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ABSTRACT 

This project’s goal is the production of biopolymeric microparticles of different sizes and 

chemical specifications and to use them as microcarriers in dynamic cell cultures. The cell 

culture conditions are to be optimized to allow the highest seeding and proliferation rate 

possible for cells. 

This work is divided into two main parts. First, polylactic acid microparticles of two different 

sizes are fabricated by using a green method, and functionalized with proteins carrying 

adhesive motives. This functionalization aims at giving the particles the ability to carry and 

deliver cells to a specific tissue. Secondly, those microparticles are used as microcarriers in a 

dynamic cell culture. The impact of different parameters on the cells’ seeding and 

proliferation, such as the size of the microparticles, the grafted protein, the type of impeller, 

the stirring rate, or the impeller geometry, are studied. 

Microparticles of appropriate sizes have been successfully produced. The functionalization 

process has led to an effective attachment of collagen and elastin-like recombinamer (ELR) 

molecules. 

Large microparticles functionalized with collagen yielded higher seeding rates than all other 

types of microparticles. Nevertheless, cells do not proliferate for all samples with the spinner 

flask design we used. 

The impact of the mechanical stirring has also been assessed. Indeed, a lower stirring rate 

triggers a slightly higher seeding efficiency. Furthermore, the use of an anchor-shaped 

impeller yields slightly higher seeding efficiencies than a paddle-shaped impeller. 

Stirring during the seeding phase has as well an important impact on cells seeding. No stirring 

during the first 24 hours of the cell culture proved to yield higher seeding efficiencies than 

alternate stirring during 2 hours. 

Proliferation was not achieved during this project. Nevertheless, various seeding efficiencies 

were obtained, depending mainly on the microparticles’ physical and chemical features, and 

the mechanical stirring conditions.  
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1 INTRODUCTION 

1.1. Tissue engineering 

Tissue engineering is defined as “an interdisciplinary field that applies the principles of 

engineering and the life sciences toward the development of biological substitutes that restore, 

maintain, or improve tissue or organ function” [1]. This science domain comes from a critical 

donor shortage (tissues and organs), as well as complications such as life-long 

immunosuppression [2]. The basics are the following (Figure 1.1): new functional living 

tissues are fabricated by using living cells and are associated with a matrix or a scaffold, to 

guide tissue development [3]. To create this new tissue, different strategies can be adopted [3, 

4]: 

(1) Delivery of isolated cells (cell transfers): it involves an injection or an implantation of 

cells, which does not necessarily require surgery. The cells may be manipulated before 

the injection by genetic, chemical, mechanical or electrical meanings. 

(2) Tissue-inducing devices: they consist in injectable or implantable materials, devoid of 

any cells, that can stimulate, modulate, or guide the formation of new tissue. 

Appropriate signal molecules (i.e. growth factors) can be processed in a large-scale 

production. Their off-the-shelf availability is also very interesting. 

(3) Extracorporeal and encapsulation techniques (closed systems): construct cells are 

isolated from the host via a semipermeable membrane that allows permeation of 

nutrients and wastes, while preventing antibodies or immune cells from harming the 

transplant. 

(4) Transplantation of cell within matrices (open systems): cells are seeded onto scaffolds 

that will guide their organization into the appropriate architecture. 

Tissue-engineering therapies are still struggling to reach the market mainly because of 

practical constraints (time and cost) and regulatory delays. Nevertheless, clinical applications 

have already risen, for each previously described strategy (Table 1.1) [3]. 
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Figure 1.1 – Basic principles of the most common tissue engineering process 

During any attempt to engineer a tissue or organ substitute, the starting point is to determine 

which cells should be employed. These cells have to be available in sufficient quantity and 

free of any contamination. Cell sources can be of three different types [3]: 

- Autologous sources: the patient’s own cells are used in this kind of treatment. These 

cells are just transferred from one site to another on the very same body. No immunity 

is therefore required, but the morbidity of the site where the cells are taken from have 

to be considered. 

- Allogeneic sources: cells come from another human being (therefore, from the same 

species). Off-the-shelf availability can prove to be a limitation (mainly concerning 

shelf life and donor shortage), and immune compatibility may have to be tuned. 

- Xenogeneic sources: cells come from different species (usually animals). Such a 

treatment requires engineering an immune acceptance as well as preventing any cross 

contamination diseases transmission. 

Cell isolation 
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Strategy Target disease Applications 

Cell transfers Full-thickness injuries to articular 

joint cartilage 
Knee cartilage repair (Carticel®, 

Genzyme Biosurgery) 

 Myocardial infarction Cellular cardiomyoplasty 

 Damage to the corneal-limbal 

epithelium 

Ocular resurfacing 

 Parkinson’s disease Dopaminergic cell transplantation 

(Neural stem cells, 

NeuroGeneration) 

 Duchenne muscular dystrophy Myoblast transfer therapy 

 Type I diabete Pancreatic islet transplantation 

Tissue-inducing 

substances 

Full-thickness burn injuries Dermal substitutes (Epicel®, 

Genzyme Biosurgery; Integra®, 

Integra Life Sciences) 

 Major bone defects Demineralized bone 

Closed systems Type I diabetes Encapsulated pancreatic islet cells 

(Encapsulated islets, Amcyte) 

 Acute liver failure Bioartificial liver 

 Renal failure Bioartificial kidney (RAD, 

RenaMed Biologics) 

Open systems Foot ulcers caused by diabetes Composite skin grafts (Apligraf, 

Organogenesis) 

 Severe cardiovascular anomalies 

(children) 

Pediatric cardiovascular conduits 

Table 1.1 – Clinical applications for different tissue-engineering strategies (data from [3]) 

Once a cell source has been determined, the functional characteristics of the cells are 

manipulated in order to achieve the desired behavior. Two different factors can be 

manipulated: a cell’s microenvironment (matrix, stresses, biochemical environment, etc.) or 

its genetic program. 

The next step is the development of an organized 3D architecture, which mimic a specific 

tissue, and/or a delivery vehicle for the cells. Scaffolds for cell cultures are processed so as to 

provide properties and features as close as possible to the original matrix of cells, which is the 

extracellular matrix (ECM). The ECM is the natural medium in which cells grow, proliferate, 

differentiate and migrate. It controls and guides specific cell functions. Therefore, new 

fabrication methods are designed in order to mimic the spatial distribution of the fibrillar 

structure of ECM: gas foaming, solid free-form fabrication, molecular self-assembly, 

electrospinning, etc. 
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Scaffolds for cell culture can also have other physical forms (gels, fibers, sponges, etc.), be 

composed of a wide range of materials (polymers, ceramics, metals) that can have various 

origins (especially for polymers: natural or synthetic). A scaffold-free approach, such as cell 

self-assembly, can also be used. The whole system is finally moved into a living organism. 

Immune acceptability and possible inflammatory responses have to be studied. 

The last step in a tissue-engineering technique is the choice of an appropriate bioreactor, in 

which tissue-engineered products are processed. Bioreactors can provide mechanical 

stimulation as well as a uniform mixing of metabolites, which constitute a good environment 

for cell cultures. 

Tissue engineering is still an evolving technique and can be subjected to upgrades in different 

domains (Table 1.2). 

Domain Possible improvement 

Cell sources Finding sources of appropriate stem and progenitor cells: embryonic stem 

cells, adult stem cells, etc. Design of bioengineering-products that are 

tolerated by recipients even without immunosuppressive drugs. 

Smarter 

biomaterials 

Extracellular matrix (ECM): Development of improved scaffolds, which 

would display biological properties closer to that of native ECM. 

 Electrospinning: Production of highly biocompatible fibrous scaffolds 

from synthetic materials, displaying improved mechanical properties and 

incorporating additional ECM components that would promote cell 

adhesion, growth and differentiation. 

 Smart polymers, i.e. linkage of smart polymers to proteins, to allow 

selective capture and recovery of specific cells, as well as delivery of cells 

to a desired location. 

 Proteins and mimetics: Design of genetically modified proteins or hybrid 

polymers incorporating bioactive peptides and protein domains, to 

promote cell adhesion. 

 Growth and angiogenic factors: Addition of growth factors to the matrix, 

to drive cell growth and differentiation. Addition of angiogenic factors to 

promote neo-vascularization of regenerating tissue (to bring nutrients and 

metabolites to the cells). 

