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Abstract
Poly (Lactic-co-Glycolic) Acid (PLGA) is a widely used polymer that is approved
to use in biomedical applications. Current studies try to incorporate the versatile
nature of the polymer in the biomedical field as drug delivery vectors. This master’s
thesis aimed at producing PLGA nanoparticles and determine if they have any effect
on the adipogenesis from Human Mesenchymal Stem Cells (hMSCs). Nanoparticles
were synthesised by an emulsification-solvent evaporation method which resulted in
monodispersed particles with a hydrodynamic radius of ∼ 350 nm. The synthesised
particles had a ζ potential close to zero indicating of an unstable dispersion. After γ
irradiation, the particles fragmented and aggregated forming both nano and micro
sized agglomerates. When exposing the hMSCs to a range of concentrations of the
sterilised PLGA nanoparticles, it was shown to have a short term toxicity on hMSCs,
but no effect on adipogenesis was detected.

Keywords: PLGA, nanoparticles, hMSC, adipocyte, adpoigenic differentiation, sol-
vent evaporation method.
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1
Introduction

One of the current biggest health problems in today's society is obesity, with over 37
% of the worlds adult population being overweight (BMI >25 kg/m2) and over 20 %
of Europe's adult population being obese (BMI >30 kg/m2) (Ng et al. 2014, WHO
2013). Obesity is a chronic disease that increases the risk for a multitude of health
problems; diabetes, high blood pressure, cardiovascular disease, stroke, arthritis and
cancer, impairing physical and mental health as well as increasing the risk of prema-
ture mortality (Twells 2015). Due to the large part of the population being a�ected,
the economic impact of obesity is important but di�cult to determine. The cost is
divided into direct medical cost, which is the spending to diagnose and treatment
of the serious health conditions related to obesity, and indirect cost, which is due
to absenteeism, decreased productivity, disability, health insurance costs and pre-
mature mortality. The overall economic impact of obesity is signi�cant, predicted
to cost over $215 billion dollar in the US alone in 2010 (Hammond & Levine 2010),
and increases as the epidemic disease continues to spread.

To combat the threat of increasing obesity, the World Health Organization (WHO)
is advocating for a broad spectrum of treatments, targeting both private persons
and companies view and actions on health issues (Quintiliani 2007). The �rst step
towards a healthy lifestyle is to limit calorie intake and exercising according to rec-
ommendations, but a majority of patients (� 70 %) regain some or all of the weight
lost over time (Anderson et al. 2001). When this is not su�cient and a person is
in need of medical help the options are limited. Bariatric surgeries are e�ective
at helping obese patients lose and maintaining weight, although at high risks of
complications (O'Brien et al. 2013, Buchwald et al. 2004, Pories 2008). Scientists
are currently looking at weight reducing drugs, which increase the weight loss when
combined with other weight reduction measurements (Yanovski & Yanovski 2014).
This will further help those a�icted by the chronic disease, decreasing health risks
and medical costs to a large portion of the population.

There are a few crucial points when administering these drugs; solubility, surviv-
ability and release pro�le. By encapsulating the drug in a polymer and aggregating
it into a tablet, the crucial points can be satis�ed. However, if the patient receives
treatment orally, the drug e�ects the entire body. This might in turn give rise to
other limitations. These limitations can be controlled by administering the drug
intravenously instead. If the latter technique is used, the size of the tablet has to
be small enough as to not get stuck in the blood stream. To administer the weight
reducing drugs, PLGA polymers can be used as encapsulation agents. The loaded
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1. Introduction

particles can then be surface modi�ed to allow for fat tissue-speci�c targeting of
the obesity drug, which limits any systemic e�ects (Fahmy et al. 2005). When the
particles are in close proximity to the cells, they might get endocytosed through
either phagocytosis or pinocytosis. Phagocytosis is limited to a few cell types, such
as macrophages and neutrophils which sole purpose is to "eat and digest" foreign
material, while pinocytosis can be performed by all cells but is limited to small
sizes of particles (Tabata & Ikada 1988, Kohane 2007). If the targeted cell type is
adipocytes, the particles need to be small enough for the fat cells to pinocyte them
to allow intracellular release (Kohane 2007). However, the exact biological fate of
the PLGA nanoparticles are not yet known after entering the cell and more research
is needed (Panyam & Labhasetwar 2003).

Once the particles are inside the cells, the drug is released and has a well docu-
mented e�ect on the organism. However, current research has found that the PLGA
nanoparticles themselves a�ects the hMSCs in several ways. For example, they
increase both Reactive Oxygen Species (ROS) generation and expression of in�am-
matory cytokines (Kanda et al. 2011). The �rst increases adipogenesis through
activation of Peroxisome Proliferator-Activated Receptors-
 (PPAR
 ) and the sec-
ond might have cytotoxic e�ects on the cells. The variances between di�erent cell
lines indicates that more research is needed to fully understand and eventually pre-
dict how PLGA nanoparticles a�ects the entire human body (Fröhlich et al. 2012).

The aim of this master thesis is to synthesise unloaded PLGA nanoparticles through
a single emulsi�cation-solvent evaporation method and then determine if they have
any e�ects on the adipogenic di�erentiation of hMSCs. The thesis will be limited to
one size of nanoparticles produced by one method as described below. The cell tests
will not have more then three repeats, all done on the same well plate. All particle
exposures will be done at six di�erent concentrations of particles except confocal
imaging which will have three (including control).

2



2
Theory

2.1 Poly (Lactic- co-Glycolic) Acid

PLGA is commonly used as drug vehicle due to its biocompatible and biodegradable
nature in several di�erent applications in the human body. The polymer consists
of two monomers, glycolic and lactic acid, which the body can degrade through
the metabolism. The two di�erent monomers have a slight di�erent structure, the
glycolic acid (Figure 2.1a) lacks a methyl side group when compared to lactic acid
(Figure 2.1b). This di�erence makes the polymer of glycolic acid a more hydrophilic
polymer with higher crystallinity and faster degradation time when compared to the
polymer of lactic acid (Gentile et al. 2014).

