4.2a, 4.2c), which highlights the typical 

shape and the structure of the starch granules.
[36]

 Potato starch granules appear oval 

with smooth surfaces with dimensions ranging between 10 and 100 µm. Corn 

starch granules present a truncated shape with dimensions ranging between 5 and 

30 µm.
[37]

 

The sharpness and the thickness of the rim (dimension smaller than 1 µm) 

indicate the formation of inclusion complexes between the amylose chains present 
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in the outer region of the granules and the lipid-dye molecules. In agreement with 

the above mentioned theories, the aliphatic chain of the lipid-dye can be included 

in the amylose polymer, while the fluorescent polar head remains outside. In both 

regular corn and potato starches the background remains dark, suggesting that all 

lipid-dye molecules are involved in the inclusion complex process leaving no 

molecules in the water-based solution.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.2: CLSM micrographs of potato (a) and corn (c) regular starch granules; potato (b) and corn 
(d) waxy starch granules, in suspension after addition of 0.02% lipid-dye molecules to starch ratio. 
The suspensions were rotated overnight at room temperature in a dark environment. 

 

The micrographs of the waxy potato and waxy corn starches (Fig. 4.2b and 

4.2d) show a contour area around the granules not as defined as in the case of the 

regular starch granules. The rims appear in these cases much broader, with a 

variable thickness up to 5µm after one day of incubation, which is the same 

incubation-time of the non-waxy granules in (Fig. 4.2a and 4.2c). The diffuse 

emission might be considered a sign that the lipid-dye molecules are involved only 

in weak interactions with the components of the starch granules. 

We have shown in Chapter 3 
[32]

 the investigation of the interaction of the lipid-

dye molecules (5-hexanodecanoylaminofluorescein) with potato starch granules in 

their regular and waxy form, demonstrating that the absence of amylose in the 

waxy starch granules affects the size and shape characteristics of the luminescent 



207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca

                                                                                                              Chapter 4 

 

 

 

 

 

 

 

 

55 

rim, due to the weak interactions of the lipid-dye with the components of the waxy 

starch. In the present Chapter, our goal is to find a quantitative fingerprint 

characteristic of the interaction of the lipid-dye with amylose and amylopectin by 

recording point by point the emission spectra in different samples. 

Figure 4.3 shows the CLSM images with a 50 µm field-of-view of regular 

potato (Fig. 4.3a) and waxy potato (Fig. 4.3b) starch granules in water-based 

suspensions after addition of the lipid-dye solution. Figure 4.3c shows the spatially 

resolved PL spectra recorded in the regions highlighted by white circles in Figure 

4.3a and 4.3b and the spectrum of the lipid-dye molecules in DMF/water solution 

(20 µL 0.02% lipid-dye in DMF solution in 1 mL water-based solution). The 

regions are specifically selected focusing the laser at these points after image 

acquisition. The spectrum recorded exciting the regular potato starch sample in the 

region A (Fig. 4.3a) shows the emission of 5-hexadecanoylaminofluorescein 

molecules, with the main emission peak at ~530 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.3: CLSM images of regular potato (a) and waxy potato (b) starch granules after addition of 
5-hexadecanoylaminofluorescein molecules. PL spectra (c) recorded in the regular potato rim area 
(circle A) and in the waxy potato rim area (circle B). The emission of the reference lipid-dye 
molecules in solution is also shown. Excitation wavelength 488 nm. The lipid-dye to starch ratio used 
is 0.02%. 
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The spectrum associated to the region B in the rim of a waxy potato starch 

granule (Fig. 4.3b) presents the main photoluminescence peak also at 530 nm, 

without spectral shift in respect to the spectrum recorded exciting the regular 

potato starch; in this case, however, the emission appears narrower (the difference 

in full width at half maximum (FWHM) is ~10 nm between spectra A and B). The 

emission resulting from the free lipid-dye molecules in DMF/water solution shows 

the same spectral characteristics of the emission recorded exciting regular starch 

granules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: CLSM images of regular corn (a) and waxy corn (b) starch granules in suspension after 
addition of 5-hexadecanoylaminofluorescein molecules. PL spectra (c) recorded in the regular corn 
rim area (circle A) and in the waxy corn rim area (circle B). The emission of the reference lipid-dye 
molecules in DMF/water solution is also shown. Excitation wavelength 488. The lipid-dye to starch 
ratio used is 0.02%. 

 

In Figure 4.4 we present the CLSM micrographs with a field-of-view of ~ 30 

µm of regular (Fig. 4.4a) and waxy corn (Fig. 4.4b) starch granules, in water-based 

suspension after exposure to 5-hexadecanoylaminofluorescein molecules in 

solution. As in the case of all samples reported, exposure to the lipid-dye was 
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performed at room temperature, well below the gelatinization temperature of 

starch. Figure 4.4c shows the spatially resolved photoluminescence spectra 

recorded in the two regions indicated by a white circle in the CLSM micrographs 

and the spectrum recorded exciting the lipid-dye molecule in DMF/water solution 

as a reference. In this case we also found that a narrower emission spectrum is 

associated to the fluorescent rim of the waxy starch granule and a superposition of 

the spectra coming from regular starch and free lipid-dye molecules. 

The consistent finding of different spectra for the same dye in regular and waxy 

forms of starch suggests that the presence of amylose chains in the peripheral 

regions of the granules affects the nature of the interaction and consequently the 

photoluminescence properties between the lipid-dye molecules and the starch.  

The difference between the spectra associated to the regular and waxy starch 

granules can be explained by the different environment experimented with the 

lipid-dye, depending on the chemical composition of the granule.  In the case of the 

regular potato starch, the aliphatic chains of the lipid is included inside the amylose 

chains and the polar groups stay outside due the hydrophobic nature of the 

interaction, while in the case of the waxy form the lipid-dye molecule (both the 

aliphatic chain and the polar group) enters the inner structure of the granule giving 

rise to a broader and less defined rim.
[32]

 The embedding of the lipid-dye molecule 

inside the granule structure generates the suppression of vibrational modes of the 

molecule: for example, C-H stretch and bendings and C-C and C-H bending, which 

are reflected into a narrower and less structured emission spectrum compared to the 

spectrum of the lipid-dye molecule complexed with the regular starch granules. 

The emission fingerprint of the free lipid-dye molecules in DMF/water solution 

coincides with that from the regular potato starch, indicating in both cases that the 

chromophore is in contact with water. These kinds of chromophores are extremely 

sensitive to the medium in which they are embedded (dielectric constant); when the 

polar group of the lipid-dye molecule is in water and free to move, the emission 

spectra results are broader and more structured than those generated by an 

embedded lipid-dye molecule, as in the case of waxy starch. 
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Figure 4.5: CLSM images of regular potato (a), waxy potato (c), regular corn (e) and waxy corn (g) 
starch granules in suspension 7 days after the addition of 5-hexadecanoylaminofluorescein molecules. 
The images b, d, f, h refer to the same starch species acquired after the “washing” procedure with 
80% DMF. The lipid-dye to starch ratio used is 0.02%. 
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To confirm that there is an actual difference in strength and specificity between 

the interactions in the case of regular and waxy starches, we performed a 

“washing” process on regular and waxy potato and regular and waxy corn starch 

granules, with different concentrations of DMF in water (50, 80, 90 and 100% v/v). 

