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Theoretical Background 
Introduction 

Throughout the years, science and technology have advanced rapidly. Scientists face new 
challenges every day and have to adapt their research to the needs of the ever-changing world. 
Those challenges drive researchers to conduct more complex studies than those of the past. In order 
to meet the goal of any scientific research, the combination of a plethora of scientific knowledge 
and expertise has always been of vast importance, much more today as the technology progresses 
rapidly and the questions that are born need answers and solutions that are precise and of high 
quality, in order for the new ideas to be implemented. 

Said advances and scientific progress motivate us to research and develop new materials, inspired 
by the way things are created by nature, ever so wisely. By observing how everything is virtuously 
and perfectly created, adapts and evolves in nature we are triggered to try and recreate structures 
of biologic nature that resemble the already existing ones (e.g. the structures presented in Figure 
1), in order to supplement or positively intervene in every form of life and create a healthy frame 
of development. For example, the cellular membranes consist of lipids, which feature a hydrophilic 
and a hydrophobic part (Figure 2) therefore spontaneously forming supramolecular structures. 
Taking into consideration the amphiphilic nature of lipids and their ability to self-assemble, 
countless studies focus on the development of such complicated structures.  

 

Figure 1. (a) SEM images of lotus (N. nucifera) leaf surface, which consists of a microstructure 
formed by papillose epidermal cells covered with three-dimensional epicuticular wax tubules on 

the surface, which create nanostructure. (b) Image of a water droplet sitting on a lotus leaf.[1] 

Synthetic amphiphilic molecules are able to create several structures according to their molecular 
structure and geometry.[2,3,4] Amphiphilic block copolymers create structures that resemble those 
of natural lipids. Those superstructures find application in many fields such as medicine, biology 
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and pharmaceutics as they provide the ability of storage, transport and release of pharmaceutical 
substances. In the last years many superstructures have been developed to target the more efficient 
performance of polymeric nanocarriers and have the ability to release a substance at a specific 
target, rate and amount.  

 

Amphiphilic Molecules 

The term amphiphile is used to describe the kind of molecule that consists of a hydrophilic and one 
or more hydrophobic parts (Figure 2).[2] 

 

Figure 2. Schematic illustration of an amphiphilic molecule.[2] 

More specifically, the hydrophilic parts contain charged atoms or polar groups. This enables the 
molecules to interact via electrostatic interactions or hydrogen bonds with the polar molecules of 
water. The hydrophobic parts do not bear any charge and are, therefore, non-polar. As a result, they 
cannot interact intermolecularly with water molecules, they are able to interact with each other via 
van der Waals interactions and form supramolecular structures to minimize the energy of 
interaction with water (hydrophobic effect). When an amphiphilic molecule is present in aqueous 
environment, the hydrophilic parts adjust in order to be in contact with water and the hydrophobic 
parts create aggregates in order to avoid it. Some widely known examples of such molecules are 
soap and detergents, as well as the cellular membranes. 

The amphiphiles that have been vastly studied are the molecular ones, which have a low molecular 
weight (100-1000Da). The amphiphilic macromolecules (copolymers), in which the molecular 
weight exceeds that of the molecular ones (10 to 1000 times higher), have also been studied in the 
last decades. During polymerization, some amphiphilic polymers or copolymers appear to form 
defined structures thanks to a property known as spontaneous self-assembly. [5,6,8] 

 

Self-Assembly 

Self-assembly is the phenomenon through which the components of a system spontaneously 
organize, that is without the influence of any external factors, resulting in the formation of complex 
superstructures. [3,4] A characteristic example of such structures that can be found in nature are 
cellular membranes. 
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In detail, the phenomenon of self-assembly occurs due to intermolecular and intramolecular 
interactions, such as hydrogen bonds, ionic, p-p and van der Waals interactions. The minimization 
of the Gibbs free energy is the trigger that initiates the self-assembly of the molecules of a system. 
The variety in shape and size of the structures depends on the hydrophobic free energy, whereas 
the aggregates that may be formed possess the lowest possible surface energy. Most common 
examples of such structures are micelles (spherical, cylindrical, flattened), vesicles with one or 
multiple layers, microrods, membrane-like surfaces, inverted structures and laminar phases.  

 

Figure 3. Common aggregation morphologies observed with molecular amphiphiles upon self-
assembly: (a) micelles, (b) micellar rods, (c) planar bilayers, (d) vesicles, (e) inverted micelles.[7] 

In dilute solutions of amphiphilic molecules, the curvature between a hydrocarbon chain and water, 
at their interface, is the factor that determines the final structure. [3,4] More specifically, the 

architecture of the superstructure is determined by the surfactant packing parameter P:    𝑃 =
∙
 , 

where V stands for the volume of the chain of the hydrophobic part, α, the cross-section area of the 
hydrophilic head and l for the length of the hydrophobic tail (which approximates the expected 
length of fully extended chains).[7] 

 

 

 

Figure 4. Examples of aggregation patterns depending on the head-to-tail ratio (P): (a) micelle 
for P<1/2, (b) micellar rod for 1/3<P<1/2, (c) planar bilayer or vesicle for ½<P<1 and (d) 

inverted micelle for P>1.[7] 
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Giant Amphiphiles 

Giant amphiphiles are biohybrids or bioconjugate amphiphiles, which consist of a biological and a 
synthetic part. More specifically, they consist of a hydrophilic head, which can be a protein or an 
enzyme, and one or more hydrophobic polymeric chains.[8,9,10,11,12,13,14] Giant amphiphiles consist of 
macromolecules and, as a result, their molecular weight is much larger than that of amphiphilic 
molecules and block copolymers. 

A special feature of most giant amphiphiles is that the protein-polymer ratio is well defined and the 
position of conjugation is absolutely defined. These macromolecules are expected to combine the 
properties of both the biological and the synthetic part and express these properties in their 
superstructures. For example, the hydrophobic polymeric part induces the spontaneous self-
assembly of the giant amphiphiles when they are found in aqueous solutions and provides its 
properties to the new superstructure. The biological part could also contribute with its endogenous 
properties to the superstructure. Furthermore, the proteins and the enzymes are monodispersed, 
therefore the synthesis of giant amphiphilic molecules results in the formation of macromolecules 
of smaller polydispersity and well-defined superstructures.[9,10,11,12,13,14] 

 

pH- Responsive Polymers 

In the recent years, many studies have focused on “smart” polymers or copolymers, which bear the 
special feature of adapting their properties according to environmental changes and external 
stimuli.[15,16,17] More specifically, those smart polymers can be responsive to temperature, pH, 
magnetic field or ionic power changes by switching phases, from hydrophobic to hydrophilic and 
vice versa.  