OH

O

OH

(a) Glycolic acid

OH

O

OH

(b) Lactic acid

Figure 2.1: Chemical structure of the monomers constituting PLGA

Due to the di�erent physicochemical properties of the monomers, PLGA (Figure 2.2)
can be tailored to a large extent depending on the intended use. For instance, by
varying the ratio of the monomers a wide range of degradation rates, mechanical
strength, solubility and viscosity can be achieved (Wang et al. 2006). However, the
same ratio of the monomers can give rise to di�erent physicochemical properties
through the tacticity of the constituents, an atactic polymer degrades faster than
an iso- or syndiotactic polymer. The degree of tacticity is determined during the
polymerisation process; a ring-opening process can achieve an atactic or syndiotac-
tic product depending on the choice of catalyst (Dechy-Cabaret et al. 2004, Li et al.
2011).

The choice of catalyst a�ects the product and e�ciency of the process but it might
be at a cost of post-polymerisation procedures. A metal catalyst is most commonly
used due to the high e�ciency, but they are generally not approved in the human
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2. Theory

body. Stannous octoate (SnOct2) is an exception, being approved as a food additive
which simpli�es any larger production of PLGA for the biomedical �eld (Kricheldorf
et al. 1992, Kowalski et al. 2000). Furthermore, the chiral nature of lactic acid also
a�ects the PLGAs chemical and physical properties. When comparing the outcome
of two esteri�cation polymerisation processes, one with L-lactic acid and one with a
racemic mix, the molecular weight varied (Stayshich & Meyer 2008). This indicates
di�erent physicochemical properties coupled to the chirality of the polymer.
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Figure 2.2: Chemical structure of PLGA

2.1.1 Synthesis of PLGA nanoparticles

There are several di�erent techniques to synthesise PLGA nanoparticles, emulsi�ca-
tion solvent evaporation method being one of the common methods in the biomedical
applications. The method utilises micelles to form nanoparticles by �rst solving the
polymer in an organic solvent and then adding it to an aqueous solution containing
an emulsi�er. The solution is then turned into an emulsion by exposing it to shear
stress, e.g. by an ultrasonicator or high speed stirring. The applied forces breaks
the organic phase into nanosized spheres and the emulsi�er decreases the surface
tension to allow a stable emulsion. The organic solvent is then removed by evapora-
tion while stirring, and as it is removed the polymer precipitates forming particles.
The method can be altered to include a second water phase inside the organic phase.
This is done by �rst adding a small amount of water into the organic phase with
an emulsi�er and then applying shear stress. This �rst emulsion is then used as the
organic phase previously described.

In the organic solution, the choice of organic solvent is important for the �nal size of
the particles. A partially water-soluble substance is preferred due to the decreased
surface tension between the phases (e.g. ethyl acetate or propylene carbonate), but
viscosity is also important for the e�cacy of shear stress as well as the evaporation
properties. Polymer concentration has no direct size-dependency, but it is coupled
to the amount of needed surfactant later on (Astete & Sabliov 2006). As the organic
phase is added into the water phase, the phase ratio is correlated to the particle size.
The choice of surfactant is determined both by the organic solvents properties but
also by the toxicity when the targeted application is in the biomedical area. The
chemical properties of the surfactant determines the stability of the micelles by de-
creasing the surface tension, but it can also act as a repellant between the micelles
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2. Theory

Figure 2.3: A graphic interpretation of the emulsi�cation solvent evaporation
method. The polymer is solved in an organic solvent (1) and then added into a
larger volume of aqueous solution with emulsi�er, red (2). The solution is then
exposed to shear stress and the organic phase forms micelles with the emulsi�er on
the surface (3). The organic solvent is then evaporated and nanoparticles are formed
(4).

due to electrostatic properties if the surfactants are charged (Song et al. 2006). The
total amount of shear stress that the two phases are exposed to are critical to size.
To form a stable emulsion of nanosized micelles, the agitation needs to be strong
enough to reduce the droplet size while also being long enough to make sure the
equilibrium to be stable (Astete & Sabliov 2006). PLGA has a low glass transition
temperature and ultrasonicators can increase the temperature through the addition
of energy. Therefore, it is crucial to keep the solution on ice to keep it below this
critical level. After the emulsion is formed, the evaporation of organic solvent is
crucial. Coalescence can occur as long as there is organic solvent present, and by
decreasing the time of evaporation the risk of increased size over time is lowered. To
be able to use the particles in any biological tests, removing the emulsi�er is crucial.
Some emulsi�ers are lethal for the cells as they interact with the cellular membrane,
while others only a�ect cellular uptake (Sahoo et al. 2002).

Other methods to synthesise nanoparticles are nanoprecipitation and salting out.
During both these methods, the polymer is dissolved in a water-miscible organic
solvent. The nanoprecipitation then forms particles by pouring the organic phase
into the water phase in a controlled manner. The nanoparticles are formed in-
stantaneously due to the rapid solvent di�usion from the polymers into the bulk
water phase and later removed by evaporation under reduced pressure. The salt out
method requires strong mechanical stress to form the micelles, at the presence of
high concentration of salt ions in the water phase. The salt inhibits any di�usion
of organic phase until large amounts of pure water is added quickly. This method
requires a puri�cation step to remove the salt (Astete & Sabliov 2006).
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2. Theory

2.1.2 Storage and utilisation

After the production and puri�cation of the nanoparticles, the next critical obstacle
is the storage. The PLGA nanoparticles unstable nature in medium, due to aggrega-
tion of particles and hydrolysis of polymer, makes the step crucial for any practical
utilisation of the particle-based system. The most common method to increase the
shelf time is lyophylisation, freeze-drying. The suspended particles are �rst frozen in
a tube in a low-temperature freezer until completely frozen. The lid is removed and
the tube is then moved into the lyophylizer at low temperature and low pressure.
This keeps the sample frozen while the close-to-vacuum allows for sublimation and
desorption of the water. The low pressure might also remove some particles and a
thin barrier might be added to allow water di�usion but keep the particles in the
tube. The process puts the particles to di�erent stresses as well as an increased risk
of aggregation and irreversible fusion. This is limited by adding a cryoprotectant to
protect the nanoparticles from freezing and desiccation stresses (Abdelwahed et al.
2006). If a cryoprotectant is used, the temperature of storage, and of the initial
freezing, needs to be lower than the glass transition temperature of the protectant
to prevent product collapse (Holzer et al. 2009).