Since the lipid-dye molecules are soluble very little in water but very well soluble 

in DMF, it may be expected that washing with a high DMF concentration might 

remove the lipid-dye molecules from the starch granules in the case of non-specific 

interactions with the starch granules.  

When the exposure time of the starch granules with the lipid-dye solution is 

increased the luminescent rim around the granule becomes broader, especially in 

the case of the waxy starch granules. We therefore increased the exposure time 

with the lipid-dye solution from 1 day to 7 days. 

Figure 4.5 a, c, e, g show the CLSM micrographs of regular potato, waxy 

potato, regular corn and waxy corn starch granules acquired after 7 days of 

exposure to the lipid-dye solution. 

The regular starch granules (Fig. 4.5 a, e) present a bright rim, which is 

identical in dimension and shape to the rim imaged after one day of exposure to 

lipid-dye molecules as reported in Figure 4.2a and 4.2c. The longer incubation time 

clearly increased the absorbance of the lipid-dye molecules into the waxy potato 

and waxy corn starch granules. Figure 4.5c and 4.5g evidences that the starch 

granules are completely stained. In comparing these with Figure 4.2b and 4.2d, it is 

clear that the lipid-dye goes through a time-dependent diffusion process inside the 

waxy starch granules. We can also observe (Figure 4.5 c and g) that the hilum of 

the waxy starch granules are brighter compared to the rest of the granule, which is 

most probably due to the complex formation between the lipid-dye molecules and 

the longer amylopectin chains located in the inner part of the granules. 

Figure 4.5 b, d, f, and h show the CLSM images of in order, regular potato, 

waxy potato, regular corn and waxy corn starch granules washed with 80% DMF 

in water (v/v) solution, after 7 days of exposure to lipid-dye molecules. While the 

regular starch granules (Fig. 4.5 b, f) do not present substantial difference with 

respect to the unwashed granules (Fig. 4.5a, e), the micrographs in Figure 4.5d and 

4.5e reveal, very interestingly, that the washing process with the DMF-based 

mixture removes dramatically the lipid-dye molecules from the granules. 

This finding confirms that the presence of amylose in the regular starch 

granules generates specific interactions between the host and the ligand. The nature 

of such bonds has been extensively debated, the general conclusion being that the 

hydrophobic effect seems to be the main force responsible for the specific 

interaction.
30

 Conversely, we can infer that in the case of waxy starch the lipid-dye 

molecules seems not to undergo a specific interaction with amylopectin, and 
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weaker interactions explain the experiments in Figure 4.5c and 4.5g. However, 

after washing only in the hilum of the waxy starch granules, some 

photoluminescence emission from the lipid-dye molecules appears to persist (see 

Figure 4.5h and Fig. 4.6e). This finding confirms our previous hypothesis of 

interaction between the lipid-dye molecules and the longer amylopectin chains 

present in the hilum.
[32]

 However, cannot excluded that a very small amount of 

amylose chains are still present in the hilum of waxy starches.
[11]

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.6: CLSM images of regular potato (a), waxy potato (d), regular corn (g) and waxy corn (l) 
starch granules in suspension 7 days after the addition of 5-hexadecanoylaminofluorescein molecules. 
The images b, e, h, m refer to the same starch species acquired after the “washing” procedure with 
50% DMF. The images c, f, i, n refer to the same starch species acquired after the “washing” 
procedure with 80% DMF. 
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Washing procedures with 50% DMF were also performed (see Figure 4.6), 

revealing that the increasing percentage of DMF has a proportionally stronger 

capacity to remove the lipid-dye molecules from the waxy starch compared to the 

regular starch granules. Washing with 90% and 100% DMF solutions resulted also 

in a gradual loss of staining in the case of regular starch granules. 

 

4.4 Conclusions 

In the present Chapter we presented our investigation on the role of the amylose 

chains in the inclusion complex formation between starch granules and lipophilic 

fluorescent molecules. By performing Confocal Laser Scanning Microscopy we 

explored the inclusion complex formation involving regular and waxy forms of 

starch from two different botanical sources. In particular, by correlating Confocal 

Laser Scanning Microscopy and spatially resolved spectroscopy we were able to 

discriminate the presence of amylose polymers in starch granules using the 

photoluminescence spectra of the dye as a nano-probe of the interaction 

experienced by the lipid-dye molecule with the surroundings, demonstrating that in 

regular starch the hydrophobic head remains outside of the amylose chain. 

By performing a “washing” process, we proofed the specific interaction of the 

lipid-dye with amylose while the adsorbed lipid-dye in the waxy starches was 

easily reversed by washing. Only in the hilum do traces of complexation remain 

with the longer amylopectin chains or with eventual traces of amylose. 
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Chapter 5 

Dynamics of amylose-lipophilic 

molecules inclusion complex 

formation in starch granules 

 

This Chapter presents the investigation of the dynamics of inclusion complex 

formation occurring between lipids and amylose polymers located at the periphery 

of starch granules. Through real-time recording of CLSM micrographs, a time 

frame within tens of seconds is estimated for the inclusion complex to occur. 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is extracted from Marianna Manca, Albert J. J. Woortman, Andrea Mura, 

Katja Loos and Maria A. Loi, Physical Chemistry Chemical Physics, 17, 7864, (2015). 
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5.1 Introduction 

In Chapter 3 and Chapter 4 we discussed the tendency of the amylose chains in 

starch granules to generate inclusion complexes in presence of a guest molecule.
[1–

3]
 This is generally attributed to its hydrophobic cavity that shows a high affinity 

for apolar ligands.
[4]

 In the process of inclusion complex formation, amylose coils 

undergo a conformational change, assuming the structure of a left-handed helix 

that allows inclusion of guests.
[5–7]

 Among others, inclusion complexes between 

amylose and lipids such as fatty acids and phospholipids have been widely 

investigated.
[8–10]

 It has been demonstrated that amylose-lipid inclusion complexes 

affect the staling,
[11]

 the digestibility,
[1]

 and the rheological properties of food.
[12]

 It 

is therefore important to understand the nature of the process and in particular its 

dynamics. 

Several studies have been carried out in order to get insight on different 

properties of the inclusion complex formation between lipids and amylose, but so 

far the dynamics of this process has been not investigated. 

Recently, Cao and co-workers published a study on the dynamics of complex 

formation involving amylose brushes and fatty acids characterized by a different 

length of the aliphatic chain (C8 and C14) showing that octanoic acid (C8) 

includes more efficiently than longer fatty acids.
[13]

 In this case the amylose chains 

were “grafted” on a surface, resulting in a molecularly precise definition of the 

length and density of the amylose molecules, but because of this precision far from 

the situation occurring in real starch. 