 Discovery of new materials: Design or discovery of bioactive materials 

not based directly on naturally occurring carbohydrate of protein structure. 

Bioreactors Design of new bioreactors that could facilitate the production of tissue-

engineered constructs; that could enhance tissue formation through 

mechanical stimulation; and that could improve the manufacture of 

engineered grafts for clinical use. 

Table 1.2 – Possible improvements for tissue-engineering techniques (data from [3]) 
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1.2. Cell Delivery Systems and microcarriers 

Delivering cells at a precise site is a very important issue in tissue engineering. This is 

precisely the aim of Cell Delivery Systems (CDS). Its basic principle is to integrate controlled 

release strategies within scaffolding materials, which will provide new multifunctional 

systems able to control and guide the tissue regeneration process [5]. Controlled release 

corresponds to the delivery of a substance (cells) to a specific target, at a controlled rate over 

a period of time. Cells’ necessity of a vehicle is thus of prime importance; this need has led to 

the development of microcarriers scaffolds. 

Defining appropriate characteristics for scaffolds used in drug delivery systems is especially 

important. Indeed, these features, such as their composition, shape or architecture, can allow a 

fine tuning of the release rate. Low- or high-molecular weight molecules can therefore be 

delivered at a given rate, in a specific location. Therefore, a high number of fabrication 

methods has been developed, leading to various architectures. A wide range of biodegradable 

and biocompatible materials has also been used to fabricate scaffolds usable in drug delivery 

systems: synthetic polymers such as polylactide or polyglycolide, or natural polymers such as 

collagen or proteins [5]. 

Modifying those scaffolds’ characteristics, for example their composition, shape and 

architecture, allows a fine tuning of the release rate. An important concern is especially 

present concerning these scaffolds. Indeed, many scaffolds require surgical implantation and 

removal after exhaustion of the drug. Using biodegradable microparticles loaded with the 

desired drug allows avoiding these problems. They provide a simple way of delivering drugs 

to specific areas in vivo: the scaffold (here, microparticles) can be injected instead of being 

surgically implanted [6]. 

Furthermore, microparticles used as microcarriers display a long list of advantages [6]: 

- They provide new applications for animal cell culture: production of large quantities 

of cells, viruses and cell products, studies on differentiation and cell function, 

perfusion culture systems, isolation of cells, membrane studies, storage and 

transportation of cells, etc. 
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- They display an increased production capacity, because of their very large surface area 

to volume ratio. Therefore, cell cultures using microcarriers can be realized in 

compact systems. 

- Requirements for labor are importantly reduced. Indeed, large numbers of cells can be 

cultured in small volume. Fewer culture vessels are required. 

- The risk of contamination is greatly lowered, thanks to the diminution of the number 

of manipulation steps. 

1.3. Biomaterials 

The word “Biomaterials” has first been defined by Williams in 1987 [7]. It can be described 

as “a non-viable material used in a medical device, intended to interact with biological 

systems”. Other definitions have been advanced over the years, becoming increasingly 

complex. Williams redefined biomaterials in 2009: “A biomaterial is a substance that has 

been engineered to take a form which, alone or as part of a complex system, is used to direct, 

by control of interactions with components of living systems, the course of any therapeutic or 

diagnostic procedure, in human or veterinary medicine” [8]. 

They display a combination of chemical, mechanical, physical and biological properties that 

renders them suitable for safe use with a physiological environment [7]. Nowadays, they are 

used in a wide range of applications, such as medical applications, cell culture, blood proteins 

assessments, diagnostic gene arrays, or even aquaculture of oysters [9]. These biomaterials 

can be metallic, ceramic, or polymeric, depending on the application they are destined to. 

Biomaterials can be classified by using the tissue response they trigger [10]: 

- Inert materials: Minimal tissue response 

- Active materials: Bond to surrounding tissue 

Inert or active materials can also be degradable/resorbable, which means that they can 

incorporate into the surrounding tissue, or completely dissolve over time. 
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1.3.1. Biocompatibility and biodegradability 

Biomaterials used in medical applications require different specific properties, in order to 

avoid any adverse reaction by the body. Biocompatibility and biodegradability are the most 

important properties for these materials. 

A biocompatible material is basically required to do no harm to tissues of the human body, 

which can be achieved through chemical and biological inertness. To achieve this goal, 

biocompatible materials should be non-toxic, non-immunogenic, non-thrombogenic, non-

carcinogenic, non-irritant, etc. This list of features was originally used to define 

biocompatibility [11]. It was properly defined in 1987 by Williams: “Biocompatibility refers 

to the ability of a material to perform with an appropriate host response in a specific situation” 

[12]. As for the definition of biomaterials, biocompatibility was redefined in 2008 by 

Williams: “Biocompatibility refers to the ability of a biomaterial to perform its desired 

function with respect to a medical therapy, without eliciting any undesirable local or systemic 

effects in the recipient of beneficiary of that therapy, but generating the most appropriate 

beneficial cellular or tissue response in that specific situation, and optimizing the clinically 

relevant performance of that therapy” [12]. 

According to ASTM standard D-5488-94d and the European norm EN 13432, 

biodegradability is “the capacity of undergoing decomposition into carbon dioxide, methane, 

water, inorganic compounds, and biomass”. For polymers, biodegradability means that 

polymer fractions are assimilated by micro-organisms, such as fungi, bacteria, etc., resulting 

in the production of carbon dioxide, water, and by-products [13]. Biodegradable materials 

provide advantages for tissue engineering. Indeed, biodegradable scaffolds that are used in 

tissue-engineering methods do not need to be surgically removed. 

1.4. Polylactic acid 

1.4.1. Nature & Definition 

Polylactic acid is a synthetic polyester produced from lactic acid and is currently considered 

one of the most promising biopolymer [14]. It can be processed by a large number of 

techniques. Its attractive price, commercial availability (for large-scale production) and 

remarkable properties make it interesting in applications such as packaging, bottles, injection 

molding products, etc. [14, 15, 16]. Polylactide has also attracted a lot of attention lately, 
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because of its biodegradability, biocompatibility and environmentally-friendly character [14]. 

The biodegradability of PLA has long been discussed: indeed, “biodegradability” was initially 

defined as “the ability of materials to be easily degraded with microbes at 20-25°C to release 

carbon dioxide and water in the natural environment” [16]. PLLA does not fulfill this 

definition, since it is not easily degraded in the natural environment; however, it can be 

considered biodegradable in terms of compostability: it can be degraded by hydrolysis, and 

acidic pH can increase its rate of degradability. It also tends to autocatalize its degradation 

due to its acidic degradation products (especially lactic acid). 

1.4.2. Processing 

Polylactic acid is mainly produced by ring-opening polymerization or by polycondensation of 

lactic acid. This basic monomer is obtained by fermentation from renewable resources 

containing carbohydrates, such as corn, sugarcane, or tapioca [14, 16]. The process mainly 

goes down to industrial fermentative production of lactic acid, followed by purification with a 

minimum generation of by-products [16]. Once obtained, PLA can be shaped by using green 

methods, which require the use of only environmentally-friendly chemical compounds. 

 

Figure 1.2 – Configurations of lactic acid: L-lactic acid (left) and D-lactic acid (right) [17] 

Two different configurations exist for lactic acid: L and D (Figure 1.2). Since lactides are 

cyclic di-esters, the come in three different configurations: L-lactide, D-lactide and DL-lactide 

(also called meso-lactide) (Figure 1.3). Poly-L-lactide (PLLA) is semi-crystalline and 

therefore displays a low degradation rate: complete degradation can take years, depending on 

the size of the sample. This crystalline character can also prove to be problematic concerning 

biocompatibility. To increase the degradation rate and reduce the crystallinity, copolymers of 

L- and D-lactide have thus be created, but sometimes lack the appropriate mechanical 

properties. 
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Figure 1.3 – Configurations of lactides:L-lactide (left), DL- or meso-lactide (center) and D-

lactide (right) [17] 

Poly(DL-lactide) is amorphous and have a rather high degradation rate. Therefore, 

copolymers of L- and DL-lactide display good mechanical properties as well as acceptable 

degradation rate for tissue engineering applications. The proportions of the monomers can be 

modified to tailor the appropriate properties. 

1.4.3. Properties 

Commercial PLA is a rigid, semi-crystalline blend of PLLA and PDLA (obtained by 

polymerization of LLA and DLA, which are optical isomers): many key properties of the final 

blend are impacted by the ratio of D- to L-enantiomers. The whole chemical structure (chain 

structure, configuration, conformation, tacticity…) influences those properties as well [16]. 