The degradation of PLGA particles is biphased. The �rst step is heterogeneous
autocatalysis that is dependent on the accumulation of degradation products (oligo-
and monomers). The concentrated acids give rise to a decrease in pH inside the par-
ticles which catalyses the de-esterifcation process (Li & Vert 2002). This requires
the particle to be larger than 300 nm and have a limited porosity, smaller or high
porosity particles allow for the di�usion of the degradation products (Dunne et al.
2000). As the degradation progresses, the mobility of each polymer increases which
allows for crystallisation and a decrease in degradation rate. Over time, the bulk
degradation is getting equal to surface degradation and the overall deterioration of
the particle is getting more homogenous. This characterises the second phase during
which the mass loss is not dependent on the size of the particle (Spenlehauer et al.
1989). Higher porosity allows for more water to di�use into the particle which in-
creases the overall deterioration of the particle. Furthermore, hydrophilicity allows
for more water to di�use into the particle which allows for a faster hydrolysation.
Given the complex nature of the degradation pro�le of the polymer, it is hard to
formulate particles with a narrow degradation rate to be used in the pharmaceutical
�eld (Anderson & Shive 2012).

If the intended �eld of application is biomedical, the particles also has to undergo
sterilisation before usage. There are several sterilisation procedures, but water sen-
sitivity of the PLGA particles makes 
 irradiation, ethylene oxide and �ltering pos-
sible. The 
 irradiation procedure applies the damaging a�ect on biological tissues
from 
 rays to lower the amount of biological active organisms. However, the rays
also introduce instability, deterioration, cross-linking breakage of polymer chains
and heat (Dillen et al. 2004, Lü et al. 2009). These factors combined can dam-
age the polymer to the point where it fragments or melts together. Later studies
allowed the same group of scientists to save the particles by adding a cryoprote-
cant and reported an increased work required to resuspend the sterilised particles
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2. Theory

(Bozdag et al. 2005). The protected particles would be unscathed, keeping both hy-
drodynamic radius and� potential during the sterilisation process. However, both
previous studies performed the Dynamic Light Scattering (DLS) measurements in
serum free solutions, removing any e�ects proteins might have on the results.

Exposing the PLGA nanoparticles to ethylene oxide would be another sterilisation
technique. This method relies on the high reactivity of the ethylene oxide as it dif-
fuses fast. This allows for an easy access to di�erent cellular compartments, which
the ethylene oxide then inactivates through alkylation. The addition of alkyl groups
to macromolecules in the cell, such as proteins, DNA and RNA prevents normal
cellular metabolism and reproduction (Mendes et al. 2007). Previous work with
ethylene oxide sterilisation has shown to not e�ect the molecular weight, surface
composition, mechanical properties, orin vitro degradation rate of poly lactic acid
(Hooper et al. 1997). The �ltering technique relies on the size of the contamination
and a membrane with pores of a well de�ned size. The common size of the pores
are around 0.2� m, which separates bacteria and cells from the solution but viruses
and phages as well as secreted proteins can pass through. This procedure is easy to
use in large scales, but might require a high pressure to be e�cient.

2.1.3 Characterisation techniques

This section will describe the Scanning Electron Microscope (SEM), DLS and�
potential measurement techniques used to evaluate the PLGA nanoparticles in more
details.

2.1.3.1 Scanning Electron Microscope

The SEM technique works by bombarding the sample with a thin beam of high en-
ergy electrons and then measure the emitted electrons. The beam is generated and
accelerated in the electron gun, where the electrons are excited through thermionic
emission. This is done by leading a high current through a thin specimen of e.g.
tungsten, which creates thermal energy. When this energy is increased above the
work function of the material, an electron is emitted. The electron beam is then
demagni�ed by passing through two condenser lenses, forming the primary beam
which is then passed through the objective lens. The objective lens focuses the lens
to certain places of the specimen, and the SEM utilises this in a raster-fashion to
scan the entire sample. As the electron beam hits the sample, new electrons as
well as X-rays and visible light are emitted and these are in turn measured. The
electrons can be emitted by two di�erent mechanisms, giving rise to electrons with
di�erent energy. Secondary electrons are formed as ionisation products, with less
energy, due to the primary beam. Back scattering electrons are re�ected electrons
from the primary beam and has higher energy, but maximum equal the energy of
the primary beam. The Auger e�ect also gives rise to sample characteristic electrons
depending on the material of the sample. The photons emitted as X-rays can be
used to identify the material of the sample and the emitted light can be used to
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2. Theory

image semi-conductive defects (Khursheed 2011).

One of the limitations of SEM is that the material needs to be conductive and
grounded in order for it to not accumulate electrostatic charge. PLGA nanoparti-
cles are not conductive and need to be prepared with a thin layer of metal before
being imaged in the SEM. This can be done by sputtering, during which a metal of
choice (e.g. gold or platinum) is being bombarded with high energy atomic parti-
cles. The atomic particles increase the thermal energy in the surface until individual
atoms are removed via collision processes. The free atoms then form a thin layer
on the probe as they cool down (Stuart 1983). Sputtering of gold and platinum
has previously been done on PLGA nanoparticles (Cartiera et al. 2009, Win & Feng
2005).