In this Chapter real time observations of the inclusion complex formation in 

starch granules are performed with CLSM microscopy. From the images of the 

starch granules taken in real time in presence of the solution containing the 

chromophore functionalized fatty acid we estimate a upper time for complexation 

of about 10 s. This experiment confirms again the efficiency and specificity of the 

inclusion process between the amylose in the periphery of the starch granules and 

lipids. 

 

5.2 Materials and Methods 

Corn starch, waxy corn starch, potato starch, and lugol solution for microscopy 

were purchased from Sigma-Aldrich. Waxy potato starch (Eliane 100) was 

supplied by Avebe Food. 5-Hexadecanoylaminofluorescein (C36H43NO6) with a 
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Mw of 585.74 g/mol was purchased from Life Technologies. Dimethylformamide 

(DMF) extra pure was purchased from Acros-Organics. 

Starch suspensions for Confocal Laser Scanning Microscopy (CLSM) were 

prepared at a concentration of 2% in distilled water with 0.02% sodium azide as a 

preservative. 1 mL of the prepared suspension was stained with additional 20 µl of 

a 0.02% solution of the fluorescence dye 5-Hexadecanoylaminofluorescein in 

DMF, by rotating overnight at room temperature in the dark (stock suspension).  

For CLSM measurements 40 µl of the stained samples were transferred to an 

object glass. 

For real time observations, 10 µl (potato starches) and 5 µl (corn starches) of 

the stock suspensions (see above) were added to 200 µl of the starch suspensions 

without dye-lipid. From the mixed solutions a drop (37 µl) was placed on the 

microscope object glass and 3 µl of lipid-dye solution (molecular probe 0.02% 5-

Hexadecanoylaminofluorescein in DMF) was added during the on-going CLSM 

measurements. 

The real time CLSM measurements were performed acquiring image frames 

with 1002 ms time intervals and dwell time line of 1.68 µs. 

 

5.3 Results and discussion 

In order to investigate the time scale of the inclusion complex formation at 

room temperature, we performed CLSM measurements and real-time CLSM 

measurements of the process. The experiment was performed exposing potato and 

corn starch granules in the regular and waxy form and wheat starch granules to 5-

hexanodecanoylaminofluorescein, a lipophilic fluorescent molecule (lipid-dye) 

characterized by an aliphatic chain of 15 carbon atoms and a polar head based on a 

carboxylic acid and a fluorescein molecule. The exposure of the starch granules to 

the lipid-dye molecules, as well as the CLSM measurements, were performed at 

room temperature, well below the gelatinization temperature of starch. Figure 5.1 

shows CLSM micrographs of starch granules in water-based suspension 

after the exposure to 0.02% lipid-dye solution. 
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Figure 5.1: CLSM micrographs of potato starch (a) and corn starch (b) in the regular form, potato 

starch (d) and corn starch (e) in the waxy form, and (c) regular wheat starch. Chemical structure of 5-

hexanodecanoylaminofluorescein (f). 

 

The micrographs present potato starch granules in the regular form (Fig. 5.1a) 

and in the waxy form (Fig. 5.1d), corn starch granules in the regular form (Fig. 

5.1b) and in the waxy form (Fig. 5.1e) and wheat starch granules (Fig. 5.1c). 

Figure 5.1f presents the chemical structure of 5-hexanodecanoylaminofluorescein 

molecule. 

The micrographs in figure 5.1 are recorded after rotating the starch-lipid-dye 

mixture overnight at room temperature, well below the gelatinization temperature, 

in a dark environment. The bright rim (thickness ~ 1 µm) around the granules from 

the different botanical sources (Fig. 5.1a, 5.1b, 5.1c) makes us infer that the 

inclusion complex formation between the amylose chains in the peripheral region 

of the granules and the lipid-dye ligands, has already occurred in the case of the 

regular form of potato, corn and wheat starch
[14]

 The waxy starch granules undergo 

a different process, due to the absence of amylose chains in the outer region of the 

granules
[15]

 resulting in a fuzzier and broader rim (thickness up to 5 µm) around the 

starch granules. The rim tends to increase in time, resulting in a complete staining 

of the granules.
[14]

 

The inclusion complex formation could be observed in real time from the initial 

stage by adding a small amount of the lipid-dye solution (3 µL, see the 
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experimental section) directly to the starch suspension already present on the 

sample stage of the confocal microscope. The effect of the addition of the lipid-dye 

solution was monitored in real time without stirring or heating. Here is important 

to notice that the ratio between the concentration of the lipid-dye and the starch 

used for the dynamics is 4 times higher (0.08%) than what has been used for the 

previously reported measurements in Figure 4.1 (0.02%). 

A small amount (0.05%) of overnight complexed starch granules were added to 

the starch suspensions as reference starch granules, in order to facilitate the 

focusing operations in the microscope stage.  

In Figure 5.2 we present a sequence of micrographs of the complexation of 

potato starch granules in the regular and in the waxy form, extracted from CLSM 

live records.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.2: Photograms extracted from CLSM videos performed on regular potato starch (a, b and c) 

and waxy potato starch (d, e and f), (a and d) were performed before the addition of the lipid-dye 

solution (t = 0), (b and e) are recorded 1 sec after the addition of the lipid-dye solution and (c and f) at 

40 sec after the addition of lipid-dye solution. The lipid-dye to starch ratio used for the experiment is 

0.08%. 

 

Figure 5.2a and Figure 5.2d present the initial situation at t = 0 sec, when the 

lipid-dye molecules are added to the water-based suspension of the starch granules 

of regular potato and waxy potato located on the microscope stage, respectively. 
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These micrographs (Fig. 5.2a and 5.2d) are characterized by a dark background 

except for a few reference granules, which were inserted in the sample composed 

of not-complexed granules with the aim to finding the focal plane. In Figure 5.2d 

the presence of the starch granules is very faintly visible before addition of the 

lipid-dye. This phenomenon can be explained by the fact that the waxy starch 

interaction with the lipid-dye in this case is not specific, and that the bright rim is 

due to adsorption and diffusion of the lipid-dye molecules.
[14]

 The lipid-dye 

molecules in this case can easily be released in the solution and be re-adsorbed by 

other granules in water-based suspension. 

Figure 5.2b presents the micrograph recoded 1 sec after exposure of the regular 

starch granules to the lipid-dye molecules. The background appears luminescent, 

indicating that the fluorescent lipid-dye molecules are homogeneously distributed 

in the sample water based solution. At this time a weak luminescent rim starts 

appearing, revealing the presence of several starch granules. At 40 sec after the 

exposure of the granules to the lipid-dye molecules (Fig. 5.2c) the rim around the 

granules appears brighter and more defined, while the background appears darker, 

indicating that most of the added lipid-dye molecules are involved in the complex 

formation with the amylose chains present in the outer region of the starch 

granules.  