The general properties of 70/30 PLDLA copolymer can be seen in Table 1.3. 

Tensile strength (MPa) 60-70 

Modulus of elasticity (GPa) 3,1 – 3,7 

Elongation at break (%) 2-6 

Melting temperature (°C) 115-125 

Glass transition temperature (°C) 55-70 

Degradation (full mass) time (months) > 24 

Table 1.3 – Main mechanical and thermal properties of 70/30 PLDLA copolymer 

However, one of the limitations for the use of the 70/30 PLDLA copolymer is its low thermal 

resistance: its glass transition temperature Tg is about 55°C (it usually ranges from 50°C to 

80°C, depending on the composition) [14]. This property, as well as lots of others, can be 

improved by tailoring the composition and by adding additives, which can impact strength, 

melt viscosity, crystallinity, etc. [15]. These additives can also modify the copolymer to meet 

specific applications. 
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1.4.4. Medical applications – Required properties 

PLA is considered biocompatible in contact with living tissue: it can therefore be used in 

biomedical applications such as implants, sutures, drug encapsulation, etc. [14]. Furthermore, 

its biodegradability eliminates the need to remove implants and provides long-term 

biocompatibility (ability of a biomaterial to perform with desired response in a target 

application). PLA’s bioresorbability is especially interesting for fracture fixation devices 

(screws, plates, sutures), or delivery systems. Different PLA-containing medical and 

pharmaceutical devices are now approved by regulatory agencies in many countries, for 

example the Food and Drug Administration in the United States [16]. These agencies set up a 

list of minimal requirements for biomaterials used in medical applications, including non-

toxicity, effectiveness, and sterilizability. 

However, tissue engineering techniques using PLA are still struggling to get their way to day-

to-day clinical practice. The first reason is that the degradation rate of the PLA implant has to 

closely match the rate of tissue regeneration. The second reason it that substances, which are 

released by the implant’s degradation, may have toxic effects, such as uncontrolled 

inflammatory reactions. 

1.4.5. Degradation (after hydrolysis) 

The hydrolytic degradation of PLA is of prime importance when PLA-based systems are used 

for biomedical applications. Indeed, these systems need to have an appropriate degradation 

rate, in accordance with the healing rate of organs. 

PLA is firstly degraded by hydrolytic scission of ester linkage, which produces molecules of 

lactic acid. The latter is a natural product which can be found in human and animal muscles, 

and can be converted to pyruvic acid by the body’s normal metabolism. This pyruvic acid 

then enters the tricarboxylic acid cycle to yield carbon dioxide and water [16]. 

1.4.6. Use of microspheres and microcapsules 

Microspheres and microcapsules are widely used in drug delivery systems (DDS), for the 

prolonged administration of an important variety of medical agents such as contraceptives, 

narcotic antagonists, local anesthetics, and vaccines. DDS with peptides and proteins have 
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also been studied, due to their high effectiveness in low doses. PLA is particularly interesting 

in this kind of applications, because of its hydrolytic degradability and its low toxicity. 

Injectable microspheres can also be used as temporary fillings in facial reconstructive surgery: 

degradation of PLLA is accompanied by a steady increase of collagen fibers, which fill the 

space originally occupied by the implant. Complete degradation is a long process and can take 

up to 24 months: the material starts losing its mechanical properties, before undergoing a 

resorption process (which means that the material “disappear”) [16]. 
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2 PROJECT OBJECTIVES 

This project takes place in the context of an ongoing evolution in tissue engineering 

techniques. Cell Delivery Systems represent an important field of studies in this area, because 

of their ability to deliver cells to a specific target with a controlled release. In this perspective, 

the use of microparticles in greatly recommended: they are injectable and display an increased 

expansion capacity for cell cultures, thanks to their high surface area to volume ratio. 

Therefore, large amounts of cells can proliferate on a small quantity of microparticles. The 

use of a biocompatible and biodegradable material is especially suitable for this kind of 

applications. Indeed, such materials are already greatly used in clinical applications, because 

it is not compulsory to surgically remove the system once it has carried out its function. 

The potential use of microcarriers in clinical and medical applications is currently under study 

and development. Nevertheless, optimal conditions are yet to be determined for this type of 

system. Such products would be required to be able to support cell culture as well as being 

usable in clinical applications. 

With this in mind, this project aims at producing appropriate biocompatible and 

biodegradable microparticles for cell delivery, displaying different geometrical and chemical 

features, in order to optimize cell culture on them. Different sub-objectives are defined as 

well: the optimization of the microparticles’ geometry and size; the microparticles’ 

characterization; the functionalization of their surface to enhance and control cell delivery; the 

optimization of the cell culture dynamic conditions, such as the stirring rate and the type of 

impeller. 

PLA microparticles will be processed following a green method, by using phase separation 

and solvent displacement techniques. Particles of two different sizes will be produced. These 

particles will have the function to carry and deliver cells to a targeted tissue. For this reason, 

functionalization of the microparticles with collagen and a recombinant biopolymer (elastin-

like recombinamer), both bearing adhesive motives, will be performed. Cells will be cultured 

on those functionalized particles in dynamic conditions, to assess their capability to retain 

cells. The dynamic cell culture conditions will also be studied, by using two different types of 

impellers. Therefore, a study of the impact of different parameters (size of the microparticles, 

protein used to functionalize, type of impeller) will be conducted. 
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3 MATERIALS AND METHODS 

3.1. Materials 

Polylactide pellets are used to produce PLA microparticles. The polylactide copolymer used is 

produced by Purac Biomaterials: its reference is Purasorb PLDL 7038, L-lactide/DL-lactide 

copolymer (ratio M/M%: 70/30). 

Poly(vinyl alcohol) (PVA) is also used during production of PLA microparticles. We used 

PVA from Sigma-Aldrich, with a molecular weight between 89,000 and 98,000 g/mol. 

3.2. Production of Polylactic Acid microparticles 

A PLA solution, which will later be processed into the desired shape, first needs to be 

prepared. This solution consists in Ethyl Lactate (EtLac) containing 3,5% w/v of PLA. A 

polylactide copolymer produced by Purac Biomaterials was used. According to the product 

data sheet, it is a GMP grade copolymer of L-lactide and DL-lactide (which are two stereo-

isomers of polylactide) in a 70/30 molar ratio, supplied in the form of white to light tan 

granules. It is primarily used for medical device applications [18]. 

The PLA pellets are added to the EtLac, and the solution is mixed over night on a magnetic 

heating stirrer, at approximately 55°C. Once the pellets are dissolved, the solution is let at 

room temperature for a while, and can then be stored frozen at -28°C. It is very important to 

avoid any contact between the solution and water: indeed, water causes a precipitation of the 

polymeric solution. 

The production process is basically divided into two main parts: formation of polymeric 

droplets of a given size by jet break-up, and solvent displacement when these droplets fall into 

a coagulation bath. 

This coagulation bath therefore needs to be prepared to produce microparticles. Its 

composition is: 70% pure ethanol, 30% water, and 0,3% w/v of PVA. PVA acts here as a 

surfactant, which means that it lowers the surface tension of the interface between the 

polymeric solution and the bath, and therefore helps to form spherical particles [19]. PVA is 

dissolved in the coagulation bath. It is possible to put the solution on an orbital shaker, to 

make the process easier. Ethanol is finally added to the bath. 
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The procedure we will use to produce our PLA microparticles is adapted from a bio-

compatible procedure described by Levato et al. [20]. The installation can be seen in Figure 

3.1. 

 

 

Figure 3.1 – Installation used for the production of PLA microparticles 

 

A syringe pump is used, in order to set a precise dispensing rate. Different parameters are set: 

syringe diameter, syringe volume, and a varying dispensing rate. This rate depends on the size 

of particles we would like to produce: 10 mL/h for small particles, and 50 mL/h for large 

particles. Indeed, the size is directly proportional to dispensing rate, as described in [20]. Two 

different sizes of microparticles are processed, in order to be able to analyze the effect of the 

microparticles’ size in the cell culture study. 