2.1.3.2 Dynamic Light Scattering

The DLS measurement relies on laser technique to measure how fast the particles
move in the sample. This movement is then used in the Stokes-Einstein equation
to calculate the hydrodynamic radius of the particles. The monochromatic light
is �rst shot through a polariser and then through the sample. The scattered light
passes through a second polariser before being collected and imaged on a speckle
pattern. This is repeated within a short time interval and the di�erent speckle
patterns are then compared to determine how far the particles have moved. This
�uctuation is due to Brownian motions, which is correlated to the size of the particle,
the properties of the solution and temperature.The equation assumes all particles
to be monodisperse spheres, imposing limitations if this is not true. The calculated
hydrodynamic radius is also dependent on any surface active substance, such as ions
or proteins (Berne & Pecora 2000). If ions are present, they adsorb onto the sur-
face and forms layers around the particle, called double layers. These layers interfere
with the movement as the double layers interact with the slipping plane layer, which
consists of free moving ions, and decreases the speed which makes the particles seem
bigger than in pure water. The proteins adsorb onto the surface due to several driv-
ing forces, such as intermolecular forces, surface energy, hydrophobicity and ionic
or electrostatic interactions. The adsorbed proteins makes the particle more bulky,
limiting movements, but also increases the surface area which allows for more ions
to adsorb if they are present.

2.1.3.3 � potential

The measurement of the� potential works by the same principal as DLS measure-
ment, with the addition of an applied voltage. This applied voltage also applies a
force on the dispersed particles, and the laser technique is then used to evaluate
the velocity this force puts the particles in. This mobility is then converted to�
potential by taking the dispersant viscosity and dielectric permittivity into account
as well as using the theories of Smoluchowski (1903). This theory simpli�es the
model by neglecting the contribution of surface conductivity by assuming that the
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2. Theory

double layer is much smaller than the particle radius. This is valid for particles that
are larger than 1� m in aqueous milieu. However, if the particles are in the nano
scale, the ionic strength of pure water is too high for this model and a small amount
of ions is added to decrease it (Malvern.com 2017).

2.2 Adipocytes

For decades, scientists considered adipose tissue to be an inert mass which stored
energy, isolated the body and mechanically supported important structures. The
awareness of adipocytes role as essential regulators of whole-body energy homeosta-
sis started with the identi�cation of leptin in 1994 (Zhang et al.). When Taylor &
Jones (1979) managed to di�erentiate hMSC into adipocytes, cartilage and muscle
cells, scientists had recieved a base to systematically study the properties of the
adipocytes. The enigma started to unravel.

Today, researchers know that there are two types adipocytes which can be found
in a large variation of tissues and niches. The white adipocytes role is to keep
the body's energy balance. This is mainly done by the storage of triglycerides and
release of fatty acids when energy expenditure is high and low respectively. The
triglycerides are stored in large fat droplets. However, the white adipose tissue also
has a function as an endocrine organ (Vázquez-Vela et al. 2008). The second type
of fat cells is the brown adipocytes. These cells have a numerous amount of small
lipid droplets, a higher concentration of mitochondria and utilise the Un-Coupling
Protein 1 (UCP1). UCP1 uncouples the Adenosin Triphosphate (ATP) synthesis
and allows futile cycles of metabolism to run. This gives the brown adipocytes the
ability to catabolise energetic molecules at a high rate without accumulating ATP
and only generating heat (Seale et al. 2011). White adipose tissue can be found
mainly in two di�erent tissues, visceral and subcutaneous fat. Brown adipose tissue
is most prevalent at infancy, and only small amounts persists until adulthood spread
out in small depots in the thorax. Furthermore, beige adipocytes exists which orig-
inates from white adipocytes that transdi�erentiate to expressing UCP1 but fail to
express myorelated markers (Wu et al. 2012).

The di�erentiation of adipocytes from hMSCs occurs in two steps, determination
and terminal maturation. During the determination the stem cells lose its pluripo-
tency, stop dividing and form a preadipocyte. The preadipocyte is not morpho-
logically di�erent from its precourser, but committed towards adipogenesis (Rosen
& MacDougald 2006). The genetic mechanism that controls the initiation of the
determination is known to a large extent. Bone Morphogenic Protein 4 (BMP4)
is thought to have an essential role, but Wnt signaling, cell density and cell shape
also play a role in the complex lineage commitment that still elude the scientists
(Otto & Lane 2005, Bowers & Lane 2007). However, if the hMSC is exposed to
an activator of PPAR
 expression, the cell also enters the adipogenesis (Otto &
Lane 2005) . Next follows the terminal maturation, during which the preadipocyte
activates genes and markers and undergoes morphological change towards a mature
adipocyte. The process is activated by Insulin-like Growth Factor 1 (IGF1), glu-
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cocorticoid agonist and an agent that increases Cyclic Adenosine Monophosphate
(cAMP). The progress is characterized by a rapid and transient increase in CCAAT-
Enhancer-Binding Proteins-� (C/EBP � ). The mature adipocyte expresses certain
phenotype speci�c markers and speci�cally PPAR
 is often targeted by immunohis-
tochemistry (Otto & Lane 2005). The adipocyte is able to transport large amounts
of glucose in response to insulin, to synthesise fatty acids and to store, and hydrolyse
in time of energy deprivation, triacylglycerols (Feve 2005). By exposing the cells to
insulin throughout the di�erentiation process, the amount of synthesised and accu-
mulated triglycerides increases (Green & Kehinde 1975). The stored triacylglycerols
can be screened for by using fat-soluble dyes.

One of the niches where adipocytes are crucial for the tissue is in bones. Adipocytes
and osteoblasts share the same progenitor and are di�erentiated in a reciprocal
manner, for example PPAR
 activates adipogenesis while it decreases osteogenesis
(Nuttall et al. 2014). Even though this is a simpli�ed example, it highlights how
complex the body's regulation of organs and tissue is.