Homopolymers or copolymers that are responsive to pH changes, are widely used in the field of 
targeted drug delivery.[15] The reason behind their use for such purposes is the fact that there is a 
critical pH value which determines the solubility of the polymer. In detail, at pH values lower than 
the critical one, the polymer is positively charged, whereas at pH values higher than the critical 
one, the polymer is deprotonated (neutral charge). As a result, a polymer, such as pDPA (poly(2-
(diisopropylamino)ethyl methacrylate), exhibits hydrophobic properties in aqueous solutions with 
high pH values but becomes hydrophobic (therefore soluble in water) as the pH value of the solution 
becomes lower than the critical point. This phase transition is abrupt and reversible. [15,16,17] 

 

Aqueous Copper Mediated Living Radical Polymerization  

Living Radical Polymerization (LRP) exists in many forms and has been used for years as a 
polymerization method, but copper complex catalysed LRP was firstly reported in 1995 by Jin-
Shan Wang and Krzysztof Matyjaszewski as, now widely known and used, atom transfer radical 
polymerization (ATRP). [21,22] Since then, this method with copper as a catalyst has become one of 
the most efficient and commonly used in polymer science as it enables the design and synthesis of 
polymers with well-defined composition, structure and functionalities. More specifically, the 
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polymerization is controlled by the formation of radicals and through their reversible deactivation, 
essentially the formation of inactive radicals. Due to the low concentration of free radicals the 
termination reactions take place more sparsely resulting in the development of longer polymeric 
chains and, therefore, the formation of polymers of high molecular weight and low polydispersity.  

Many modified ATRP systems have been developed since, especially after 1997 when Krzysztof 
Matyjaszewski introduced Cu(0) along with specific ligands as catalysts of the polymerization. [23] 
In 2006, Virgil Percec introduced a different mechanism known as single electron transfer living 
radical polymerization using Cu(0) and tris(2-(dimethylamino)ethyl)amine(Me6TREN) as ligand 
in polar solvents. [24] Later on, in 2013, said mechanism was achieved in aqueous environment, in 
ambient temperature, and without the need to eliminate the oxygen from the reaction by using 
nitrogen. More specifically, in 2018, oxygen-free, copper-mediated reversible deactivation radical 
polymerization was achieved by adjusting the head space of the vessel in which the reaction takes 
place. [38] This gave space for the development of many methods and protocols to control the 
polymerization of vinyl monomers and perform said synthesis in a quicker and easier way. 

 

 

Figure 5. General mechanism of single-electron transfer living radical polymerization (SET-
LRP). Pn : developing polymeric chain or initiator, X : halogen, L: ligand,  Cu|X : Cu(I) species , 
Cu||X2  : Cu(II) species , M : vinyl monomer, kdis : disproportionation equilibrium constant, kact : 

activation step of the reaction of polymerization, kdeact : deactivation step of the reaction of 
polymerization, kp : deactivation step of polymerization, kt : termination of polymerization step, 

Pn
• : free radical that initiates polymerization and Pn-Pn : polymeric chain that is formed after the 

termination of LRP.[19] 

The mechanism of SET-LRP is quite similar to that of ATRP. More specifically, the 
disproportionation of CuBr (or any other Cu(I) precursor) takes place ahead of the polymerization, 
in the presence of the ligand (usually Me6TREN), at 0oC. The result of the disproportionation is the 
formation of Cu(0) that acts as the electron donor, as well as the formation of Cu(II) species that 
mediates the reversible termination of the polymerization. The initiator usually contains a halogen 
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at its end (e.g. bromine, chlorine) and can be of macromolecular nature (macroinitiator) or a 
biomolecule (biomacroinitiator). [9,18,19] The actual reaction of the polymerization takes place at 
25oC, in water, where the Cu(0) reacts with the initiator (the last acts as an electron-acceptor) 
creating and transporting the free radical from the initiator. The free radicals that are formed react 
with the monomer and the polymeric chain is formed, until there is no amount of monomer left. 

This method has been extensively used, studied and developed in the last decade. It has proven to 
be useful and provide control over the synthesis of many different types of polymers, resulting in 
polymers with specific molecular weight, architecture and functionality.  

 

Endocytosis of polymeric nanocarriers 

In the latest decades, the use of various types of nanoparticles for prognostic and therapeutic 
purposes has been of great interest throughout the scientific community. The reason behind that is 
that a nanocarrier that is designed and synthesized in order to bear very specific properties, offers 
a chance to target specific cell types or tissues, providing a targeted and controlled way to deliver 
drugs or diagnose diseases that affect particular areas or cells of the body.[27] Finding the best way 
to design and produce such nanoparticles is as important as thoroughly studying their uptake by the 
cells, as well as their effect.  

First, nanoparticles need to be able to move around and interact with the extracellular environment, 
which is of defined conditions (e.g. temperature, pH etc.). Then, the cells must be able to detect the 
nanoparticles and endocytose them, which is the desired outcome. Depending on both the cell type 
and the nature of the particles, the mechanism of endocytosis may differ in each case. The most 
common endocytic pathways can be seen below. 

 

Figure 6. Various internalization pathways of nanoparticles.[28] 

Larger particles are usually internalized via phagocytosis, which takes place in macrophages, 
neutrophils or monocytes. The particle is firstly recognised by an opsonin, it comes in contact with 
the membrane and interacts with the receptors until it is internalized in a structure that is the 
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phagosome, which ultimately merges with lysosomes.[26] Nanoparticles can also be endocytosed 
via micropinocytosis, which is initialized as an external stimulation activates tyrosine kinases, 
triggering the formation of membrane ruffles that engulf fluid from the extracellular environment. 
The ruffles turn into vesicles, called macropinosomes, that carry the fluid and nanoparticles into 
the cellular matrix and fuse with lysosomes.[26] Another pathway is the caveolin-dependent 
endocytosis, through which the nanoparticle interacts with the receptor, flask-shaped vesicles are 
formed and pinch off the cellular membrane to move about the cytosol. This type of pathway does 
not lead to the fusion of the vesicles with lysosomes, therefore it can be useful for particles that 
need to travel to the nucleus.[26] The most common pathway, met in all mammalian cells is clathrin-
dependent endocytosis. After nanomaterials interact with receptors on the cell membrane, a 
cytosolic protein named clathrin-1 polymerizes on the cytosolic side of the plasma where the 
particles are engulfed in clathrin coated vesicles (CCV), which move towards the interior of the 
cells, and, after the removal of the clathrin coat, the cargo is moved either towards lysosomes or 
other organelles, depending on the cell type.[26] The nanoparticles may, also, be decorated with 
specific substances that are detected by receptors on the surface of the cell membrane and, 
therefore, internalized in a way indicated by the corresponding receptor.[25] All the aforementioned 
internalization pathways require energy consumption by the cell, however, smaller particles can be 
internalized passively, by penetrating the cell membrane without affecting the membrane or its 
functions.[25] 