A double needle is also used (Figure 3.2). The inner needle is used to convey polymeric 

solution, and the outer needle is used to provide a nitrogen flow. It is necessary to clean it 

beforehand with acetone, and to pass a small wire through it to ensure all possible polymeric 

residues have been taken out. 
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Figure 3.2 – Double needle used to produce PLA microparticles 

 

A coagulation bath is placed below the syringe pump. It consists in a beaker, containing 75 

mL of the previously prepared coagulation bath solution, placed on a magnetic stirrer set up at 

200 rpm. 

The PLA solution, which is stored frozen, must be heated up to approximately 54°C, in order 

to thaw. A syringe is then filled with PLA solution, attached to the double needle and placed 

on the syringe pump. The N2 (nitrogen) feeding tube is attached as well to the double needle. 

The syringe pump can be started up at that time. Paper soaked with acetone can be used to 

remove the first few drops of PLA solution coming out of the needle. As soon as polymer 

begins to come out, the gas valve is opened and the gas pressure is adjusted, in order to get 

the appropriate flow (Figure 3.3). Pressure influences the size of the particles: if it gets lower, 

the size gets higher. 
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Figure 3.3 – Jet-break up phenomenon (adapted from [21]) 

Once the syringe is empty, it is important to prevent big drops to fall in the bath, by covering 

it. The gas valve is then closed. The needle is cleaned with acetone, dried with a nitrogen 

flow, and a wire should be used to remove the last polymeric residues. 

The PLA microparticles are left in the coagulation bath during approximately 1 hour with 

magnetic stirring, to let them harden. They are then filtered with a 40 μm filter, rinsed with 

MilliQ water and frozen in liquid nitrogen. Finally, they undergo a lyophilization process 

during a minimum of 48 hours. Dried PLA MPs are stored at 4°C. 

3.3. Functionalization 

The functionalization process can be divided into 4 steps: preparation, hydrolysis, activation 

and functionalization. Its aim is the creation of an amide bond, which can be achieved by a 

“zero-length” cross-linking. Zero-length cross-linking is basically a formation method for a 

bond with no additional atoms in between, as can be seen in Figure 3.4 [22]. 

In our case, we use a carbodiimide, EDC (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide, 

97%, Acros Organics), as well as another water-soluble compound, NHS (N-

hydroxysulfosuccinimide). Indeed, a combination of EDC and NHS has been proven to be 

more effective than using EDC alone. The products are the same than the ones obtained using 

only EDC, because NHS only helps the formation of the ester intermediate, and is restituted 

again at the end of the process. 
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Figure 3.4 – Scheme of the functionalization process [22] 

a) Preparation 

PLA is hydrophobic, which means that it is very difficult for water to soak in. It also means 

that PLA microparticles float on water. Therefore, a 70% ethanol solution was used to soak 

the microparticles. The samples, which are stored in a fridge, are kept at the ambient 

temperature for a while. 70% EtOH is then added, and the samples are mixed on an orbital 

shaker until all microparticles have sunk. 

We also prepare some solutions that are needed in the following steps: a NaOH solution (0,05 

mol/L), and a EDC/NHS solution (0,1 mol/L EDC, 0,2 mol/L NHS, 70% EtOH). 

b) Hydrolysis 

NaOH induces PLA surface hydrolysis. It breaks esther bonds in the polymeric chains, and 

therefore generates COOH and OH groups. The COOH groups can be chemically modified, 

but they first need an intermediate activation step. The hydrolysis is to be done once the MPs 

have sunk in ethanol. 

The ethanol left in the samples at the end of the preparation step is replaced by fresh water. 

Two centrifugation steps are then realized, with the following setup: 5 minutes, 800 rpm, 

20°C. Between those steps, the samples are washed. They are then covered by the previously 
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prepared NaOH solution. The samples are shaken continuously for 10 minutes, before being 

filtered (using a 40 μm grid and MilliQ water) and put back in the bottles. 

c) Activation 

EDC links to COOH groups and permits a further linking of NHS. The advantage of EDC is 

that it does not otherwise interfere with the reaction, and is removed once the 

functionalization is complete. NHS allows to link molecules with amino-groups (NH2) 

(preferentially primary amino-groups). 

EDC/NHS (0,1 mol/L EDC, 0,2 mol/L NHS) solution is added to each sample. The samples 

are then put on an orbital shaker for 2 hours. They are rinsed with fresh water before 

undergoing two centrifugation steps of 3 minutes each. As before, the water is replaced by 

fresh water between each step. The remaining water is finally taken out. 

d) Functionalization 

NHS is replaced by the chosen proteins with amino-groups: ELR (Elastin-Like 

Recombinamers) and collagen. The bond between amino-groups and carboxyle is very stable. 

Two solutions are prepared (one for each protein): a collagen solution and an ELR solution 

(both of them with a concentration of 100 μg/mL). Once the proteins are added, the samples 

are left on an orbital shaker for 24 hours. After that time, the samples are washed and 

lyophilized.  

3.4. Sterilization of PLA microparticles 

One produced and stored, PLA microparticles need to be sterilized before being used in cell 

culture. This sterilization cannot be achieved by thermal methods, since the polylactide we 

use has a glass temperature of only 55-60°C. Sterilization by chemical meanings will 

therefore be preferred. In this study, disinfection by ethanol will be preferred. 

The microparticles are covered with 70% ethanol and put on an orbital shaker, until the 

ethanol has been able to soak them (the microparticles will sink at the bottom of the 

container). They are then taken to a cell culture room (with a sterile environment), under a 

hood. The ethanol is replaced by PBS, and the samples undergo a centrifugation step (at 800 
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rpm during 3 minutes). PBS is replaced by fresh PBS, and another centrifugation step takes 

place (this step has to be repeated 2 times). Fresh PBS finally replaces the liquid part. The 

samples can be stored in a fridge at 4°C. 

Before using those stored microparticles, it is also needed to remove the PBS and cover them 

with the medium that is used in the experiment (in our case, advanced DMEM). The tubes are 

put in a heating bath at 37°C, so that there is no temperature difference between the medium 

containing the cells and the one containing the microparticles.  

3.5. Characterization 

3.5.1. Microscope measurements 

The microscope is used in bright field, without any oil immersion. The software cell^F is used 

to take pictures of the samples. The highest amount possible of microparticles is measured, in 

order to have a mean size as precise as possible. 

Köhler protocol is used to have even illumination. The diaphragm is closed, and the 

condenser ring height is adjusted until a polygon shape is observed. The diaphragm is then 

slightly opened, and the light centered. 

ImageJ software allows the measurement of the size of all particles visible on a picture. These 

values will lead us to a mean size. This process is repeated for all pictures of a same sample, 

which will give us a more precise value. Four pictures are taken for each sample. 

3.5.2. SEM observation 

A SEM (Scanning Electron Microscope) study is conducted to get high-resolution pictures of 

the obtained PLA microparticles. The microscope used is a SEM Microscope Jeol JSM-840.  

In a SEM, electrons are used instead of light to create an image. The principle is the 

following: an electron beam is generated, focused and directed to a sample. As it hits the 

sample, X-rays as well as different types of electrons are ejected from the sample, which are 

collected by detectors and converted to a picture [23]. 

Before being observed by SEM, samples need to undergo a preparation step. Indeed, samples 

for SEM studies have to be conductive. Metallic samples do not need to undergo this step, but 

non-metallic samples, which are not conductive, have to. Preparation basically consists in 
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coating the sample with a thin layer of conductive material. This conductive material is 

usually carbon, gold or other metals and alloys. In this study, gold is used to cover the 

samples [23]. 

3.5.3. Quantification of grafted proteins 

The Micro BCA Protein Assay Kit is used for this study. This measurement method allows a 

colorimetric detection and quantification of total protein. It is optimized for use with diluted 

protein samples (0,5-20μg/mL). Bicinchoninic acid (BCA) is used as the detection reagent for 

Cu
1+

, which is formed when Cu
2+

 is reduced by a protein in an alkaline environment. The 

solution turns purple, thanks to the chelation of two molecules of BCA with one Cu
1+

 ion. 

This complex exhibits a strong absorbance at 562 nm, which is linear with increasing protein 

concentrations. 

This method is very sensitive due to the use of concentrated reagents as well as an extended 

incubation time at a high temperature (60°C). We use this method to determine the quantity of 

proteins that attached to our PLA microparticles. 