The differing behaviours of regular and waxy starch in the interaction with the 

ligand molecules is underlined by the comparison of the photograms related to the 

two different species. Figure 5.2e and Figure 5.2f show the waxy potato starch 

granules at 1 sec and at 40 sec respectively after the exposure to the lipid-dye 

molecules. In Figure 5.2e the background luminescence is substantially the same, 

compared to that shown in the photogram at t = 0 sec, suggesting that the 

interaction taking place between waxy starch and lipid-dye molecules is slower 

than the interaction with the regular starch. After 40 seconds the granules are 

highlighted by a blur rim (much less defined compared to those in the regular 

starch). These findings confirm that in the case of the waxy form of potato starch, a 

different and slower process occurs when the lipid-dye is in solution due to the 

absence of amylose.
[14]

 

Figure 5.3 presents a sequence of photograms extracted from live CLSM 

recordings on regular and waxy corn starch granules before and during the 

exposure to the lipid-dye molecule. Also in this case the photograms show 

different phases of the process initialized by the addition of the lipid-dye to the 

solution. 

Figure 5.3a and Figure 5.3d present the situation at t=0 sec, when the addition 

of lipid-dye solution to the granules water suspension takes place. Also in this case 

a few granules already complexed with lipid-dye molecules were added before to 
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the not-complexed suspension of starch granules in order to facilitate the 

localization of the unstained starch granules.  

Figure 5.3: Photograms extracted from CLSM recordings performed on regular corn starch (a, b and 

c) and waxy corn starch (d, e and f), (a and d) before the addition of the lipid-dye solution (t = 0), at 5 

sec after the addition of lipid-dye solution (b and e) and at 40 sec after the addition of lipid-dye 

solution (c and f). The lipid-dye to starch ratio used for the experiment is 0.08%. 

 

At t = 5 sec after the exposure of the not complexed granules to the lipid-dye 

molecules, a defined and bright rim around a multitude of regular corn starch 

granules appears (Fig. 5.3b). At 40 sec after the exposure (Fig. 5.3c), a large 

assembly of fully complexed granules appears. The background is very dark, as are 

the inner regions of the granules where the lipid-dye is not present. This 

observation suggests that most of the added lipid-dye molecules are involved in the 

inclusion complex formation. 

As expected, the waxy corn starch shows a totally different behavior. At t = 5 

sec after the exposure (Fig. 5.3e), the profile of the granules becomes highlighted 

by the presence of the lipophilic fluorescent molecules in a rim which is less 

defined and fuzzier than the one which characterizes the regular starch granules, 

confirming also in this case that the presence of amylose chains at the peripheral 
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regions of the granules is a discriminant for the inclusion complex formation. 

Figure 5.3f shows the waxy corn starch granules 40 sec after the addition of the 

lipid-dye molecules. In this case the whole starch granules look more or less 

stained by the lipid-dye, indicating that the lipid-dye molecules are able to 

penetrate the whole granule and confirming again that the presence of the amylose 

chains affects the interaction of the starch granules with the lipid-dye molecules, 

and that it is the necessary element for the inclusion complex formation in the 

peripheral region of the granules at room temperature. Furthermore, a diffuse 

luminescence is present in all samples, suggesting that a significant amount of 

lipid-dye molecules are still not adsorbed within the waxy corn starch granules at 

this time scale. 

The experiments carried out on potato and corn starch demonstrate that at very 

low lipid-dye concentration inclusion complex formation occurs at room 

temperature in a quantity detectable only by CLSM within tens of seconds.  

As a further confirmation, we performed CLSM measurements also on wheat 

starch granules in water-based solution.  In Figure 5.4 we present a sequence of 

micrographs recorded on wheat starch granules extracted from CLSM live records.  

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.4: Photograms extracted from CLSM recordings performed on wheat starch. At the addition 

of the lipid-dye solution (t = 0), at 5 sec after the addition of lipid-dye solution (b and e) and at 40 sec 

after the addition of lipid-dye solution (c and f). The lipid-dye to starch ratio used for the experiment 

is 0.08%. 

 

Figure 5.4a presents the wheat granules at t=0 sec, when the lipid-dye 

molecules are added to the starch suspension. 10 sec after the exposure (Fig. 5.4b) 

the rim around the granules become visible, showing as in the previously repoted 

samples that the inclusion complex formation start occurring. The last presented 
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photogram (Fig. 5.4c), taken 40 sec after the addition of lipid-dye molecules, 

shows that a large amount of granules are complexed with the lipid-dye molecules.  

The experiment carried out on wheat starch confirm that the inclusion complex 

formation takes place in tens of seconds, driven by pure intermolecular type of 

bonds (van der Waals forces and hydrogen bonds) between the amylose helix and 

the ligand 
[16,17]

 which allow to stabilize the complex, since the addition of lipid-

dye molecules occurred without any stirring or any kind of extra support for the 

process as enhanced temperature.  

 

5.4 Conclusions 

In this Chapter we presented an investigation of the dynamics of the inclusion 

complex formation occurring between amylose polymers in the peripheral region 

of starch granules and lipophilic molecules marked with a chromophore. By 

performing real time CLSM measurements, below the gelatinization temperature of 

starch, we were able to estimate within tens of seconds the time necessary for the 

inclusion complex formation to occur. This is a further confirmation of the power 

of fluorescence CLSM, being not only as tool to analyse structural properties but 

also to study dynamical process, especially when using fluorescence as observable, 

which allows reaching very high detection sensitivity. 
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Chapter 6 

Tracing charge transfer state in 

polymer:fullerene  

bulk-heterojunctions 

 

Charge transfer state emission in organic bulk heterojunctions has been 

demonstrated to be an important loss mechanisms, for this reason a better 

understanding of charge transfer state recombination is fundamental for the 

improvement of organic solar cells. Here the relation between photophysical and 

morphological features of a prototypical organic bulk heterojunction are 

investigated in blends with different donor acceptor ratios. By correlating imaging 

with photoluminescence spectra measured in different areas of the blends, the 

charge transfer state emission is unambiguously assigned to microscopical regions 

in which the intermixing of the two organic semiconductors is higher. 

 

 

 

 

 

 

 

 

 

 

This chapter is extracted from Marianna Manca, Claudia Piliego, Ergang Wang, Mats R 

Andersson, Andrea Mura and Maria Antonietta Loi, J. Mater. Chem. A, 1, 7321, (2013). 
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6.1 Introduction 

In recent years organic bulk heterojunction (BHJ) solar cells
[1,2]

 have gained 

increasing attention in the scientific community for their potential as ultra-low-cost 

photovoltaic technology.
[3]

 Due to latest progresses, result of a large international 

multidisciplinary effort, the maximum efficiency reported for organic solar cells 

(>10%) is approaching the performances of devices based on amorphous silicon.
[4] 

The key process behind the BHJ solar cell operation are described to start with 

the photon absorption by the active layer mostly in the donor material, which is 

generally a polymer. The photoexcitations are strongly bound electron-hole pairs, 

which may undergo diffusion before reaching the interface between the donor and 

the acceptor material, generally a fullerene derivative. At the interface of the two 

materials the dissociation of the exciton can take place, resulting in the transfer of 

the electron to the acceptor molecule while the hole remains in the donor material. 