It is obvious that a nanomaterial can enter a cell through various and complicated mechanisms, 
which can affect the functionality of the corresponding material, as well as its structure, stability 
etc. Therefore, it is of upmost importance to determine the endocytic pathway through which a 
material will be internalized by the targeted cells, in order to design it properly to survive through 
that path and deliver the desired results. 

 

Confocal Microscopy Principles 

Confocal microscopy provides better spatial resolution than conventional fluorescence 
microscopy, as the light scattering from other focal planes does not interfere with the image 
capture. As pictured below, a low−powered laser is focused onto a single point in a defined 
microscopic field of view, and the same lens is used as both the condenser and objective 
folding optical path[20]. The point of illumination, therefore, coincides with the point of 
detection within the specimen. Light emanating from that point is focused through a 
pinhole to a detector, and light emanating from outside the illuminated spot is rejected. 
The illumination and detection systems are in the same focal plane and hence they are 
termed “confocal”. All detected signals from the illuminated spot are captured and 
measured. The image of a scanned region can be constructed and digitized by measuring 
the light returning to the detector from successive points. Series of confocal images within 
successive planes can be used to observe fine cellular or subcellular structures, and 
three−dimensional structures in the specimen can be imaged. Confocal microscopy has 
become a standard method for molecular imaging in basic research, in conjunction with 
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fluorescence labeling techniques, selectively imaging the position of specific structures, 
such as proteins, nanoparticles etc., at distinct cellular locations.  

 

Figure 7. Schematic representation of laser-scanning confocal microscope.[20] 

 

 

Purpose of Thesis 

The aim of this thesis was to create an initial, responsive drug delivery model carrier, in order to 
examine the interactions between the carrier- composed of a pH-responsive biohybrid- and cancer 
cells, with prospect of its use towards targeted drug delivery to treat a lysosomal disorder. In 
order to achieve that, there was the need to optimize the method of synthesis of a pH-responsive 
biopolymer, to thoroughly study the response of corresponding biohybrid to pH changes and 
determine its critical pH point, to determine the toxicity of the particles and to investigate their 
internalization process, as well as, to examine their movement and interaction with organelles 
inside the cells. 
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Methods/Protocols 
Aqueous copper-mediated living radical polymerization under non-deoxygenated 
media - Synthesis of BSA-poly(2-(diisopropylamino)ethyl methacrylate) 

 

 

 

Figure 8. Synthesis of BSA-pDPA. 

Stock solutions of Me6TREN and CuBr were initially prepared. More specifically 3.14 μl (0.00588 
mmoles, 40 equivalents) of Me6TREN were dissolved in 200 μl of DMSO and 0.008g CuBr 
(0.00588mmoles, 40 equivalents) were dissolved in 200 μl DMSO. 370μl of nanopure water were 
injected via a plastic cord into a common polypropylene syringe containing a magnet. 10 μl of the 
CuBr stock solution and 20 μl of Me6TREN were sequentially added to the syringe. The syringe 
was placed on ice for 3 mins under rapid stirring, in order to achieve full disproportionation (Picture 
1). During that time, the formation of Cu(0) microparticles could be visually observed. The syringe 
was then withdrawn from ice and 70 μl of the monomer (2-(diisopropylamino)ethyl methacrylate 
(0.294 mmoles, 2000 equivalents) were added via a glass syringe. Finally 420μl of a 0.35 mM 
solution of the BSA-macroinitiator (1.47·10-4 mmoles, 1 equivalent) was added, bubbles were 
removed from the syringe to minimize head-space, the syringe was sealed with a cap and the 
reaction was allowed to proceed for ~ 24 h at room temperature under mild, constant stirring. The 
ratio of BSA-macroinitiator to the monomer was 1:2000 and the ratio of BSA-
macroinitiator:CuBr:Me6TREN was 1:40:40. It should be noted that the pH of the solution (7.4) 
during polymerization ensured that the BSA-pDPA would be formed above the critical pH point of 
pDPA and would therefore be  hydrophobic.   

 

 

 

 



11 
 

 

Picture 1. On the left: the blue color is indicative of the presence of Cu(II), also, black particles 
were observed which are indicative of the presence of Cu(0). On the right: the solution is white 

and opaque, as the biopolymer is formed in its hydrophobic state. 

 

Aqueous Copper-mediated living radical polymerization of BSA-poly(2-
(diisopropylamino)ethyl methacrylate) [direct deposition of CuBr and Me6TREN) 

The protocol followed was the same as the previous one, referring to quantities, but was modified 
so that CuBr was directly disposed to the syringe (instead of being dissolved in DMSO) by cutting 
a plastic pipette tip, placing it at the nozzle of the syringe, along with a paper funnel. After the 
deposition of CuBr, the tip and the funnel were removed and nanopure water and Me6TREN, which 
was also not dissolved in DMSO, were injected into the syringe.  

That modification was made in order to avoid the loss of CuBr or Me6TREN during transfer to the 
syringe, as the quantities are small, which would affect the reproducibility of the protocol.  

 

Determination of the critical pH point of BSA-pDPA via Ultraviolet–visible 
spectrophotometry   

As mentioned, pDPA is a pH-responsive polymer (and so is the biohybrid), which means that when 
the nanoparticles are in their hydrophobic state, the solution is visibly white and opaque and when 
the nanoparticles are in their hydrophilic state, the solution is visibly transparent. 