3.6. Cell culture on functionalized PLA microparticles 

3.6.1. Preparation of the spinner flask 

1- Determination of stirring rate 

Before preparing the spinner flask, we need to determine which stirring rate to use for our 

experiments. This rate has to be high enough to keep the PLA microparticles in suspension, 

but it should also be low enough not to harm the cells. Therefore, we conducted some tests to 

determine the lowest stirring rate at which the microparticles stay in suspension. The value we 

found is approximately 52 rpm for a given volume of 18 mL. This corresponds to the values 

found in literature: it usually ranges between 30 and 60 rpm [24, 25]. 

2- Cleaning, cover treatment and sterilization 

The flask we use is a Wheaton Celstir suspension culture spinner flask system, composed of a 

borosilicate glass flask with an integral cap and a magnetic impeller assembly. The magnetic 

impeller can be set into a rotational motion by using a magnetic stirrer; in our study, we use a 

stirrer from Variomag Thermo Scientific BIOSYSTEM, which can withstand temperatures 
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ranging from -10°C to +56°C with 100% air humidity (which is especially appropriate in our 

case, because we will need to use it inside an incubator). It is especially important to set up 

the right height for the impeller: the bottom of the impeller has to be between 3 and 5 mm 

from the bottom of the flask, so that it is not scratching the surface. 

The spinner flask has to undergo several preliminary treatments: a first cleaning step, a cover 

treatment followed by a second cleaning step, and finally autoclave oven sterilization. The 

detergent used in the cleaning solution is ES 7X cleaning solution from MP Bio. This pure 

detergent is used to prepare a 2,5% diluted solution. The spinner flask is filled with this 

diluted solution, and the other components of the flask (especially the impeller) are put in a 

beaker filled with cleaning solution. The whole system is then left with this solution 

overnight. Finally, the solution is removed and the system (the spinner flask and the other 

components) is rinsed, until no foam is forming any more. The system can then be left to dry. 

A cover treatment has to be applied to the glass components (the spinner flask and the axis), 

in order to prevent cells from attaching to them during the cell culture. For this purpose, we 

use Sigmacote (from SIGMA): it is a solution containing a chlorinated organopolysiloxane in 

heptane. This cover treatment creates a hydrophobic thin film on glass parts, which repels 

water and prevents adsorption of many basic proteins. The treatment is conducted according 

to the manufacturer’s specifications: 

- The glass surface to be siliconized must be clean and dry. 

- Cover or immerse the glass surface in Sigmacote (undiluted). The reaction is almost 

instantaneous. Excess solution can be removed for reuse. 

- Allow the treated glass surface to air dry in a hood. No heating is required. 

- Rinse the siliconized articles with water to remove the HCl by-products before use. 

An additional step has been performed: drying the coating in an oven at 100°C for 30 minutes 

will produce a slightly more durable coating. 

Sterilization of the spinner flask can be achieved by an autoclaving step. The sterilization 

cycle lasts at least 20 minutes and the moist process (with vapor) is chosen. It is important to 

not close entirely the flask caps, so that the pressure is uniform between the inside and the 

outside of the flask. 
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3.6.2. Seeding of cells on PLA microparticles in dynamic conditions 

Seeding in static has already been studied previously [Data under publication]. In this study, 

cells are seeded onto microparticles under dynamic conditions, which mean that the medium 

containing the microparticles and the cells is agitated. This agitation is done by the use of a 

spinner flask coupled with a magnetic stirrer, as described previously in part 2.6.1. The PLA 

microparticles previously produced act as microcarriers, and rat mesenchymal stem cells 

(rMSC) at a passage ranging from 6 to 9 are added in order to adhere and proliferate. The 

medium used is Advanced Dulbecco’s Modified Eagle Medium (ADMEM), provided with 

15% of fetal bovine serum (FBS), 1% of L-Glutamine, and 1% of penicillin/streptomycin. 

ADMEM is the medium which contains the required and essential nutrients for the survival of 

cells in cell culture conditions (in vitro). FBS is a widely used growth supplement, because of 

a low level of antibodies and a high number of growth factors; it provides amino acids, which 

are required for cell growth. L-Glutamine acts as an energy source for cells, especially in the 

cases of high energy demands or inefficient use of glucose. Penicillin and streptomycin are 

antibiotics, which help to decrease the contamination risk in cell culture. 

According to the literature, the inoculum (quantity of cells introduced in the medium with the 

microparticles) usually contains between 50.000 and 200.000 cells/mL [25]. A quantity 

between 70.000 and 100.000 cells/mL is used in our experiment. Since the volume of medium 

is of 18 mL, that corresponds to a total of between 1.260.000 and 1.800.000 cells. 

The initial quantity of microparticles also needs to be determined. It generally ranges from 2 

to 3 g/L [25, 26]. A quantity of 2 g/L is used in our experiment, which corresponds to a total 

amount of 36 mg. The microparticles which are used during the experiment need to be 

disinfected and stored in medium at 37°C for 30 minutes at least before the experiment, so 

that the particles can equilibrate with medium. 

Cells are usually stored in cryotubes in a freezer or in a nitrogen tank. Therefore, they need to 

be thawed before being used in an experiment. The cryotubes are placed in a water bath at 

37°C and slightly agitated, in order to defreeze the solution containing the cells. Flasks 

containing approx. 15 mL of medium (ADMEM) are prepared. Cells are then collected with a 

pipette and added to the medium. If cells were frozen at a high concentration, one cryotube 

may produce 2 or even 3 cell culture flasks. The flasks need to be stored in an incubator. The 
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medium is replaced by fresh medium one day after thawing the cells, because of the presence 

of DMSO (Dimethyl Sulfoxide) in the freezing medium. DMSO is a cryoprotective agent, but 

is harmful for cells at ambient temperature. 

Medium is then changed every 3 days after that. This allows cells to grow, until they reach 

confluency, which means that the cells cover the entire flask, and that they cannot grow any 

more (because of a lack of space). 

Once confluency has been reached, the medium covering the cells is taken out, and the cells 

are rinsed with 5 mL of PBS. This rinsing step aims at taking away the dead cells, which did 

not adhere to the flask. The cells are then trypsinized (to detach them from the flask) and 

counted: it is needed to compute the volume corresponding to 1.800.000 cells. This volume is 

made up to 18 mL of medium, containing 36 mg of PLA microparticles. This blend is finally 

put inside the spinner flask, by using a 1 mL pipette, through one of the side arms of the flask. 

The top cap is closed, and the side caps must not be tightly closed (it is necessary to let air 

flow in the flask, to allow gas exchanges between the inside and the outside of the flask). 

The spinner flask is placed on the magnetic stirrer. The agitation is begun gradually: first at 20 

rpm for about 30 seconds, then at 52 rpm, which is the stirring rate that was determined 

previously. An alternate stirring is required at the beginning of the experiment, during the 

adhesion process. It consists in a 30-minute long stirring at 52 rpm (to have an homogeneous 

seeding), followed by 30 minutes without stirring (to give time to cells to attach to the 

microparticles). This stirring cycle is repeated once, to achieve a total of 2 hours of alternate 

stirring. Afterwards, stirring is continuous at 52 rpm. 

A slightly different protocol is also used for the experiments. The cells preparation is still the 

same, but the alternate stirring period is canceled, to study the impact of stirring during 

seeding of the cells. Instead of stirring alternatively during 2 hours and stirring continuously 

after that time, no stirring is applied on the particles during the first 24 hours of the 

experiment. This is made in order to leave more time to the cells to attach to the 

microparticles and may have an impact on the seeding efficiency. Continuous stirring is 

applied afterwards. 
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3.6.3. Measurements and sampling 

The AlamarBlue assay, which is described in details in part 2.6.4., is used to determine the 

quantity of living cells present in the medium. The procedure is as follows: 

Two 1-mL samples containing microparticles with cells are collected from the spinner flask 

and put in different wells of a 24-well Nunclon Delta Surface culture plate. A solution 

containing 10% of AlamarBlue and 90 % of medium is prepared. 500 μL of this solution is 

added to each well. The suspension in each well is well mixed. The plate is put in the 

incubator for 2 hours. Measurements can be done by using a microplate reader, which gives a 

fluorescence value for each well. By using the calibration curve that has been prepared 

previously, it is possible to determine the quantity of cells contained in the sample, therefore 

leading to a concentration of cells (in cells/mL). 

Measurements are realized at some given times, as well as medium changes and addition of 

fresh PLA microparticles. These additions and sampling require a precise procedure: 

- Fresh PLA microparticles are sterilized and stored in the fridge. 