The separated charges can be transported and collected at the respective 

electrodes.
[2,5,6]

 

Nowadays fundamental research on organic solar cells is focused on 

understanding the factors that affect their performance and the strategies to 

improve it. Among the most important topics are: the tuning of the energy level 

offset between the components of the active layer,
[7,8]

 the investigation of the 

charge generation mechanism,
[5,9]

 the improvement of the charge transport 

properties of the BHJ
[10]

 and, ultimately the efforts to limit the recombination 

losses.
[11]

 

Despite the fundamental importance of the charge generation process for the 

optimization of organic solar cells, this aspect of their functioning is still not fully 

understood and the debate is still open. In particular whether the charge separation 

is a direct process mediated by a hot excited state,
[12]

 or whether it is an ultra-fast 

electron transfer of thermalized excitations is under discussion.
[13,14]

 

Recently, the formation of charge transfer states (CTSs) has been observed in 

several bulk-heterojunctions
[6]

 and references therein. In the CTS state, the exciton 

is weakly bounded by Coulombic force, with the hole and the electron localized in 

the donor and acceptor material, respectively.
[15]

 CTS recombination has been 

demonstrated being detrimental for the overall efficiency of the device
 [16,17] 

therefore, a better understanding of the physics of the CTS in polymer: fullerene 

blends is crucial for the improvement of organic solar cells.
[6,18]

 The diagram in 

Figure 6.1 summarizes all the possible transitions between the electronic states 

upon photoexcitation following an initial proposal of Bredas et. al.
[19]

 For 

simplicity only the singlet and triplet states of the polymer and not the ones of the 

fullerene derivative are depicted. The CT state can be populated both from direct 
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excitation in the weak CT band from the ground state,
[20,21]

 via photo excitation of 

the donor and acceptor molecule followed by relaxation from singlet state into 

lowest CT states, or by the recombination of electrons and holes.
[22]

 The last 

pathway is evidenced by EL experiments and by PL measurements performed on 

solar cells in forward bias.
[9]

 It is important to note that in agreement with this 

scheme it is not possible, once the lowest CTS is reached, to form free charges. 

However, free carriers can be obtained from higher lying CTS as demonstrated by 

sub-band-gap external quantum efficiency measurements.
[17]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 6.1: Schematic representation of the processes following excitation in the BHJ. [Reproduced 

from ref. 6]. 

 

Another channel for the depopulation of the CTS is through the triplet excited 

state of the blend that can be populated through the recombination of geminate 

charge carriers at the donor acceptor interface.[23,24] 

From all previous studies appears that the donor: acceptor interfacial area, the 

phase separation of the materials and their domain size play a crucial role in the 

formation of the CTS.
[9,25] 

Therefore, being able to identify the position of the CTS 

recombination in the BHJ will allow addressing some of the relevant properties of 

this state which have impact for the charge generation and recombination in solar 
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cells. Moreover, will provide important strategies for the suppression of CTS in 

BHJ solar cells.  

In the ideal bulk-heterojunction solar cell the donor and acceptor form a bi-

continuous composite with a maximum interfacial area for exciton dissociation, 

and an average domain size comparable with the exciton diffusion length (5–10 

nm).
[26]

 The extreme length scales that characterize the BHJ in the optimized 

conditions, makes impossible to correlate specific morphological features of the 

film with the optical properties of the different regions. The only possible strategy 

to overcome this problem is to use coarser morphologies than the one typically 

present in the devices. Recently, Grancini and co-workers adopted this approach to 

correlate morphology and CTS dynamics in P3HT: fullerene blends by using 

ultrafast confocal pump-probe technique.
[27] 

In their work a long-lived signal 

assigned to the CTS was observed, and localized at the interfacial regions between 

phases of the two materials.  

The aim of the present Chapter is to understand where the CTS optical 

recombination is localized in a prototypical BHJ, such as the one composed by 

poly((2,7-(9,9-(di-n-octyl)fluorene)-alt-5,5-(4',7'-di-thienyl-2',1',3'-

benzothiadiazole))) (APFO3) and [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM). Our approach to the problem differs from the one adopted previously;
[27]

 

in fact, by combining confocal laser scanning microscopy (CLSM) and spatially 

resolved photoluminescence (PL) spectroscopy we address directly the problem of 

the CTS recombination allowing a more straightforward interpretation of the 

results respect to the problem of the recombination losses in devices. With our 

technique we reach a spatial resolution below 300 nm and by measuring the PL 

signal we obtain higher detection sensitivity with lower excitation power respect to 

the one reachable with pump&probe.  

By analysing blends with different donor acceptor ratios, we measured the 

stronger CTS emission from regions of the blend in which the intermixing of the 

two materials is higher. This result provides a clear strategy to modify the 

morphology of the BHJ to suppress the CTS and consequently reduce 

recombination losses in solar cells. 

  

6.2 Materials and Methods 

Materials: APFO3 was synthetized following the procedure reported in 

literature,
[28]

 PCBM was purchased by Solenne BV. The solutions of the pristine 

APFO3 and PCBM, and the blends (66 %PCBM and 80 %PCBM) in toluene were 
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drop casted on clean glass substrates. The samples were kept in nitrogen 

atmosphere overnight to let the solution dry slowly. This procedure allowed getting 

coarsened blend morphology, suitable for our microscopy study. 

Measurements:  

 Spatially resolved PL spectroscopy is performed raster scanning and 

imaging the sample, addressing the laser beam in specific positions (dimensions 

smaller than 1 µm
2
) .All PL measurements are performed by exciting the sample at 

380 nm using a 60 times magnification oil immersion objective with NA=1.4.  

Imaging was performed exciting at different wavelengths. All measurements have 

been performed in air and at room temperature. 

 

6.3 Results and Discussions 

The blend of APFO3 and PCBM is a reference system for the study of CTS 

recombination.
[25,29–32]

 In scheme 6.1 the chemical structures of the two materials 

are presented. 
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Scheme 6.1: Chemical structures of APFO3 (R=C8H17) (a) and PCBM (b). 

 

Here the CTSs manifest themselves with a featureless emission peak at lower 

energy respect to the polymer emission, which cannot be related either to the 

emission of the polymer or to the one of the fullerene molecules. Furthermore, it 

was observed that, by increasing the PCBM percentage in the blend, the emission 

of the CTS undergoes a strong redshift due to the variation of the average dielectric 

constant of the medium.
[25,29]  

In order to spatially resolve regions of the blend with different composition by 

CLSM measurements, we prepared samples with a coarsened morphology respect 

OMe

O



207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca207993-L-sub02-bw-Manca

Unraveling structure and dynamics by confocal microscopy  

 

 

 

 

 

 

 

 

80 

to the one that gives the solar cells with the best power conversion 

efficiencies.
[33,34]

 Two sets of samples (66% PCBM (1:2) and 80% PCBM (1:4) 

blends) from toluene solution using drop casting were prepared.  