In order to determine the turning pH point of BSA-pDPA, the transmittance of samples consisting 
of biopolymer dispersed in milliQ water (1:30) was measured by a UV-Vis Spectrophotometer 
while small amounts of HCl 0.002M were incorporated in the solution, in order to gradually lower 
its pH. The sample was placed into a cuvette and a tiny magnet was used to constantly stir the 
solution. The pH value of the solution was measured after each injection of HCl and, then, the 
cuvette was placed in the spectrophotometer and its transmittance was measured for 10 cycles of 
30 seconds each. The total amount of HCl used for this protocol were 1.8ml (100μl per 
measurement) and the pH range was from 7.4 to 4.8.  

In order to ensure the reversibility of this phenomenon, as well as to ensure that the turning point 
is correctly detected, the process was repeated using NaOH (0.005M) to reach higher pH values. 
In the same sample, there was 0.5ml of NaOH added (50μl per measurement) and the pH range was 
from 4.5 to 8.1.   
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Picture 2. (left) pH > 5.5 : the biopolymer (1:30 to milliQ water) is hydrophobic and the solution 
is opaque. (right) pH < 5.5 : the biopolymer (1:30 to milliQ water) is hydrophilic and the 

solution is transparent. 

HeLa Cells 

HeLa cells are the first immortal human cell line, they are of epithelial origin and they were 
isolated from the aggressive glandular cervical cancer of an African-American woman 
(Henrietta Lacks) in 1951. Since then, the line has been widely used in cancer research. 
Almost every human cellular mechanism has been studied using HeLa, as it is a cell line 
that can be sustained for long periods of time and the cells multiply in a very fast pace, in 
comparison to other cell lines[29]. This type of cell line was chosen as a model, because the 
long-term goal of this project is targeted drug delivery in carcinomas. 

 

Picture 3. HeLa cell morphology[30]. 
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Cell Culture 

The medium used for culturing HeLa consisted of Dulbecco’s modified Eagle’s medium (with 4.5 
g/L glucose), enriched with 10% v/v Fetal Bovine Serum (FBS) and 1% v/v penicillin- 
streptomycin solution, in order to avoid contamination of the culture. Cells were maintained in 
incubator (Thermo Scientific) set at fixed conditions of 37oC and 5% CO2. Before the execution of 
any experiment, the space and materials were sterilized via UV for 20-30 minutes. Cells were 
subcultured every 2-4 days, after examining the flask under microscope and determining a 70-80% 
confluency of the space. The protocol that was followed in detail: By using a solution of 0.05% 
w/v trypsin/EDTA (GIBCO, Invitrogen, Kalsrube, Germany) and incubation for approximately 5 
minutes at 37oC, the layer of cells was detached from the surface of the flask. Then, appropriate 
amount of medium (1:3 ratio to the trypsin solution) was added to the flask in order to inhibit the 
action of the enzyme of trypsin, which breaks down the bonds that keep the cells adhered to the 
surface. The suspension containing the cells was transferred to a falcon of 15 ml and centrifuged at 
300g and 25oC for 5 minutes. After the formation of a pellet, the supernatant was removed and 1-
3ml of medium were added resulting in the suspension of the cells after mild stirring. In order to 
create the subculture, certain amount of the cell suspension was added in a new flask along with 
medium, to a final volume of 6 ml. The flask was placed in the incubator and the progress of the 
subculture was frequently monitored. 

 

Cell Counting 

A special type of slide, known as Neubauer hemocytometer, was used to ensure the correct 
reproducibility of the experiments requiring a specific number of cells distributed in wells or on 
coverslips. On the middle of the slide, the structure depicted below is engraved. 

 

Picture 4. The structure of the hemocytometer[31]. 

Each of the big white squares has an area of 1mm2 and every big square has a total volume of 10-

4ml. The counting is conducted as follows: 20μl of the cell suspension that was created after 
reconstituting the cell pellet in medium, were injected between the engraved cross structure and the 
cover slip via pipette. The cells within the white squares, not the ones on the lines separating the 
squares from the cross or the external space, were counted resulting in 4 values (1 for each square). 
The average value of those numbers was multiplied by 104, returning the number of cells in a 
volume of 1ml. The amount of the cell suspension needed for each experiment was calculated by 
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the dilution equation C1∗𝑉1=𝐶2∗𝑉2, where C1 the concentration of cells that was counted, C2 the 
desired concentration of cells, V2 the total volume of the cell suspension solution that will contain 
the desired concentration C2 and V1 the volume that needs to be drawn from the cell suspension in 
order to contain the desired concentration. 

 

MTT Cytotoxicity Assay 

This is a colorimetric assay for assessing cell metabolic activity, through which NAD(P)H-
dependent cellular oxidoreductase enzymes reduce the tetrazolium dye 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT for short) to (E,Z)-5-(4,5-dimethylthiazol-2-yl)-1,3-
diphenylformazan (formazan for short), in the form of purple insoluble crystals, in living cells. 
The cells are analyzed spectrophotometrically and the cell viability is determined in comparison 
to untreated cells [32]. 

The protocol in detail: On day 1 of the experiment, approximately 10000 cells per well were 
seeded in a 96 well plate (triplicates were used to minimize the error and randomness of the 
experiment) in a final volume of 100μl per well. The plate was incubated overnight, so that the 
cells adhere to the wells. On day 2 of the experiment, the supernatant was removed and the cells 
were treated with a wide range of concentrations of BSA-pDPA nanoparticles dispersed in 
medium in a final volume of 100μl/well.  

Concentration 
range in μg/ml 

0.0625 

0.125 

0.250 

0.500 

1.000 

2.000 

4.000 

8.000 

12.000 

16.00 

Table 1. The concentrations of BSA-pDPA used throughout all the repetitions of this protocol. 

 

One triplet of cells was left untreated of nanoparticles, in order to be used as a control sample and 
the plate was incubated for 48h. On day 5 of the experiment, the supernatant was removed and the 
cells were carefully washed with PBS++(1x), which contains Ca++ and Mg++ that keep the cells 
adhered to the surface of the wells. Then, they were treated with the MTT solution, consisting of 
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1:10 of MTT (5mg/ml in PBS) in medium without FBS. The plate was incubated for 4 hours and, 
then, the solution was removed and the cells were treated with 100μl/well of DMSO-Isopropanol 
(1:1) solution, in order to break the cell membranes, release and dilute the formazan products. The 
plate was incubated for 15 minutes in 37oC and then in 4oC for another 15 minutes. Finally, the 
absorbance of the wells was measured by a microplate spectrophotometer at 545 and 630 nm. 