Adipose tissue consists of connective tissue matrix, nerve tissue, stromovascular and
immune cells. Together they function as an integrated unit. The tissue is an es-
sential and highly active metabolic and endocrine organ. It responds to a�erent
signals from traditional hormone systems and the central nervous system as well
as it expresses and secretes factors with important endocrine functions (Kern et al.
2003). One of these factors is leptin, the starter of adipose tissue research. Leptin is
important in energy balance and is expressed and secreted in proportion to adipose
tissue mass as well as nutritional status (Fain et al. 2004, Wajchenberg 2000). It is
further increased by insulin, CCAAT-Enhancer-Binding Proteins-� (C/EBP � ) and
decreased by free fatty acids and PPAR
 , to describe some of the adipocyte spe-
ci�c enzymes in�uence on the adipogenic di�erentiation (Margetic et al. 2002). The
e�ects of leptin on energy homeostasis are mediated through several di�erent sys-
tems. Hypothalamic pathways particularly focus on energy intake and expenditure
and direct action on peripheral tissues including muscle and pancreatic� -cells (Bjor-
bæk & Kahn 2004). Leptin has further e�ects, including neuroendocrine function,
regulation of immune function, hematopoiesis, angiogenesis, and bone development
(Bjorbæk & Kahn 2004, Lord et al. 1998).

Another important protein that adipose tissue expresses and secretes is adiponectin.
The phenotypic marker circulates the blood stream at high levels and is expressed
at higher levels in subcutaneous adipose tissue, rather than visceral adipose tissue
(Chandran et al. 2003, Fain et al. 2004). Researchers have found an inverse asso-
ciation between adiponectin and both insulin resistance and in�ammatory states,
which has been established to be both strong and consistent. When administered
to obesity or lipodystrophy caused insulin resistant, the metabolic parameters im-
proves. Adiponectin levels increase when insulin sensitivity improves, which occurs
after weight reduction of obese individuals (Diez & Iglesias 2003, Chandran et al.
2003, Kinlaw & Marsh 2004). The exakt mechanism of expression of adiponectin
is not currently known, but the secretion is induced during early adipogenesis and

10



2. Theory

then down-regulated in the terminal step (Qiang et al. 2007).

2.2.1 Cellular uptake

Endocytosis of particles are divided into three pathways; receptor-mediated endocy-
tosys, phagocytosis and pinocytosis. Di�erent cell types use the systems to di�erent
extent; macrophage's role is to phagocytose and degrade objects and compounds
while smooth muscle cells mostly uses receptor-mediatet endocytosis and pinocy-
tosis (Panyam & Labhasetwar 2003). The particles stay in the cell as long as the
concentration gradient exists and when the particles are washed away, the intracel-
lular concentrations rapidly falls. The particles are e�ciently taken up through an
endocytosis mechanism in an inverse size dependent way, and escape into the cell
cytosol from the very start. Particle uptake has been shown to be temperature and
native cell function dependent (Cartiera et al. 2009). This indicates that treatments
are e�cient as soon as administered and smaller particles are more e�cient drug
vectors, but that the extracellular concentration of particles are crucial for longer
term exposure (Panyam & Labhasetwar 2003). The lysosomal escape is needed for
the drugs to be released in a non-destructive environment (release inside lysosomes
does naught as treatment). The body removes larger particles in the vascular sys-
tem through the spleen in a size dependent way but studies has shown that drugs
stay in the tissue for up to 14 days. This would make treatments with nanoparti-
cles that were administered locally in the close tissue e�cient (Müller et al. 2003,
Fishbein et al. 2001). Another property of the PLGA nanoparticles that a�ect cel-
lular uptake is the surface charge. It has been theorised that the negatively charged
cellular membrane and intracellular environment allows for a quick endocytosis of
positively charged particles (Platel et al. 2016). A neutral surface charge would
result in a minimal cell to particle interaction due to the decreased amount of ad-
sorbed proteins while a negative charge would be repelled by the cellular membrane,
both leading to a lower cellular uptake then positively charged particles (Verma &
Stellacci 2010). Furthermore, the tissue distribution of the microspheres might be
guessed depending on which proteins adsorb to the surface of the particles, indicat-
ing possible site targeting (Müller et al. 2003). However, these �ndings are collected
from a variety of particle materials and might not be completely applicable to PLGA.

2.2.2 Cytotoxicity and di�erentiation

PLGA is a biomaterial approved by the U.S. Food and Drug Administration (FDA)
in several biomedical applications, such as drug delivery vehicle and implants. To
get the FDA approval the material had to be thoroughly tested both as sca�olds and
as particles, depending on the type of usage in each application. Studies have found
PLGA to be su�ciently biocompatible, although with some adverse e�ect. The con-
cern rises from several sources. The acidic degradation products that PLGA give rise
to might have a cytotoxic e�ect in tissues with large amounts of the polymer, such
as close to an implant. This is of major concern in the orthopaedic applications, but
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less in nanotechnology unless the intracellular concentration is high (Gunatillake &
Adhikari 2003). Xiong et al. (2013) has found that PLGA nanoparticles exhibit a
size-dependent cytotoxicity. The mode of action is suggested to be that smaller par-
ticles have a higher surface area to volume ratio and that di�erent types of proteins
adsorb to the surface. These proteins might then get damaged, thus triggering a
negative cascade inside the cells. The cellular damage that these give rise to include
an increased generation of ROS, mitochondrial depolarisation, plasma membrane
leakage, increased intracellular calcium concentration and in�ammation response.

Further on, the increased generation of ROS has shown to be linked to an increase
in adipogenesis (Kanda et al. 2011). Scientists theorise that the ROS is required
for adipocyte generation through the activation of PPAR
 , which is the master
regulator of adipogenesis (Tormos et al. 2011). The surface topology, charge and
hydrophobicity are other factors that in�uence the generation of ROS as well as
cytotoxicity (Fröhlich 2012). However, most of the used PLGA nanoparticles in re-
search are coated with either another polymer (such as chitosan) or other molecules
(such as bovine serum albumin). By adding this layer, the in�ammatory response
that was previously found had been negated and any e�ect on di�erention should
thereby decrease (Jiang et al. 2015, Mura et al. 2011). This might be due to the
changed surface composition, which changes the amount and types of proteins that
adsorb to it as the cell takes up the particle. Other studies have found that a positive
surface charge is allowing the particles to react with the negatively charged DNA,
lowering cell viability (Singh et al. 2009, Platel et al. 2016). Neither a neutral or a
negative surface has been shown to have any e�ect on the cytotoxicity (Platel et al.
2016). However, a large variance between di�erent cell lines was found in Fröhlich
et al. (2012) study, demonstrating the importance of evaluating all cell types.