In Figure 6.2 the normalized photoluminescence (PL) spectra of the APFO3 

and PCBM neat films and of the APFO3: PCBM 1:2 and 1:4 blends are reported. 

The copolymer emission shows the main emission peak at ~ 680 nm, PCBM has a 

main peak at ~ 730nm and a weaker shoulder at ~ 810 nm. The PL of the 1:4 blend 

shows the features of both, the neat copolymer (~ 680nm) and the fullerene 

derivative (~ 730 nm with a shoulder at  810 nm).  

The presence of the features of both components of the blend, conversely to 

what is generally recorded in solar cells active layers, is due to the phase 

segregation induced preparing the films by drop-casting from toluene. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Photoluminescence spectra of thin films of APFO3, PCBM and APFO3/PCBM blends 

(1:2; and 1:4). The spectra are normalized to the maximum intensity. 

 

Together with the characteristic spectral features of the pristine materials, the 

1:2 blend shows a new peak at  800 nm with similar intensity than the 730 nm 

emission peak, which cannot be associated to any of the pristine materials 

emissions. This new feature has been attributed to the CTS emission in previous 

studies on the same blend.
[25,29]

 The fact that the CTS emission can be detected in 

the APFO3:PCBM 1:2 blend and not in the 1:4 blend suggests that the formation 

of the CTS is strongly affected by the relative concentration of the components and 
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most importantly by the resulting morphology. In order to get deeper insights about 

the role of the blend morphology and to reveal the location of the CTS emission in 

the blend film we performed CLSM measurements on the two different blends. 

In Figure 6.3a and 6.3b the confocal photoluminescence images of the 

APFO3:PCBM blends 1:2 and 1:4 are reported.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3:  CLSM images (30 μm x 30 m) of APFO3/PCBM blends: 1:2 and 1:4 blends (a and b, 
respectively). CLSM images recorded by using a long pass filter (780 nm) 1:2 blend (c) and 1:4 blend 
(d) and exciting the samples simultaneously at 488nm and 543 nm. 

 

The spatial resolution of the images is estimated as <250 nm. Both blends show 

a strong phase separation, characterized by three main different regions; the 

circular domains (darker areas in the images) detected in the spectral range above 

650 nm, the region between the domains (higher energy spectral component 515 

nm and > 650 nm) and the interfacial areas, that appear as brighter circles around 

the dark domains (features detected in the spectral range 515 nm and > 650 nm).  
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The dark domains are PCBM rich regions, instead the areas in between are 

polymer rich phases as indicated by the spectral components of the images. 

Comparing the two images (Fig. (6.3 a) and (6.3 b)), the APFO3:PCBM  1:2 blend 

shows a weaker phase separation respect the 1:4 blend, in the polymer rich phases 

of the 1:2 blend it is still possible to recognize small PCBM domains on the sub-

500 nm length-scale. 

Figure 6.3c and 6.3d show the CLSM images of APFO3:PCBM 1:2 and 1:4 

blends, respectively, recorded by using an optical long-pass filter in front of the 

photomultipliers tubes (PMT) array to detect the sample photoluminescence signal 

above 780 nm. Since the photoluminescence emission above 780 nm is mostly due 

to the PCBM (only visible when in clusters) and to the CTS state, we can estimate 

the intermixing of the two components in the blend and the presence of the CTS. 

While the 1:4 blend shows a strong photoluminescence contrast between the 

polymer and the PCBM rich regions, the 1:2 blend exhibits a diffuse emission in 

the polymer rich phases indicating the presence of PCBM and/or CTS emission 

also in these areas. In both blends, the emission at wavelength higher than 780 nm 

is stronger in the interfacial areas respect to the rest, which suggests a more 

pronounced morphology in this region or the presence of the low-energy emitting 

CTS, as proposed by Grancini et al.
[27]

 

From the spatially-integrated PL results reported in Figure 6.2 and from the 

micrographs reported in Figure 6.3, we infer that in order to have a good CTS 

emission signal a certain degree of intermixing between the two components of the 

blend is necessary. To confirm this hypothesis and to localize the CTS emission, 

we perform spatially resolved spectroscopy measurements. By recording the 

emission spectra point by point we are able to collect a set of data showing the 

spatial distribution of the PL signal. This is done by coupling the second harmonic 

of a Ti-Sapphire laser to the scanning head of a laser scanning confocal 

microscope, the photoluminescence coming from the sample is detected by three 

PMTs, which allows reconstructing the PL image of the sample point by point. 

After imaging, a specific area of the sample is excited selectively to detect the PL 

spectra of the region.  

In Figure 6.4a, regions of different typology revealed in the imaging of the 

APFO:PCBM 1:2 film are highlighted. The spatially resolved PL spectra of these 

regions are shown in Figure 6.4b. In this way, we are able to unambiguously 

determine the different contributions of the blend domains to the 

photoluminescence emission.  

The spectrum coming from the area “A” shows the typical emission of PCBM, 

confirming the assignment of the dark domains to PCBM rich phases. The 

interface spectrum, indicated by “B” in the plot, shows the spectroscopic features 
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of both the polymer and the PCBM with a prominence of the latter. This suggests 

the presence of a gradient in the PCBM concentration, going toward the PCBM 

rich domains in the film. The spectrum relative to the area “C”, which appears 

homogeneously bright shows the APFO3 emission. While the spectrum coming 

from the area “D” shows the APFO3 contribution and a new emission peaked at ~ 

800 nm, which we attributed to the CTS emission. It is important to notice that the 

CTS emission in APFO3-PCBM blend occurs in the same spectral range of the 

PCBM shoulder. However, the spectrum “D” does not show any evidence of 

PCBM emission at 730 nm, confirming that the feature at 800 nm is determined by 

the CTS recombination. It has been underlined by several authors,
[25,29]

 that the 

wavelength of the PL emission of the CTS strongly depends on the dielectric 

constant of the environment, which is determined by the composition and 

morphology of the blend.  
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Figure 6.4: CLSM image of APFO3/PCBM 1:2 blend (a) and PL spectra (b) recorded in a PCBM 
rich regions (circle A), in an interfacial region (circle B), in a polymer rich regions (circle C), and in a 
region of high intermixing between the two materials (circle D). 

 

This results show that the CTS signal is mostly localized in areas of the sample 

in which the polymer and the fullerene derivative are more intimately mixed, and 

not in proximity of macroscopic interfaces. This finding is in agreement with 

previously reported results, showing that in poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
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cyclopenta[2,1-b;3,4-b']-dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] 

(PCPDTBT):PCBM blends the CTS emission is suppressed when processing the 

samples with 1,8-octanedithiol (ODT).
[17]

 Adding the high boiling point solvent 

promotes the polymer crystallization and the formation of bigger domains, 

preventing an excessive intermixing. Similarly, the highly crystalline poly[(4,4'-

bis(2-ethylhexyl)dithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3 

benzothiadiazole)-5,5'-diyl] (Si-PCPDTBT), was found to be not affected by the 

CTS recombination because of its high crystallinity and tendency to form supra-

molecular domains.
[16,26]

  

 

6.4 Conclusions 

We investigate and correlate the photophysical and morphological features of 

blends of APFO3 and 66% and 80% of PCBM. The integrated photoluminescence 

spectrum of the 66% blend shows a strong emission at ~ 800 nm, ascribed to the 

CTS recombination. By correlating imaging with PL spectra measured in different 

areas of the 66% PCBM film we assign, unambiguously, the CTS emission to 

microscopical regions in which the intermixing between the two materials is 

higher, confirming results of previous indirect experiments on different BHJ. 