 

 

                     

Picture 5. (left) cells in medium on Day 1, (middle) cells treated with MTT solution on Day 5, 
(right) formazan products diluted in DMSO-Isopropanol solution on Day 5. 

 

Endocytosis Monitoring (Time Course) 

The protocol that follows was performed in order to investigate if the biopolymeric vesicles enter 
the cancer cells and to study the mechanism of entry. More specifically, the type of endocytic 
pathway (passive or active) needed to be determined, as well as the time it takes for the nanovesicles 
to reach the endoplasm of the cells in case they follow the endocytic pathway. The protocol in 
detail: 

On the first day of the experiment, round glass cover slips were soaked in pure ethanol, placed in a 
24 well plate and sterilized via UV for 30 minutes. Then, approximately 20000 cells were 
distributed per well and the plate was incubated overnight, in order for the cells to adhere to the 
cover slips. On the second day of the experiment, the supernatant was removed and the cells were 
washed once with PBS++ (1x) before being treated with 120μg/ml of BSA-pDPA stained with 
fluorescein dispersed in medium without FBS (total volume of 500μl/well). Medium without serum 
was used in order to starve the cells. Serum starvation stops cell division, synchronizes the culture 
and increases particles uptake. The plate was placed on ice for 15 minutes to block active 
endocytosis and to enhance particle binding to cell membrane. One plate with duplicate samples, 
put together as mentioned above, was left in ice for 3 hours, while the other plate was incubated 
for specific time points, more specifically 30 minutes, 1, 2 and 3 hours. When the desired timepoint 
was reached, the samples were washed with PBS++(1x) and fixated with 4% Paraformaldehyde 
(PFA) on ice for 10 minutes. The samples were then washed twice with PBS(1x) and placed (face 
down) on a microscope slide mounted with 4′,6-diamidino-2-phenylindole (DAPI). DAPI passes 
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intact cellular membrane and binds to adenine-thymine rich areas in DNA, staining the nucleuses 
of the cells as a result. DAPI’s emission maximum is at 461nm(blue), therefore the nucleuses will 
appear blue when observed under fluorescent microscope[33]. Lastly, the samples were observed 
using fluorescence microscope with UV lamp and/or confocal laser-scanning microscope LEICA 
SP8. 

 

 

Immunofluorescence Staining 

Immunofluorescence experiments were executed aiming to stain the lysosomes of the cells and 
observe their potential co-localization with the nanovesicles. In detail: 

On the first day of the experiment, round glass cover slips were soaked in pure ethanol, placed in a 
24 well plate and sterilized via UV for 30 minutes. Then, approximately 20000 cells were 
distributed per well and the plate was incubated overnight, in order for the cells to adhere to the 
cover slips. On the second day of the experiment, the supernatant was removed and the cells were 
washed once with PBS++ (1x) before being treated with certain concentrations of BSA-pDPA 
stained with fluorescein dispersed in medium without FBS (total volume of 500μl/well). The plate 
was placed on ice for 15 minutes and, then, incubated for 3 hours in 37oC. Following that, the 
samples were washed with PBS++(1x) and fixated with 4% Paraformaldehyde (PFA) on ice for 10 
minutes. Then, the samples are washed twice with PBS(1x) and the cells’ membranes are 
permeabilized using PBS-Triton 0.1% v/v (500μl/well) for 5-7 minutes at RT. All subsequent steps 
were performed at RT. After being washed once more with PBS(1x), the samples are incubated 
with PBS-BSA 2% w/v/ (blocking solution, 500μl/well), a solution that blocks non-specific 
binding, for 30 minutes. Next, the samples were treated with Rabbit Anti-LAMP1 antibody, which 
specifically targets the Lysosome-associated membrane glycoprotein 1 (LAMP1) that, as stated by 
its name, is highly expressed in lysosomal membranes[34]. The antibody was diluted (1:200) in PBS-
BSA 2% w/v, distributed to the samples (250μl/well) and incubated for 1 hour. The samples were 
washed twice with PBS(1x) and incubated for 45 minutes with the Goat anti-Rabbit Secondary 
Antibody-Alexa Fluor 546, which functions as a dye, colouring the targeted (by the primary 
antibody) lysosomes bright red, with an ideal excitation at 546nm[35]. The antibody was diluted 
(1:500) in PBS-BSA 2% w/v and 250μl were distributed per well. Following two more washes with 
PBS(1x), the samples were placed (face down) on a microscope slide mounted with DAPI and 
observed using fluorescence microscope with UV lamp and/or confocal laser scanning microscope 
LEICA SP8. 

The same protocol was also performed using cold methanol (MeOH), instead of PFA 4% and PBS-
Triton 0.1%, to fixate and permeabilize the cells at the same time. 
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Sample Preparation for Endocytosis Studies 

After ensuring the time at which the particles were inside the cells and the mechanism for cell entry, 
confocal laser scanning microscopy imaging was performed to study the intracellular distribution 
of the vesicles. The samples were prepared as follows: 

On the first day of the experiment, round glass cover slips were soaked in pure ethanol, placed in a 
24 well plate and sterilized via UV for 30 minutes. Then, approximately 20000 cells were seeded 
per well and the plate was incubated overnight, in order for the cells to adhere to the cover slips. 
On the second day of the experiment, the supernatant was removed and the cells were washed once 
with PBS++ (1x) before being treated with BSA-pDPA stained with fluorescein dispersed in 
medium without FBS (total volume of 500μl/well). The plate was placed on ice for 15 minutes and, 
then, was incubated in 37oC for 4 hours. Following that, the samples were washed with an acidic 
buffer (pH=3) consisting of 0.2M glycine and 0.15M sodium chloride. This step was added in order 
to eliminate the fluorescent signal from the membrane bound vesicles which would interfere with 
results interpretation. The buffer was left for 1 minute and, then, the samples were washed with 
PBS++(1x) and fixated with 4% Paraformaldehyde (PFA) on ice for 10 minutes. Finally, the samples 
were transferred onto a microscope slide mounted with DAPI and observed using confocal laser 
scanning microscope LEICA SP8. 

Sample Preparation for FCS 

Via flow cytometry the fluorescence of a flow of cells, as they pass before a laser beam one at a 
time, is measured. Therefore, this method could be used to quantify the signal intensity produced 
by the biopolymeric vesicles inside the cells[36]. 