- The PBS covering the microparticles is removed and replaced by medium. 

- The mixture is put in a water bath at 37°C for approximately 30 minutes. 

- The spinner flask is brought under a sterile hood. It is required to wait until the 

microparticles sediment before sampling. 

- Two 1-mL samples of medium without microparticles should be collected and put in 

eppendorfs. 

- Two 1-mL samples of agitated medium (containing microparticles) should be 

collected and put in different wells of a 24-well Nunclon Delta Surface culture plate. 

- The MPs/cells should sediment again before going on. 

- 2/4* mL of medium without microparticles are collected and put in the waste. 

- 6/8* mL of fresh medium (without microparticles) are added to the blend. 

- 6/8* mL of medium containing 12/16* mg of microparticles are added to the blend. 

- The spinner flask can be put back on the stirrer in the incubator. 

* The volume/quantity added or removed depends on the day. The timetable for medium 

changes can be seen in Figure 3.5. 
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Figure 3.5 – Scheme of medium changes, additions of MPs and sampling 

At the end of the measurements, the medium containing the microparticles and the cells can 

be thrown in the waste; the spinner flask is rinsed and autoclaved, so that it is sterile and ready 

for the next experiment. 

3.6.4. Cell proliferation assay 

AlamarBlue is a reagent used to evaluate cellular health and proliferation, for various human 

and animal cells, bacteria and fungi. Its active component is resazurin. Its main objective is to 

determine whether cells have enough energy to proliferate. It can also be used to determine 

the number of cells in a given volume, by detecting metabolic activity. It works as follows: 

the natural reducing power of living cells triggers an oxidation-reduction reaction, which 

convert resazurin to a fluorescent compound, resorufin. The excitation wavelength is 528 nm, 

and the absorbance is monitored at 590 nm. 

 

Day 1 

TAKE OUT:  

- Freeze: 2x1 mL 
without MPs 

- AlamarBlue: 2x1 
mL with MPs 

ADD: 

- 4 mL of fresh 
medium 

- No fresh MPs 

Day 3 

TAKE OUT: 

- Freeze: 2x1 mL 
without MPs 

- AlamarBlue: 2x1 
mL with MPs 

- Waste: 2 mL 

ADD: 

- 6 mL of medium 
with 12 mg MPs 

- 6 mL of medium 
without MPs 

Day 6 

TAKE OUT: 

- Freeze: 2x1 mL 
without MPs 

- AlamarBlue: 2x1 
mL with MPs 

- Waste: 4 mL 

ADD: 

- 8 mL of medium 
with 16 mg MPs 

- 8 mL of medium 
without MPs 

Day 9 

TAKE OUT: 

- Freeze: 2x1 mL 
without MPs 

- AlamarBlue: 2x1 
mL with MPs 

ADD: 

Nothing 
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According to its product data sheet, it has multiple advantages: 

- Stability: it can be used for continuous cell growth monitoring. 

- Quantitativity: it provides accurate measurements over time. 

- Flexibility: it can be used with primary cells or cell lines, with adherent cells and cell 

suspensions. 

- Compatibility with fluorescence- or absorbance-based instrumentation 

- Non-toxicity: this reagent is non-toxic for cells, users, and the environment. It is also 

non-radioactive. 

Calibration curve: 

 

For each experiment, a calibration curve must be prepared. This curve allows to determine a 

relationship between the number of cells in the medium and a fluorescence value that will be 

determined experimentally, using the AlamarBlue assay. A 24-well cell culture plate is used: 

a Nunclon Delta Surface cell culture plate (Thermo Scientific, Nunc). Each well contains 500 

μL of medium (Advanced DMEM). Different seeding volumes are added in the wells. These 

volumes each correspond to a different quantity of cells (Table 3.1). 

0       

cells/mL 

25 000 

cells/mL 

50 000 

cells/mL 

100 000 

cells/mL 

150 000 

cells/mL 

200 000 

cells/mL 

Table 3.1 – Quantity of cells needed for the calibration curve 

The plate containing these seeding volumes is then left in an incubator (37°C, 5% CO2) 

during 4 hours, to allow the cells to adhere. After that time, the medium is removed, and the 

cells rinsed with PBS. The AlamarBlue medium is then prepared: it contains 90% of medium 

(Advanced DMEM) and 10% of AlamarBlue. It is important to turn off lights when working 

with AlamarBlue because it is a light-sensitive reactant. 500 μL of this medium is added in 

each well, and the plate is put back in the incubator for 2 hours. 

After these 2 hours, a gradient in color can be observed, with the darkest one corresponding to 

the biggest amount of cells. The solution in each well is mixed, in order to have a 

homogeneous color). A 150 μL sample is collected in each well and put in a well of a 96-well 

Nunclon Delta Surface plate. Fluorescence values can finally be obtained by using a 



Functionalized PLA microparticles as cell carriers -  BARTOLI Charlène   33 
  

 
 

microplate reader (Plate fluorimeter FL 800, BioTek). These values form a linear graph, 

which is the required calibration curve, as can be seen in Figure 3.6. 

 

Figure 3.6 – Example of calibration curve 

3.6.6. Immunofluorescence staining and fixing 

Immunofluorescence staining allows us to observe the cells attached to the microparticles, 

especially the nucleus and the cytoskeleton. A fixing is also performed in order to freeze the 

samples at a specific time point as well as in order to be able to preserve the samples for a 

long time. Fixing samples is necessary to study them with a microscope. The 

Immunofluorescence staining and fixing is divided into 4 steps: preparation, fixation, 

permeabilization, and blocking and immuno-staining. 

1- Preparation 

Generally, cells are fixed with 3% paraformaldehyde (PFA), because it retains the 

cytoskeletal structure. Methanol, ethanol or acetone may also be used as alternative methods; 

better results are obtained with certain antibodies (there are no antibodies in this experiment). 

Different solutions have to be prepared before the staining process: a fixative, PBS-Gly and 

PBS-Gly-sodium azide (this last solution is not compulsory). 
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Preparation of the fixative: 

- 760 μL PFA 16%. Heat up to 60°C during 1 minute to solubilize the PFA 

(Paraformaledhyde (DAC) PRS-CODEX Cat N°141451, Panreac). 

- 240 μL saccharose 1M: 0,3423g of sucrose in 10 mL of Milli-Q water (Sucrose, 

SigmaUltra, pH 5,5-7,5, >99,5%, Cat N°S7903, Sigma). 

- 2 mL Buffer PB (sodium phosphate buffer) 0,2M. 2 solution are prepared and then 

mixed in equal parts: 

o A: NaH2PO4xH20, 0,2M 

o B: Na2HPO4xH2O, 0,2M 

- 1 mL Milli-Q water 

4 mL of 3% fixative are obtained and stored in the fridge. 

Preparation of PBS-Gly: 

PBS tablets are dissolved in Milli-Q water. Glycine is added (0,15 g / 100 mL): it buffers the 

fluorescence of cells (Glycine, BioUltra, for molecular biology, >99,0% (NT), at N°50042, 

Fluka). Once prepared, the solution should be stored at 4°C. This solution is used for washing. 

Preparation of PBS-Gly-sodium azide: 

4 μL of azide (0,2% sodium azide) are added to 2 mL of PBS-Gly (Sodium Azide, purum pa., 

>99%, Cat N°71290, Fluka). This solution is used to preserve samples. 

2- Fixation 

The cells are collected and washed with PBS-Gly. Cells may be several hours at room 

temperature (RT) under those conditions. The cells are then covered with fixative for 10 to 30 

minutes at 4°C, and then washed 2 times with cold PBS-Gly. At this point, the reaction may 

be stopped by adding PBS-Gly-sodium azide, leaving the samples at 4°C. 

3- Permeabilization 

Depending on the accessibility of the epitope and the protein to be detected, it is necessary (or 

not) to permeabilize. In this study, it is needed to study the nucleus inside the cell, as well as 

the cytoskeleton, so it is required to permeabilize. 



Functionalized PLA microparticles as cell carriers -  BARTOLI Charlène   35 
  

 
 

The cells are covered with 0,1% triton X-100 in PBS-Gly (Triton X-100, Cat N°234729, 

Sigma) during 5 to 10 minutes. It is a strong permeabilization, it dissolves the membranes of 

all organites including the nucleus; membrane proteins can be damaged. Saponin 0,5% can be 

used as an alternative and more gentle method: it only perforates the cytoskeletonic 

membrane. The cells are then washed 3 times with PBS-Gly. 