To evaluate the synthesised particles, a Cell Counting Kit-8 is performed. The test
is done by exposing all cells to WST-8, a slight yellow dye, which is reduced by
dehydrogenase activities. This enzyme is only present when living cells synthesise
it. The reduced orange dye, WST-8 Formazan, is then measured by a spectropho-
tometer and the absorbance is directly correlated through the enzyme activity to
the living cell concentration (Dojindo 2016).
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Methods

This master's thesis is divided into two main steps; PLGA nanoparticle synthesis
and hMSCs evaluation. In brief, PLGA nanoparticles where synthesised through
a emulsi�cation-solvent evaporation synthesis method and then characterised to
determine physical and chemical properties. The hMSCs were then subjected to
these particles while being di�erentiated toward adipocytes, and di�erent adipogenic
markers were investigated to determine the adipogenesis.

3.1 Particles

Below, the PLGA nanoparticle synthesis is described in more details. The nanoparti-
cles where synthesised through an emulsi�cation-solvent evaporation protocol. The
characterisation was then performed through SEM imaging, measuring hydrody-
namic radius with DLS as well as determining the� potential.

3.1.1 Synthesis

An oil/water emulsi�cation solvent evaporation method was used to synthesise the
particles. 200 mg 50:50 PLGA polymer (MW = 70-88 kDa) was dissolved in 2 ml
ethyl acetate by stirring to get a 10 % solution, called organic phase. 40 mg Poly
Vinyl Alcohol (PVA) (M W = 30-70 kDa, 87-90 degree of hydrolysis) was dissolved in
4 ml deionised water to get a 1 % solution, called external phase. The organic phase
was then added into the external phase while vortexing. The primary emulsion was
moved into an ice bath and put in the ultrasonicator. Subsequently, the sample
was sonicated with 50 W for 3x10 seconds with 10 seconds rest in between each
run. The secondary emulsion was poured into an evaporation phase (100 ml 0.1 %
PVA in deionised water) and left over night, while stirring, to evaporate the organic
solvent. To wash away the PVA, four washing steps were performed. Each washing
step was performed by centrifuging the sample in 12 000 RPM (7200 G) for 10 mins,
20 � C, discarding the supernatant and then followed by addition of deionised water
and vortexing as well as brief sonicating to resuspend the PLGA particles. The last
resuspension was performed in 4 ml deionised water and a small aliquot (5 %) was
removed for SEM testing. Trehalose was added as a cryoprotectant, in 1:2 weight
ratio to trehalose:PLGA. The suspension was moved into a preweight vial and then
put into a -80 � C freezer until completely frozen. Once frozen, the lid was replaced
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with lab tissue, to allow sublimation while retaining the particles. The container was
then transferred into the lyophyliser where the cryoprotected particles were freeze
dried in -42� C, 9.8 Pa until completely dry. Afterwards, the vial with particles and
trehalose was weighed again and the yield was calculated by removing the known
weight of the added cryoprotectant. The particles were later sterilised with 20kGy

 irradiation and stored at -80 � C.

3.1.2 Characterisation

To qualitatively determine the size and shape of the particles, SEM was used to
get qualitative pictures of size, size distribution and shape. In brief, dried particles
were spread on an electrically conducting adhesive, blowing slightly to remove free
particles. The sample holder was then given to technicians who sputtered it with
gold, 8 mA for 180 s (SBS-12, KYKY Technology Development LTD., China), or
platina, 100 mA 300 s (Gatan681, USA), and then inserted into the SEM using a
voltage of 5 kV.

To quantitatively determine the size, a DLS measurement was performed. Brie�y,
the PLGA particles were suspended in deionized water, Low Glucose - Dulbecco's
Modi�ed Eagle Medium (LG-DMEM) or LG-DMEM with Fetal Bovine Serum (FBS)
until slight turbidity. 10 mmol KCl was added as electrolyte. The test was performed
at 25 � C and three repeats were performed on each suspension. The� potential of the
particles was measured to determine the long term stability and risk of aggregation.
Particles were suspended in deionized water until slight turbidity and transferred
into a vial before measuring the� potential at 25 � C.

3.2 Cell culture evaluation

hMSCs of 4th passage (Cyagen Biosciences Inc, China) were cultured in basal
medium containing 10 % FBS, 1 % penicillin and streptomycin at standard culture
conditions (5 % CO2, 37 � C), medium was changed every second day. Passaging
was performed when the con�uency reached 80-90 % by trypsinating the cells. The
trypsination was performed by adding 2 ml of 0.25 % trypsin and was incubated in
standard culture conditions until visual inspection showed that most cells had de-
tached. The cells were then moved into a vial and basal medium supplemented with
10 % FBS to inhibit the enzymatic reaction of trypsin, followed by centrifugation
(1000 g, 5 min). The supernatant containing the trypsin was then removed and the
cells were resuspended in growth medium (see Table 3.1) followed by plating in two
new petri dishes.

To determine the cytotoxicity, a CCK-8 test (Dojindo, Japan) was performed on
undi�erentiated hMSCs from 10th passage. The cells were trypsinated (0.25 %,�
2 min), centrifuged, resuspended in testing medium (see Table 3.1) and transferred
into a 24 well plate (Corning, USA). The cells were let to attach for one day and
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then exposed to 10, 50, 100, 250 and 500� g/ml PLGA nanoparticles in testing
medium (see Table 3.1) for one day. Each concentration of exposure was done in
three wells on the same plate (n = 3). At day 1, 3 and 7 after exposure the cells were
washed twice with Phosphate Bu�er Solution (PBS) before adding 450 ml medium
and 50 ml CCK-8 medium. The cells were then incubated in darkness for 4 hours
after which the absorbance (OD) was measured at 450 nm with a microplate reader
(EnSpire, PerkinElmer, USA).