 

Picture 6. Schematic overview of a typical flow cytometer setup.[37] 
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The samples to be scanned were prepared according to the following protocol: 

On the first day of the experiment, approximately 30000 cells per well were seeded in a 24 well 
plate and the plate was incubated overnight. On the second day of the experiment, the supernatant 
was removed and the cells were washed once with PBS++ (1x) before being treated with BSA-
pDPA stained with fluorescein dispersed in medium without FBS (total volume of 500μl/well). The 
plate was placed on ice for 15 minutes and, then, was incubated for 4 hours at 37oC. Following that, 
the cells were washed once with acidic buffer for 1 minute and then washed once with PBS(1x). 
Then, 300μl/well of 0.05% w/v trypsin/EDTA were added and the plate was incubated for 5 
minutes, in order for the cells to be lifted off the surface of the wells. 1ml of PBS(1x) was added in 
each well to inhibit the action of trypsin and the cells were transferred to eppendorfs of 1.5ml and 
centrifuged at 300rpm and 25oC for 5 minutes. The supernatant was carefully removed, and the cell 
pellet was reconstituted in 400μl of PBS(1x). 

During the execution of the above protocol, some problems were met indicating that the protocol 
needs further optimization. In addition to that, due to technical difficulties, in regards with the flow 
cytometer, the experiment was not performed more than once and, therefore, no results of this will 
be presented at the next section of the thesis. 
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Results  
Characterization of Biohybrids 

According to the protocol of pg.10, stock solutions of Me6TREN and CuBr were prepared by 
dissolving 40 equivalents of CuBr and 40 equivalents of Me6TREN in DMSO. Nanopure water was 
injected via plastic cord into a common polypropylene syringe containing a magnet, followed by 
the stock solutions of CuBr and Me6TREN. The syringe was placed in ice for 3 mins under rapid 
stirring. After the withdrawal of the syringe from the ice, 2000 equivalents of DPA were added via 
glass syringe, followed by 1 equivalent of BSA-macroinitiator. Bubbles were removed from the 
syringe to minimize head-space, the syringe was sealed with a cap and the reaction was allowed to 
proceed for ~ 24 h at room temperature under mild, constant stirring. The ratio of BSA-
macroinitiator to the monomer was 1:2000 and the ratio of BSA-macroinitiator:CuBr:Me6TREN 
was 1:40:40.  

In order to isolate the biohybrid from copper and/or unreacted monomer the product was dialyzed 
against, first 5 mM phosphate buffer, 5% DMSO, ~2 mM EDTA, and then against 20 mM 
phosphate buffer using a regenerated cellulose membrane with MWCO 8-10 kDa. The biohybrid 
was characterized via polyacrylamide gel electrophoresis and size exclusion chromatography and 
imaged by Scanning Electron Microscopy (SEM).  

 

 

Picture 7.  Polyacrylamide gel electrophoresis. Band 1: BSA-macroinitiator, Band 2: BSA-pDPA. 

During the characterization via polyacrylamide gel electrophoresis, as seen above (Picture 2, Band 
2) the band for BSA-macroinitiator (Band 1) is absent and the sample did not migrate onto the gel, 
indicating the success of the living radical polymerization for BSA-pDPA. 

2 
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Figure 9. SEC-HPLC chromatogram of BSA-macroinitiator and BSA-pDPA. 

 

At the chromatogram, the biopolymer appears to have lower elution time than that of the BSA-
macroinitiator, which indicates that the product of the polymerization has a larger hydrodynamic 
radius (higher molecular weight) than the bioinitiator.  

After being characterized, portion of the biohybrid was stained using NHS-fluorescein in DMSO 
(100:14). The stained BSA-pDPA was dialyzed against 20mM phosphate buffer, in a membrane 
with MWCO 8-10 kDa, to remove any excess NHS-fluorescein. 

The size, self-assembly and morphology of the nanoparticles were observed via Scanning Electron 
Microscopy (SEM), as seen in Picture 8. The nanoparticles appear to be spherical in shape, about 
100nm each, sometimes forming larger aggregates. 
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Picture 8. SEM micrographs of BSA-pDPA. 

 

According to the protocol of pg.11, 40 equivalents of CuBr were added via a cut plastic tip and a 
paper funnel into a common polypropylene syringe containing a magnet, followed by nanopure 
water and 40 equivalents of Me6TREN. The syringe was placed in ice for 3 mins under rapid 
stirring. After the withdrawal of the syringe from the ice, 2000 equivalents of DPA were added via 
glass syringe, followed by 1 equivalent of BSA-macroinitiator. Bubbles were removed from the 
syringe to minimize head-space, the syringe was sealed with a cap and the reaction was allowed to 
proceed for ~ 24 h at room temperature under mild, constant stirring. The ratio of BSA-
macroinitiator to the monomer was 1:2000 and the ratio of BSA-macroinitiator:CuBr:Me6TREN 
was 1:40:40.  

In order to isolate the biohybrid from any copper and/or monomer leftovers that did not react, the 
product was dialyzed against, first 5mM phosphate buffer, 5% DMSO and ~2mM EDTA, and then 
20mM phosphate buffer, in a membrane with MWCO 8-10 kDa. The biohybrid was characterized 
via polyacrylamide gel electrophoresis and gel permeation chromatography. 
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Picture 9.  Polyacrylamide gel electrophoresis. Band 1: BSA-macroinitiator, Band 2: BSA-pDPA. 

During the characterization via polyacrylamide gel electrophoresis, as seen above (Picture 9, Band 
1) the band for BSA-macroinitiator (Band 2) is absent and the sample did not migrate onto the gel, 
indicating the success of the living radical polymerization for BSA-pDPA. 

  

Figure 10. SEC-HPLC chromatogram of BSA-macroinitiator and BSA-pDPA. 

At the chromatogram, the biopolymer appears to have shorter elution time than that of the BSA-
macroinitiator, which indicates that the product of the polymerization has a larger hydrodynamic 
radius (higher molecular weight) than the bioinitiator.  

1 2 
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After being characterized, portion of the biohybrid was stained using NHS-fluorescein in DMSO 
(100:14). The stained BSA-pDPA was dialyzed against 20mM phosphate buffer, in a membrane 
with MWCO 8-10 kDa, in order to remove any excess NHS-fluorescein. 

 

Critical pH Point of BSA-pDPA 

The graphs presented below, depict the analogy connecting the transmittance of the dispersed 
biohybrid and its pH. The step-like form of the graphs is indicative of the abrupt change from the 
hydrophobic to the hydrophilic state.  