4- Immuno-staining 

This step requires a dark environment, because fluorescent compounds (phalloidine marked 

with rodamine, and DAPI) are light sensitive. Phalloidine is diluted in PBS-Gly (1:250). The 

diluted phalloidine is added to the particles, in order to cover them, during 9 minutes. At the 

mean time, DAPI is diluted in PBS-Gly at a concentration of 2 μL/mL, because of its high 

viscosity. Once 9 minutes have passed, the DAPI solution is added during 1 minute, without 

removing the phalloidine. After 1 minute, the supernatant is discarded and the cells are 

washed with PBS. Finally, PBS-Gly is used to cover the cells. The tubes containing the cells 

is protected with aluminum foil, to prevent light to interact with the fluorescent compounds, 

and stored in a fridge at 4°C. 

A fluorescence microscope is used to study these samples. It is possible to study both the 

nucleus and the cytoskeleton, and combine these studies to get a full view of the cells. 
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4 RESULTS AND DISCUSSION 

4.1. Optical microscopy study 

A study on non-functionalized PLA microparticles has been conducted, in order to examine 

their physical features, such as the size and the appearance. An optical microscope study is 

sufficient to measure a mean value for the size of the particles. Nevertheless, the precision of 

this study does not allow us to get many details concerning the appearance. The only 

observation we can realize is that an overall spherical shape is effectively obtained (Figure 

4.1). 

 

Figure 4.1 – General appearance of PLA microparticles 
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The size of the microparticles has also been measured, by using the software ImageJ. We got 

the following results for the 2 different sizes we produced (Table 4.1 and Figure 4.2): 

Size of small particles Size of large particles 

72,995 μm (± 6,055 μm) 225,585 μm (± 17,024 μm) 

98,426 μm (± 5,724 μm) 182,754 μm (± 17,479 μm) 

111,266 μm (± 9,321 μm) 199,493 μm (± 17,208 μm) 

79,728 μm (± 23,141 μm) 222,103 μm (± 12,101 μm) 

70,229 μm (± 8,774 μm) 236,053 μm (± 21,811 μm) 

71,218 μm (± 10,520 μm) 176,713 μm (± 14,185 μm) 

119,805 μm (± 2,351 μm) 168,793 μm (± 15,764 μm) 

101,681 μm (± 9,838 μm) 169,959 μm (± 5,724 μm) 

118,679 μm (± 10,209 μm) 152,511 μm (± 25,202 μm) 

Table 4.1 – Sizes of different samples of PLA microparticles 

  

Figure 4.2 – Sizes of small and large PLA microparticles 

This leads to a mean value of 93,781 μm (± 20,555 μm) for small particles and a mean value 

of 192,663 μm (± 29,432 μm) for large particles. Additional values were obtained in other 

experiments: these values ranged between 70 and 120 μm for small particles, and between 

150 and 240 μm for large particles. In this production process, the distance between the tip of 

the needle and the coagulation bath was constant, but changing its value would have an 

influence on the microparticles’ size. Only the rate of the syringe pump was modified here. 

0 

20 

40 

60 

80 

100 

120 

140 

1 2 3 4 5 6 7 8 9 

Si
ze

 (
μ

m
) 

Reference number of sample 

Size of small particles 

0 

50 

100 

150 

200 

250 

300 

1 2 3 4 5 6 7 8 9 

Si
ze

 (
μ

m
) 

Reference number of sample 

Size of large particles 



Functionalized PLA microparticles as cell carriers -  BARTOLI Charlène   39 
  

 
 

Microcarriers destined to be used in cell cultures can have a wide range of sizes. According to 

the literature, most of the existing commercialized microcarriers ranges from 125 μm to 220 

μm [23]. The ideal size for microparticles used in cell culture is considered to be between 100 

μm and 300 μm [25]. However, smaller microparticle products can also be used for cell 

cultures [27]. Therefore, the microparticles previously processed fall into the right range.  

4.2. SEM study 

A study using a Scanning Electron Microscope (SEM) has been conducted to analyze the 

morphology of the PLA microparticles. As can be seen on Figure 4.3, the spherical shape 

observed in the optical microscope study is confirmed. 

 

Figure 4.3 – Physical appearance of PLA microparticles on a SEM study 
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Figure 4.4 – Janus-like surface displayed by PLA microparticles 

An interesting feature can be observed: the particles exhibit a Janus-like surface, which means 

that they have two different hemispheres (Figure 4.4). A smooth surface can be seen on one 

side of the particle, and a wrinkled pattern can be seen on the other half.  

This characteristic morphology is related to the asymmetric distribution of the porous 

structure displayed by the inside of the microparticles (Figure 4.5). These pores are caused by 

demixing and phase separation during solvent displacement and particles formation. R.Levato 

et al. [20] explained this process as follows.  

During the processing of PLA microparticles, drops of PLA solution fall into a coagulation 

bath. As soon as a drop of this solution enters the bath, precipitation happens, thus forming a 

thin polymeric shell around the drop. Whilst the inside of the drop is still liquid, liquid 

exchanges take place between the inside and the outside of the shell: ethyl lactate is extracted 

from the shell, whereas coagulation bath solution is brought to the inside. This mechanism 

will trigger a demixing inside the drop, leading to the presence of a polymer-rich phase and a 

solvent-rich phase (poor in polymer). This solvent-rich phase will form pores in the 

microparticles during the hardening process. Indeed, for the solvent-rich phase close to the 
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border of the microparticles, solvent can be extracted quickly, thus leading to formation of 

small pores. On the contrary, for the solvent-rich phase present close to the middle of the 

microparticles, solvent takes a longer time to be extracted, therefore producing larger pores. 

During the hardening process, the polymeric shell above these large voids wrinkles.  

The smooth surface displayed by the other half of the shell could be due to partial solvent 

evaporation during hardening of the microparticles. 

 

Figure 4.5 – Porous character displayed by PLA microparticles 

Another interesting fact can be noticed: some broken or deformed particles are also visible 

(Figure 4.6). PLA microparticles can break during the immersion in liquid nitrogen (-196°C), 

which happens at the end of the production. Indeed, the difference in temperature is very 

important, which can trigger a fracture in the polymeric beads. A distortion of the 

microparticles can also happen during the lyophilization process: they can be crushed and thus 

form disks instead of spheres. Nevertheless, this phenomenon is quite uncommon. 
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Figure 4.6 – Broken and deformed PLA microparticles 

3.3. Micro BCA Protein Assay 

Two calibration curves have been prepared, one for collagen-functionalized particles, and 

another for ELR-functionalized particles (Figure 4.7 and 4.8). 

 

Figure 4.7 – Calibration curve for collagen-functionalized particles 
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Figure 4.8 – Calibration curve for ELR-functionalized particles 

Therefore, it is possible to compute the concentration of protein in a sample by simply 

measuring its absorbance. This concentration is then divided by the mass of PLA 

microparticles contained in the sample, in order to get comparable values. The following 

values of concentration/mass were obtained for different types of samples (Table 4.2): 

Large-COL Large-ELA Small-COL Small-ELA 

1,0814 0,5126 1,8541 0,9749 

1,4346 0,4518 2,2933 0,7779 

0,1693 0,9907 0,7554 0,8152 

0,8951 (± 0,6529)* 0,6517 (± 0,2952)* 1,6343 (± 0,7922)* 0,8560 (± 0,1046)* 

Table 4.2 – Concentration/mass values obtained for each type of functionalized 

microparticles (given in μg of protein/mg of particles) 

* = The last line represents the mean value, computed by using the 3 different values obtained 

in the experiment, and the standard deviations associated with each mean value. 

Two observations can be made by analyzing these results. First, small particles tend to retain a 

larger quantity of proteins. This can be easily explained by the fact that they display a higher 

surface, due to their smaller size. Indeed, 1 mg of small microparticles will have a greater 

surface than 1 mg of large particles. The second fact that can be noted is that collagen tends to 

functionalized more efficiently than ELR. Indeed, collagen is constituted of large molecules 

y = 0,0622x - 0,0858 
R² = 0,9714 

-0,05 

0 

0,05 

0,1 

0,15 

0,2 

0,25 

0,3 

0,35 

0 1,5625 3,125 6,25 12,5 25 

A
b

so
rb

an
ce

 

Concentration (μg/mL) 

Elastin 



Functionalized PLA microparticles as cell carriers -  BARTOLI Charlène   44 
  

 
 

that possess an important number of anchoring points, whereas ELR is composed of smaller 

molecules, with fewer anchoring points. 