Table 3.1: Brief explanation of the di�erent mediums used.

Growth Testing Di�erentiation Maintenance
Medium Basal LG-DMEM LG-DMEM LG-DMEM
FBS 10 % 10 % 10 % 10 %
Penicillin 0.5 % 0.5 % 100 U/ml 100 U/ml
Streptomycin 0.5% 0.5 % 100 ppm 100 ppm
Glutamine 1 % � � �
Insulin � � 10 � g/ml 10 � g/ml
Dexamethasone � � 1 � M �
3-isobutyl-methylxanthine (IMX) � � 0.5 mM �
Indometacin � � 200 � M �

3.2.1 Adipogenesis

To induce the adipogenesis, the hMSCs from 7th passage were trypsinated (0.25 %,
� 2 min), centrifuged, resuspended in testing medium (see Table 3.1) and seeded into
a 48 well plate. When the con�uency reached 90 % the cells were exposed to PLGA
nanoparticles in testing medium (see Table 3.1) for one day. After the particle ex-
posure, the medium was changed to di�erentiation medium, containing LG-DMEM
supplemented with 10 % FBS, 1% penicillin and streptomycin, 10� g/ml insulin, 1
� M dexamethasone, 0.5 mM IMX and 200� M indometacin. After two days, the
medium was changed into adipocyte maintenance medium, containing LG-DMEM
supplemented with 10 % FBS, 1% penicillin and streptomycin and 10� g/ml insulin,
and changed every second day. See Table 3.1 for details on the di�erent solutions
used.

Confocal imaging of immunostained PLGA and adiponectin, Oil Red O staining and
adiponectin secretion was used to determine the e�ect of PLGA nanoparticles on
the adipogenic di�erentiation. Figure 3.1 describes the work process on the di�er-
entiated cells, more detailed methodology follows below in corresponding section.

3.2.1.1 Immunohistochemistry

hMSCs on day 14 of adipogenic induction, exposed to 0, 100 and 500� g/ml par-
ticles, where incubated with 0.1% Triton X-100 for 15 minutes to permeabilize the
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Figure 3.1: A �ow chart of the working process on di�erentiated cells. The expo-
sure was done during 24 hrs and then the di�erentiation was initiated by switching
to di�erentiation medium, see Table 3.1.

membranes of the cells and then washed three times with PBS. The cells were then
incubated in 10 % goat serum for 1 hour, followed by another 1 hour incubation
with diluted antibodies against PPAR
 and adiponectin (1:200 in 10 % goat serum)
in 37 � C. The cells were then rinsed in 1 % goat serum by shaking for 10 minutes,
repeated three times. It was crucial to perform the rest of the experiment in dark-
ness, as to not bleach the marker on the secondary antibody. The diluted secondary
antibodies (1:200 in 10 % goat serum) were then added at 100� l and an incubation
for 2 hours in darkness followed. The cells were then rinsed in 1 % goat serum by
shaking for 10 minutes, repeated three times. 200� l 4',6-diamidino-2-phenylindole
(DAPI) (Roche, Switzerland) diluted in PBS (1:5) was added followed by incuba-
tion for 10 minutes. Lastly, a washing step with PBS was performed three times
and the plate was stored foiled until imaged in a confocal spectroscope (LSM 780
AxioObserver, Zeiss, Germany).

3.2.1.2 Oil Red O

Adipogenic induced hMSCs, exposed to 0, 10, 100 and 500� g/ml particles, were
stained with Oil Red O on day 14 after adipogenic induction, to determine the size
of the accumulated lipid droplets. The cells were �xed with 4 % (w/v) paraformalde-
hyde for 30 minutes and then stained by adding 3 vol of Oil Red O 0.5 % and 2
vol of deionized water, incubating for 30 minutes at 37� C. After rinsing twice with
distilled water, the cells were observed using a phase-contrast microscope (Leica,
Germany). To quantify the results, the dye was dissolved with isopropanol foll-
lowed by a measurement of OD at 517 nm using a multimode plate reader (EnSpire,
PerkinElmer, USA). Figure 3.2 shows a staining with this protocol performed at the
same laboratory as this master thesis was performed.
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Figure 3.2: A staining with Oil Red O from previous studies performed by He
et al. (2016). Length of scale bar is 100� m.

3.2.1.3 Adiponectin secretion

The secreted proteins of adipogenic induced hMSCs that had been exposed to 10, 50,
100, 250 and 500� g/ml PLGA nanoparticles was collected on day 7, 14 and 19 after
particle exposure. The cell serum was immediately frozen at -80� C. Each concentra-
tion of exposure was done in duplicate wells on the same plate (n = 2). Before mea-
suring the amount of secreted adiponectin, the medium was thawed and centrifuged
at 3000 rpm for 20 minutes. Finally, the supernatant was then analysed using a
Human Adiponectin Enzyme-Linked Immunosorbent Assay (HAELISA) (Cusabio,
China) according to the manufacturer's instructions.

3.3 Statistics

To determine the statistical signi�cance, Student's t-test was used and a p-value of
less than 0.05 was deemed as signi�cant (Devore 2012).
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4
Results

4.1 Particle characterisation

To determine the hydrodynamic diameter of the PLGA nanoparticles, DLS mea-
surements were performed. The particles were dispersed in deionized water and
growth medium without and with FBS, results shown in Figure 4.1, Figure 4.2 and
Figure 4.3 respectively. A signi�cant di�erence was determined between water and
the two other samples but not between medium with and without FBS. The calcu-
lated yield was 46 %.

Figure 4.1: DLS measurements of PLGA particles in water. Three repeats in
deionized water, order of repeat was red, green then blue. Average diameter of
357.3 nm (Poly-dispersive Index (PdI) = 0.067). Peak at 381.3 (SD = 97.19).