 

 

Figure 11. Transmittance-pH graphs. (top) high-to-low pH method (addition of HCl), (bottom) 
low-to-high pH method (addition of NaOH). 
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The results appear to be similar for both, the high-to-low pH and the low-to-high pH methods. The 
exact pH critical point of biopolymer is indicated by the lowest point of the graph of the derivative 
of transmittance to pH. 

 

 

Figure 12. Derivatives of transmittance-pH graphs. (top) high-to-low pH method (addition of 
HCl), (bottom) low-to-high pH method (addition of NaOH). 

As seen above, there is a small difference between the two values, which is within the margin of 
experimental error. Therefore, the pH critical point of BSA-pDPA is the average value of the two, 
which is 5.7.  
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Cytotoxic effects of BSA-pDPA 

As mentioned in the previous section, the MTT cytotoxicity assay was successfully performed 
three times, in order to ensure the repeatability of the results and minimize the margin of 
experimental error. Below, are presented the results of these experiments.  

 

Figure 13. Concentrative graph of the successful executions of the MTT Assay Protocol. 

The previous graph is representative of the relation between the percentage of live cells and the 
range of concentrations of BSA-pDPA used to treat the cells. This specific range of concentrations 
was chosen as previous experiments with higher concentrations resulted in very low viability 
percentages. The first bands, correspond to the untreated cells (“control sample”) and were used as 
a comparison for the rest of the samples, consisting of nanoparticle-treated cells. A pattern of 
decrease in cell viability can be observed, as the concentration of the biopolymer increases. Also, 
some minor differences between each experiment at high concentrations is obvious, but it can be 
attributed to experimental error factors, such as non-thorough dilution of the particles due to use of 
very small amounts. 

Further observations can be made by examining the following graph, which contains all the average 
values from the three experiments. 
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Figure 14. Graph of the average cell viability percentages for each concentration of biopolymer. 

By gathering the results of the experiments, the decreasing trend of the viability of the cells as the 
concentration of BSA-pDPA increases is much more distinct. The highest viability percentage is 
that of 89.6% at 0.0625μg/ml, whereas the lowest viability percentage is detected at 16μg/ml and 
is that of 38.6%. Therefore, the first concentration mentioned should be considered the safest one 
for later experiments, as well as the two next values at 0.125 and 0.25μg/ml, which are slightly 
more toxic than the ideal one by 6.0 and 6.2%, respectively. 

It is worth mentioning, that the cell viability percentages did not expand beyond 91% throughout 
the experiments. The nanoparticles seemed to affect the cells within hours of the treatment, as the 
results of the assay executed for 24 instead of 48 hours, closely resembled those presented above. 

The assay was also performed using different batches of the nanoparticles to examine if there is 
any batch-to-batch variation concerning the cell viability. The results presented in Figure 16, 
confirm the same decreasing trend in viability, as in the previous experiments. In addition to that, 
there is no significant difference between batches with referral to the toxic effects of the 
nanoparticles to the cells. Any noticeable differences can be justified by the standard deviations, 
also presented below, as well as the general margin of error of the experiment. It should be noted 
that the nanoparticles labeled as “Batch 1” were synthesized using the initial protocol (pg. 11), and 
the nanoparticles labeled as “Batch 2” were synthesized using the modified protocol (pg. 17). 
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Figure 15. Comparative graph of viability of cells treated with two different batches of BSA-
pDPA, as well as the second batch bound with Fluorescein. 
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Determination of Endocytic Pathway 

In order to determine the pathway through which the BSA-pDPA nanovesicles are internalized by 
HeLa, some samples were placed in ice and some samples were incubated at 37oC (see protocol in 
pg. 23). The reason behind this action is that if the nanoparticles are endocytosed passively, they 
would be visible inside the cell even when the sample would be at 4oC, a temperature where active 
endocytic mechanisms are halted. 

 

 

Picture 10. Confocal image of HeLa treated with fluorescent BSA-pDPA for 30 mins at 4oC. 

In the picture seen above, the nanoparticles (colored green because of fluorescein) surround the 
cells (nucleus colored blue) and appear to gather around the periphery of the cell membrane, but 
cannot be found inside the cells, as the section that is being shown is at nucleus level for the four 
cells on the upper right corner of the picture. The nanoparticles can be noticed externally 
surrounding the cell of the bottom left corner of the picture. 

Even after two hours of the treatment with BSA-pDPA in the same temperature, the cells appear to 
be surrounded by the nanoparticles along their membrane, but, again, the particles do not appear to 
have entered any cells (Picture 12). Therefore, it is safe to conclude that the particles do not get 
internalized passively, but most likely through a protein-mediated endocytic pathway. 
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Picture 11. Confocal image of HeLa treated with fluorescent BSA-pDPA for 2 hours at 4oC. 

 

Time Course of Endocytic Pathway 

After determining that nanoparticles are actively transported inside the cell, internalization was 
observed at different timepoints in order to figure the time the particles need to move from the 
membrane to the cytosol.  

The pictures presented in the next pages are a review of the time course of the clathrin endocytic 
pathway of BSA-pDPA in HeLa. More specifically, 30 minutes after the treatment the nanoparticles 
appear to be gathered alongside the cellular membrane, with only a small amount inside the cell. 
The number of nanoparticles inside the cells starts increasing 1 hour after the treatment, but there 
are still a lot at the cellular membrane. Progressing to 2 hours after the treatment, the number of 
nanoparticles is significantly higher inside the cytosol and they, also, appear to be more dispersed. 
Finally, 3 hours after the treatment, the cells appear to be fully infested with nanoparticles that are 
widely dispersed throughout the cytosol and not as many gathered at the membrane. 

Conclusively, the nanoparticles seem to start being internalized by the cells, in large amounts, 1 
hour after the treatment and they progressively increase in number in the endoplasm, while being 
less abundant at the exoplasmic environment or the cellular membrane.  
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Picture 12. HeLa treated with fluorescent BSA-pDPA for 30 mins, at 37oC. 

 

Picture 13. HeLa treated with fluorescent BSA-pDPA for 1 hour, at 37oC. 
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Picture 14. HeLa treated with fluorescent BSA-pDPA for 2 hours, at 37oC. 