Finally, a combination of CLSM imaging and advanced photoluminescence 

measurements turned out to be a powerful tool for understanding the physics of the 

BHJ, when the morphological characteristics of the film can be revealed. 
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Summary 

Confocal Laser Scanning Microscopy (CLSM) allows correlating the 

morphological features with the local optical properties of the sample under 

investigation. In a relatively simple and fast way the photoluminescence 

observable can be recorded point-by-point giving not only an intensity map but 

also detailed energetic and dynamic information. In Chapter 2 we have presented 

an overview of the basic concepts of Confocal Microscopy and the experimental 

setup employed in the research work described in this thesis. 

Its versatility makes CLSM extremely useful in different field of research. The 

high contrast imaging and the possibility of optically sectioning the specimen are 

important characteristics which have strongly contributed to its popularity in 

biology.  

In this thesis we exploited the power of CLSM to understand the properties of 

two very different systems for which the correlation of morphology and optical 

properties are extremely relevant: starch granules and organic bulk-

heterojunctions. 

 Starch constitutes one of the major sources of carbohydrates and energy for the 

human diet and also a raw component for food and non-food industrial products. 

Native starch from different botanical sources semi-crystallizes in water-insoluble 

granular structures, consisting mainly of two polymers of D-glucose, amylopectin 

and amylose, with varying relative ratios. The tendency of amylose chains to 

generate inclusion complexes in presence of a ligand like iodine or linear alcohols 

has been object of a wide interest; in particular inclusion complexes between 

amylose and lipids such as fatty acids and phospholipids have been extensively 

investigated due to their influences on several characteristics of the food, like the 

staling, the digestibility and the rheological properties.  

Amylose-lipid inclusion complex formation is commonly described with the 

aliphatic chain of the fatty acid molecule hosted inside the hydrophobic cavity of 

the amylose helix (the so-called V-amylose), while the polar head including the 

carboxylic acid remains outside the helix due to electrostatic interactions. The 

driving forces of this complex formation have been identified as determined by 

weak intramolecular bonds (van der Waals forces and hydrogen bonds), which take 

place between the turns of the amylose helix and intermolecular forces to stabilize 

the complex between the amylose chain and the ligand. 

In Chapter 3-5 the structure and the dynamics of inclusion complex formation 

between fluorescent lipophilic molecules and amylose in starch granules from 
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different botanical sources and with different content of amylose and amylopectin 

have been investigated. 

In Chapter 3 by studying regular and waxy starch granules (the latter may reach 

up to 100% amylopectin content), we were able to identify a specific interaction 

between the peripheral amylose coils and the lipophilic molecules labelled with a 

dye in order to be detected by confocal microscopy. We could proof that this 

process is occurring efficiently at temperature below the gelatinization point for 

low lipid concentration. Furthermore, we showed that long amylopectin chains are 

also able to form complexes with aliphatic ligands. 

By combining Confocal Laser Scanning Microscopy and spatial resolved 

photoluminescence spectroscopy (the experimental setup has been described in 

Chapter 2), we were able to discriminate the presence of amylose molecules in the 

peripheral regions of the starch granules, associating a specific optical fingerprint 

to the fluorescent lipophilic molecules which experience a different environment. 

In particular in the case of the regular potato starch, the aliphatic chains of the 

lipid is involved in the complex with the amylose chains and the polar head stays 

outside the coil (Chapter 4). The specific nature of the interaction between amylose 

and lipophilic molecules has been proved also by performing “washing 

“experiments. In particular we were able to demonstrate that in case of interaction 

with amylopectin in waxy starch granules, the lipophilic molecules were easily 

removed after the washing procedures (Chapter 4). 

To investigate the dynamics of inclusion complex formation, real time 

observations were performed exploiting the time-frame capability of the Confocal 

Laser Scanning Microscope. With this measurement we were able to infer that the 

inclusion complex formation occurs within tens of seconds, well below the 

gelatinization temperature. These results are presented in Chapter 5 of this thesis. 

Spatially resolved photoluminescence combined with Confocal Laser Scanning 

Microscope as a powerful tool to correlate photophysical and morphological 

features has been exploited also to study prototypical organic bulk heterojunction 

used as active material for organic solar cells, as presented in Chapter 6. Organic 

photovoltaic devices based on polymer-fullerene bulk heterojunction have been 

recently gaining increased attention in the scientific community due to the 

promising power conversion efficiency. However, several aspects related to 

organic bulk heterojunctions performance and to the strategies to improve it are 

nowadays debated. For instance the charge generation process and the nature of the 

losses are between the most fundamental aspects for the optimization of organic 

solar cells.  
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Recently, the formation of charge transfer states (CTSs) has been observed in 

several bulk-heterojunctions. In the CTS state, an intermediate excited state, the 

electron and the hole are weakly bounded by Coulombic forces and delocalized 

over nearest molecular sites. To better understand the physics of the CTS in 

polymer: fullerene blends we investigated blends of poly((2,7-(9,9-(di-n-

octyl)fluorene)-alt-5,5-(4',7'-di-thienyl-2',1',3'-benzothiadiazole)), (APFO3, a 

prototypical conjugated polymer) and different percentages of the fullerene 

derivative PCBM, prepared with a coarsened morphology in order to spatially 

resolved different regions of the blend (Chapter 6). By correlating imaging with PL 

spectra measured in different areas we assign, unambiguously, the CTS emission to 

microscopical regions in which the intermixing between the two materials is 

higher, confirming results of previous indirect experiments on different BHJ.  

To conclude, with this work we were able to study the morphology, optical 

fingerprint and the dynamics of different systems, from starch to organic bulk-

heterojunction, highlighting the versatility of the experimental technique 

employed. 
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Samenvatting 

Confocale Laser Scanning Microscopie (CLSM) maakt het mogelijk om 

morfologie en lokale eigenschappen van een sample met elkaar te correleren.  

Met een relatief eenvoudige en snelle methode kunnen het sample en de 

structuur ervan onderzocht worden op een puntsgewijze basis die niet enkel 

een intensiteit map maar ook gedetailleerde energetische en dynamische 

informatie teruggeeft.   

In hoofdstuk 2 wordt een overzicht gepresenteerd van de basis concepten 

van confocale microscopie en de experimentele set-up die gebruikt is tijdens 

het onderzoek beschreven in deze thesis. 