After sterilisation, another DLS measurement was performed to evaluate the e�ect
of 
 irradiation on the PLGA particle stability in growth medium. Figure 4.4 shows
an unstable particle solution with both small and large particles, with a high PdI.
This indicates that the stability of the particles has been compromised during the
sterilisation process.

� potential was measured to evaluate long term storage stability and risk of aggre-
gation of the particles. Figure 4.5 implies that the net charge is close to zero and

19



4. Results

Figure 4.2: DLS measurements of PLGA particles in growth medium. Three re-
peats in complete growth medium, order of repeat was red, green then blue. Average
diameter of 372.1 nm (PdI = 0.103). Peak at 395.0 nm (SD = 104.1).

Figure 4.3: DLS measurements of PLGA particles in growth medium with FBS.
Three repeats in complete growth medium, order of repeat was red, green then blue.
Average diameter of 371.9 nm (PdI = 0.053). Peak at 399.5 (SD = 111.2).

would mean that the risk of aggregation is high due to no inter-particle repellation.

The qualitative images from the SEM, below in Figure 4.6, shows the PLGA parti-
cles in three di�erent magni�cation settings; 10, 25 and 50 kx. Figure 4.6a indicates
that the particles have low PdI, supporting the DLS measurements of Figure 4.3.
In Figure 4.6b the spherical nature of the particles was con�rmed, but with some
surface abnormalities. These artifacts are further illustrated in Figure 4.6c, in which
the interconnections are visible as well.
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Figure 4.4: DLS measurement of
 irradiated PLGA particles. Three repeats
in complete growth medium, order of repeat was red, green then blue. Average
diameter of 541.9 (PdI = 0.517). Peaks at 1177 nm (SD = 494.5, 68.7 %) and 277.3
nm (SD = 85.55, 31.3 %).

Figure 4.5: Shows the measured� potential of the particles. Average of -2.61 mV
(SD = 4.97) indicates of low-to-no charge, increasing the risk of aggregation over
time.

During the PLGA particle setup, the particles often smelted together. Through a
step-wise change of the parameters, such as PVA hydrolysis, polymer concentration,
emulsi�er type and concentration, ultrasonication e�ect and time, the problem was
found out to be the sputtering. Figure 4.7a shows a batch of particles after being
sputtered with gold. No separate particles was visible and they are heavily inter-
connected with the nodes as smelted particles. When sputtering was changed to
platinum, Figure 4.7b shows separated and spherical particles with thin intercon-
nections.
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(a) (b) (c)

Figure 4.6: SEM pictures of platinum sputtered PLGA nanoparticles, (a) 10k, (b)
25k and (c) 50k magni�cation.

(a) Gold (b) Platinum

Figure 4.7: The e�ect of gold vs platinum sputtering on PLGA nanoparticles, 25
kx magni�cation

Trehalose, a cryoprotectant, was added to the PLGA nanoparticles before freezing.
Figure 4.8 shows particles encapsulated in trehalose. The particles are spread out in
the trehalose crystal in a monodisperse way, showing single bumps as each particle.
The largest particles are >500 nm and the smallest are <100 nm, with most at the
size of 200-300 nm.

4.2 Cell culture evaluation

To determine the cytotoxicity of the particles, a CCK-8 was performed at particle
concentrations of 10, 50, 100, 250 and 500� g/ml (see Figure 4.9). All results were
weighted towards the control of Day 1. All samples except 500� g/ml had an in-
crease in viable cells from Day 1 to Day 3 followed by a decrease to Day 7, 500� g/ml
had no statistical change. On Day 1 and 3, all samples were statistically lower than
the control, but on Day 7 control decreased and no di�erence between any sample
could be found.

To determine the maturity of the adipocytes, confocal imaging of labeled antibodies
for adiponectin and PPAR
 was performed. The results from the adiponectin is
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Figure 4.8: SEM images of platinum sputtered PLGA nanoparticles encapsulated
in trehalose, 10 kx magni�cation.

Figure 4.9: CCK8 viability test. Numbers in the legend to the left depict con-
centrations are of PLGA particles the cells were exposed to on Day 0, y-axis is the
absorbance and error bars are standard deviation (n = 3). See Table A.1 for the
raw data.

visualised in Figure 4.10. The images of adiponectin shows a high live cell count
in all except control of di�erentiation medium and 500� g/ml growth medium (Fig-
ure 4.10a and Figure 4.10f). All pictures except the high concentration of growth
medium have red colouring, indicating of stained adiponectin present.

The results from the confocal microscope when staining for PPAR
 is shown in Fig-
ure 4.11. All pictures except the 500� g/ml di�erentiation medium (Figure 4.11c)
shows a high live cell concentration. No red colour indicating of no present PPAR
 .
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(a) Control DM (b) 100 � g/ml DM (c) 500 � g/ml DM

(d) Control GM (e) 100 � g/ml GM (f) 500 � g/ml GM

Figure 4.10: Confocal images of immunohistochemistry of expressed adiponectin.
Blue colour is DAPI to show the cell nucleus and red colour is the secondary antibody
labeled with Fluor 594.

To quantify the secreted adiponectin, a HAELISA kit was used. The result is
depicted in Figure 4.12, showing that no cells secreted any detectable level of
adiponectin. The two bars on the right shows the absorbance of the two lowest
concentrations in the standard, with 0 and 1.5625 ng/ml adiponectin.

Typically for adipocytes, the lipid droplets are few in numbers and covers most of
the cell volume, see Figure 3.2. However, the results from the Oil Red O staining,
seen below in Figure 4.13, shows mostly small red dots with once exception of Fig-
ure 4.13c. Since no live/dead stain is incorporated into the test, the status of the
cells are unknown. The outlines might be the footprint of dead cells, and the small
red dots might then be necrotic bodies which contains the neutral fats that should
have been stored inside the droplets.
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