 

Picture 15. HeLa treated with fluorescent BSA-pDPA for 3 hours, at 37oC. 
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Further Observation of the Endocytic Pathway 

Having proven that the BSA-pDPA vesicles are endocytosed by the cells, as well as having created 
a proper time course of the endocytic process, certain protocols (see pg. 24) were followed to make 
further observations of said process. 

Throughout the entirety of confocal microscopy observation, the cells appeared to perform their 
ordinary functions despite the presence of the nanoparticles. The image presented below depicts a 
cell about to divide into two daughter cells (as condensed chromosomes are apparent) and it does 
not seem to be affected by the many nanoparticles inside its cytosol. This phenomenon was 
captured a few more times. 

 

Picture 16. Dividing cell among cells treated with fluorescent BSA-pDPA for 1 hour. 

 

In an attempt to capture clearer picture, where it is distinct beyond doubt the fact that the 
nanoparticles are in the cytosol, an extra step was added to the protocol (see pg. 24-25), where 
acidic buffer was used in order to turn the nanoparticles at the exterior of the cells to their 
hydrophilic form, which means that the only nanoparticles visible to the microscope would be the 
ones inside the cells. The difference between the samples washed with acidic buffer and those 
washed with PBS only is significant and very obvious (Pictures 17,18). In the first picture the 
vesicles are visible inside the cytosol, but the ones outside of the cells are very noticeable as well. 
In contrast, the extracellular space appears as black, due to the particles being hydrophilic and 
changing shape or being washed away by the PBS wash that followed the acidic buffer wash. 

Dividing cell 
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Picture 17. HeLa treated with BSA-pDPA, washed with PBS(1x) only. 

 

Picture 18. HeLa treated with BSA-pDPA, washed with acidic buffer and PBS(1x). 
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It should be noted that the concentrations used in order to acquire the results, presented in the 
previous sections, was 100 times higher than the recommended one (120 μg/ml) according to 
viability tests. The time needed for these experiments to be executed appeared to be enough for the 
cytotoxic effects of such concentration of BSA-pDPA to not take place in a scale that would affect 
the results. The need to use such high concentrations of biopolymer was created due to the size of 
the nanoparticles. More specifically, the nanoparticles cannot be detected individually by the 
microscope and, therefore, need to be concentrated. In lower concentrations (16μg/ml), as tested, 
the particles were not as visible (Picture 19) and there were no other means at the time of the study, 
to help this proof of concept. 

 

 

Picture 19. HeLa treated with low concentration of BSA-pDPA. 

 

The following pictures depict HeLa cells treated with the same concentration of BSA-pDPA 
particles and fixated using PFA and methanol. The images on the left were captured using confocal 
microscopy, whereas the images on the right were captured using brightfield microscopy. The 
second ones, provide a clearer view of the cellular bodies and therefore, when combined with the 
first ones, make the nanoparticles inside the cells more distinguishable than those along the 
membrane or out of the cells.  
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Picture 20. DAPI and NPs in confocal and brightfield (PFA Fixation) - 120 μg/ml NPs for 4 hours 
at 37oC. 
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Picture 21. DAPI and NPs in confocal and brightfield (Met-OH Fixation) - 120 μg/ml NPs for 4 
hours at 37oC. 
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Colocalization of BSA-pDPA nanovesicles and lysosomes 

Several attempts were made towards staining the lysosomes with antibodies, in order to confirm 
the colocalization of the organoids and the nanoparticles (see pg.25). The results are presented 
below. 

 

 



38 
 

 

Picture 22. HeLa cells treated with fluorescent BSA-pDPA and stained with anti-Lamp1. 

 

The subtle red color of the cells is due to the immunofluorescence staining, which aims to color the 
lysosomes. The lysosomes are brightly red and can be spotted close to the nuclei of the cells. It 
would be expected to see a yellow color, indicating the collocation of the nanoparticles and the 
lysosomes, however, that was not the image that was captured. Even though, some aggregates of 
the nanoparticles can be noticed as brightly green, the image is far different than the ones in the 
pictures of the previous section. After repeating the experiment a few times and testing the protocol 
with PFA and MeOH only, it was determined that the particles must be escaping the cells through 
the holes created by the permeabilization solution or they are washed out of the cells (through said 
holes) due to the many washes demanded by the protocol. Therefore, the nanoparticles can neither 
be seen inside the cells, as previously, nor can they be spotted along with the lysosomes. As a result, 
this protocol is not recommended for this type of nanovesicles and its purpose was not fulfilled, so 
it is not safe to conclude that the particles end up in the lysosomes. 
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Picture 23. HeLa cells treated with fluorescent BSA-pDPA and stained with anti-Lamp1. 
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Discussion 
The primary purpose of this study was to examine the interactions between nanovesicles of 
biopolymeric nature and cancer cells. In order to do so, the process of the polymerization was 
optimized and the product was characterized, the pH responsive nature of the biohybrid was 
studied and its critical pH point was determined. Furthermore, the analogy connecting the 
concentration of the particles and their toxic effect towards the cell was thoroughly examined. 
Also, the type of endocytic pathway followed, as well as its time course were monitored and the 
confirmation of the collocation of the particles and the lysosomes was attempted. 

Summarizing the results, the critical pH point of BSA-pDPA is 5.7, above that value the 
biohybrid is hydrophobic, below that value it is hydrophilic. BSA-pDPA is not toxic at any 
concentration below 0.25μg/ml and the toxicity levels do not differ from batch to batch. The 
nanovesicles are not passively internalized by HeLa, and are endocytosed via energy-dependent 
pathways (probably clathrin mediated). The time needed for the particles to move from the 
membrane to the cytosol is approximately 1 hour and the concentration of nanoparticles in the 
cytosol increases over time. Using low concentrations of BSA-pDPA does not provide distinct 
visual results, as the nanoparticles are too small and too sparse to be detected by the microscope. 
The colocalization of the particles and the lysosomes was not confirmed, as the 
immunofluorescence protocol was unsuitable. Encapsulation of a specific dye (e.g. LysoTracker) 
inside the nanoparticles which emits fluorescence only inside the acid compartment of lysosomes 
will help to answer the question about lysosomal targeting. 

According to the above, more studies should be conducted on the topic, in order to reach more 
detailed conclusions on the topic. As a reference, the pH-response of the BSA-pDPA 
nanoparticles should be studied more extensively inside the cells and, more specifically, inside 
the lysosomes. Further studies could also focus on the release of a substance encapsulated in 
BSA-pDPA, thus creating a better model for targeted drug delivery. 
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