De veelzijdigheid van CLSM maakt deze techniek alomtegenwoordig in 

verschillende onderzoeksgebieden. De hoge contrast afbeeldingen en de 

mogelijkheid om een specimen optisch op te splitsen, maken deze techniek een 

uitstekend tool in tal van biologische onderzoeken. 

In deze thesis hebben we getracht om de CLSM techniek toe te passen op 

twee zeer verschillende systemen waarbij de correlatie tussen de morfologie en 

de optische materiaaleigenschappen extreme belangrijk zijn: zetmeel granulen 

en organische bulk-heterojuncties. 

Zetmeel is het voornaamste bestanddeel van carbohydraten en energie voor 

het menselijk lichaam en ook een basis bestandsdeel in de voedingsindustrie en 

daarbuiten. Niet gemodificeerd zetmeel uit natuurlijke producten half-

kristalliseert in onoplosbare granulaire structuren die voornamelijk bestaan uit 

twee polymeren D-glucose, amylopectine en amylose, met verschillende 

relatieve verhoudingen. 

De neiging van amylose ketens om inclusie complexen te vormen in de 

aanwezigheid van een ligand als iodine of lineaire alcoholen is een 

onderzoeksvraag waar veel belangstelling voor is; specifiek inclusie 

complexen tussen amylose en lipiden zoals vetzuren en fosfolipiden worden 

vaak onderzocht voor de effecten ervan op eigenschappen van voedsel, zoals 

de houdbaarheid, de verteerbaarheid en reologische kenmerken. 

Amylose lipide inclusie complexe formatie wordt vaak beschreven met 

alifatische vetzuurmolecuulketens bevat in hydrofobe caviteiten de amylose 

helix (zogenaamde V-amylose), terwijl de polariteit, inclusief de carboxylische 

zuren buiten de helix blijven omwille van elektrostatische interacties. 

De drijvende kracht van deze complexe formatie zijn geïdentificeerd als 

zwakke intra moleculaire krachten (van der Waals kracht en waterstof), die 
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plaatsvinden tussen de curves van de amylose helix en intermoleculaire 

krachten om het complex te stabiliseren tussen de amylose keten en de ligand. 

In hoofdstuk 3-5 worden de structuur en dynamica van inclusie complexe 

formatie tussen fluorescent lipofilische moleculen en amylose in zetmeel 

granulen van verschillende organische bronnen en met verschillende amylose 

en amylopectine inhoud onderzocht. 

Hoofdstuk 3 bestudeert reguliere en waxy zetmeel granulen (tot 100% 

amylopectine gebaseerd) en identificeert een specifieke interactie tussen de 

periferische amylose keten en lipofilische moleculen die gelabeld zijn met een 

kleurstof om gedetecteerd te kunnen worden door confocale microscopie. Er is 

aangetoond dat dit proces efficiënt plaatsvindt bij kamertemperaturen onder het 

gelatinizatiepunt voor lage concentraties lipiden. Verder wordt aangetoond dat 

lange amylopectine ketens ook in staat zijn om complexen te vormen met 

alifatische liganden. 

Door het combineren van Confocale Laser Scanning Microscopie en hoge 

ruimtelijke resolutie fotoluminescentie spectroscopie (de experimentele set-up 

is beschreven in Hoofdstuk 2), is het mogelijk om de aanwezigheid te 

observeren van amylose moleculen in de periferie van de zetmeel granulen 

door het toekennen van een specifieke optische fingerprint aan de fluorescente 

lipofilische molecule die verschillende condities ondergaan. 

Specifiek voor het geval van het reguliere aardappelzetmeel, is de 

alifatische lipideketen betrokken in het complex met de amylose ketens en de 

polariteit blijft buiten de helix (Hoofdstuk 4). 

De specifieke aard van de interactie tussen amylose en lipofilische molecule 

is ook verbeterd door het uitvoeren van “schoonmaak” experimenten. Dit is 

aangetoond voor het speciale geval van de interactie met amylopectine in waxy 

zetmeel granulen waar de lipofilische molecule eenvoudig te verwijderen zijn 

na de “schoonmaak” procedures (Hoofdstuk 4). 

Om de dynamica van inclusie complexe formatie te onderzoeken, zijn 

realtime observaties uitgevoerd die de tijd-frames capaciteit van de Confocale 

Laser Scanning Microscoop exploiteren. 

Uit deze metingen kunnen we afleiden dat inclusie complexe formatie 

plaatsvindt binnen een tiental seconden, en ver beneden de 

gelatinizatietemperatuur. Deze resultaten worden beschreven in Hoofdstuk 5 

van deze thesis. 

Hoge ruimtelijke resolutie fotoluminescentie gecombineerd met Confocale 

Laser Scanning Microscopie en gebruikt als tool om foto-fysische 

eigenschappen en morfologie met elkaar te correleren is hier ook toegepast in 
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de studie van prototypische organische bulk heterojuncties die dienen als actief 

materiaal voor organische zonnecellen, zoals gepresenteerd in Hoofdstuk 6. 

Organische foto- voltaïsche materialen gebaseerd op polymer:fullerene bulk 

heterojunctie krijgen recentelijk veel aandacht in wetenschappelijk onderzoek 

vanwege veelbelovende efficiëntie in vermogensomzettingen. 

Verschillende aspecten die gerelateerd zijn aan de prestaties van organische 

bulk heterojuncties en de mogelijke strategieën om deze te verbeteren zijn zeer 

actueel. Bijvoorbeeld het genereren van lading en de processen die 

ladingsverliezen veroorzaken, zijn de meest fundamentele aspecten in de 

optimalisatie organische zonnecellen. 

Recentelijk is de formatie van het charge-transfer complex (CTS) 

geobserveerd in verschillende bulk-heterojuncties. In de CTS toestand, een 

overgangstoestand, zijn het elektron en het gat zwak met elkaar gebonden door 

Coulomb krachten en gedelokaliseerd over de meest naburige moleculaire 

structuren. Om de fysica van CTS in polymer:fullerene mengsels beter te 

begrijpen, zijn mengsels onderzocht van APFO3 (een prototypisch 

geconjugeerd polymeer) en verschillende percentages van de fullerene 

afgeleide PCBM, geprepareerd met een grovere morfologie om zo de 

verschillende gebieden van het mengsel met een hoge ruimtelijke resolutie te 

kunnen onderscheiden. 

Door het correleren van afbeeldingen gemaakt met PL-spectra voor 

verschillende lokale gebieden, kunnen we, eenduidig, de CTS emissie 

toekennen aan microscopische gebieden waar intermixing tussen de twee 

materialen hoger is en hierdoor eerder onderzoek bevestigen dat gedaan is op 

indirecte experimenten met verschillende BHJ. 

Samengevat is dit werk een studie van de morfologie, optische fingerprint 

en dynamica van verschillende systemen, variërend van zetmeel tot organische 

bulk heterojuncties waarbij de veelzijdigheid benadrukt wordt van de 

experimentele toegepaste technieken. 
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