4.4. Cell proliferation assay 

4.4.1. Large-size functionalized microparticles 

These tests give us data about the proliferation of the cells that were seeded onto different 

kind of large-size functionalized PLA microparticles. It measures the amount of living cells in 

1 mL of medium. The results we obtained are summed up in Table 4.3. 

Days 0 1 3 6 9 

Collagen 100.000 41.553 

(±3.389) 

16.009 

(±356) 

13.374 

(±2.083) 

7.409 

(±2.292) 

ELR 100.000 15.816 

(±1.966) 

9.799 

(±511) 

5.002 

(±2.084) 

1.227 

(±448) 

Table 4.3 – Quantity of cells in 1 mL of medium for large functionalized microparticles, given 

in cells/mL 

Concerning collagen-functionalized microparticles, an important decrease in cells can be 

observed at day 1 (D1). This decrease was expected: rate of cell attachment at D1 is usually 

around 45% [24, 25]. 

On D3, the number of cells per milliliter continues to decrease. This does not correspond to 

any expected result: cell growth should be observed, and the cell culture should expand. 

Instead, the number of cells/mL keeps decreasing on D6 and D9. The reasons of this decrease 

could be: 

- The stirring rate may be too high, and the cells could undergo a high shear stress, 

which prevents them from attaching to the microcarriers. The stirring rate should be 

high enough for the particles to stay in suspension and to have a homogeneous 

environment, but low enough to prevent a high shear stress value [28]. 

- The manipulation of the particles and cells may not be gentle enough. During 

manipulations, particles are subjected to shear stresses and other mechanical efforts: 

the cells that were previously attached to microparticles may be detached and form 

some “clusters” of cells, floating in medium. 
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- Collisions between microparticles or collisions between the impeller and the 

microparticles may damage the cells or detach them from the microparticles [28].  

For the experiment with ELR-functionalized microparticles, some changes have been brought 

to the procedure: the stirring has been lowered from 52 rpm to 47 rpm to reduce shear 

stresses, and the cells have been manipulated in a gentler manner. 

At D1, the decrease is 3 times higher than expected: there is only a 15,8% attachment of the 

cells to the microparticles. Since the first two listed reasons of the previously observed 

decrease have been attenuated, it can only be concluded that cell attachment is lower on ELR-

functionalized microparticles than on collagen-functionalized microparticles. 

The evolution of the number of cells/m is following a similar curve as for the collagen-

functionalized microparticles. However, in this case, the evolution can be explained by the 

fact that there are not enough cells to allow growth and expansion. 

 

Figure 4.9 – Proliferation curves for large functionalized PLA microparticles 

Figure 4.9 allows us to notice that proliferation is not happening for the cells; after seeding 

(D1), there is no growth and expansion of the cells. They can be considered dead. The reasons 

for this lack of growth can come from the stirring; indeed, the very same experiment in static 

conditions gave good results concerning proliferation [Data under publication]. 
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Figure 4.10 – Quantity of cells/mL at D1, 24 hours after stirring 

 

It can be observed in Figure 4.10 that seeding works much better for collagen (41.552 

cells/mL) than for ELR (15.816 cells/mL). Given the fact that adhesion seems to work even 

less for ELR-functionalized microparticles, small-size collagen-functionalized microparticles 

will be used in the next experiment. This will allow us to compare the effect of the size of 

microparticles on the adhesion and expansion of cells on microcarriers. 

3.4.2. Small-size functionalized microparticles 

Considering the previous results obtained with ELR-functionalized microparticles, only 

collagen-functionalized small-size microparticles are studied here. Two different impellers 

were compared: the normal one (horizontal paddle) and a modified one (anchor-shaped). 

Days 0 1 3 6 9 

Normal 80.000 4.801 

(±44) 

745 

(±255) 

/ / 

Modified 80.000 13.229 

(±1.004) 

532 

(±213) 

/ / 

Table 4.4 – Quantity of cells in 1 mL of medium for small collagen-functionalized 

microparticles, given in cells/mL 
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Figure 4.11 - Proliferation curves for small collagen-functionalized PLA microparticles 

 

Figure 4.12 – Quantity of cells/mL at D1, 24 hours after seeding 
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very important decrease can be seen on day 1, and is followed by another decrease on day 3. 

At that time, the number of cells is so low that proliferation is not possible any more. 

Therefore, the experiment was not carried out on days 6 and 9. It can be concluded that 

0 

10000 

20000 

30000 

40000 

50000 

60000 

70000 

80000 

90000 

0 0,5 1 1,5 2 2,5 3 3,5 

Q
u

an
ti

ty
 o

f 
ce

lls
 (

ce
lls

/m
L)

 

Days of the experiment 

Cells = f(Days) - Proliferation 

Normal 

Modified 

0 

2000 

4000 

6000 

8000 

10000 

12000 

14000 

16000 

D1 

Q
u

an
ti

ty
 o

f 
ce

lls
 (

ce
lls

/m
L)

 

Cells after 24h - Seeding 

Normal 

Modified 



Functionalized PLA microparticles as cell carriers -  BARTOLI Charlène   48 
  

 
 

seeding and proliferation of cells on small functionalized microparticles work much less than 

for large functionalized microparticles. 

Nevertheless, seeding works much better with the modified stirrer (13.229 cells/mL) than for 

the normal one (4.801 cells/mL) (Figure 4.12). It can thus be concluded that the geometry of 

the stirrer importantly affects the cells’ seeding. This phenomenon could be due to the fact 

that the surface of the modified stirrer is much smaller than the surface of the normal one, 

which greatly decreases the risk of collision between the impeller and the microcarriers. 

4.4.3. Large-size collagen-functionalized microparticles 

Given the previously obtained results, another experiment is conducted on large collagen-

functionalized microparticles, which seem to yield a higher efficiency for cell seeding. A 

comparison between a normal impeller and the modified one is realized. No alternate stirring 

is done at the beginning of the experiment. Instead, cells are seeded onto PLA microparticles 

in spinner flask, and let still during 24 hours. Stirring is then set continuous at 47 rpm. 

Days 0 1 3 7 

Normal 70.000 49.532 

(±2.581) 

26.387 

(±161) 

11.548 

(±1.935) 

Modified 70.000 20.258* 

(±3.790) 

31.306 

(±2.016) 

10.258 

(±484) 

Table 4.5 – Quantity of cells in 1 mL of medium for large collagen-functionalized 

microparticles, given in cells/mL 

* This value does not follow the curve, and can therefore not be used to draw any conclusions. 
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Figure 4.13 – Proliferation curves for large collagen-functionalized PLA microparticles 

 

Figure 4.14 – Quantity of cells/mL at D1, 24 hours after seeding 
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difference between those values, since there was no stirring during the first 24 hours. This 

difference could be due to a non homogeneous preparation of the samples. 

At D3, for the normal system, the number of cells continues to decrease: there is no 

proliferation. The evolution of the amount of cells is so far similar to the one in previous 

experiments. However, for the modified system, the value is higher than the value at D1: this 

would appear to give a potential for cell proliferation (Figure 4.13). But given the data 

obtained at D6, this hypothesis proves to be wrong. Therefore, this value cannot be trusted. 

At D6, the amount of cells in both the normal system and the modified one importantly 

decrease. The proliferation hypothesis previously made for the modified system is thus 

invalidated. The value obtained for the modified system at D1 may be wrong, which could be 

the reason why this specific point does not follow the curve. 

As for earlier experiments, it can be easily concluded that cells do not generally proliferate. 

Nevertheless, seeding yields higher efficiencies compared to previous experiments. Therefore, 

not stirring the microparticles during the seeding of the cells has an important impact on the 

seeding efficiency. 

4.5. Immuno-fluorescence 

This study is meant to observe visually the nucleus and the cytoskeleton of the cells that were 

attached to our PLA microparticles during the seeding process. This provides us with 

information about the cell density (number of nuclei) and the cells’ morphology (with the 

cytoskeleton). Phalloidine marked with rhodamine stained the actin included in the 

cytoskeleton in red, and DAPI stained the nucleus in blue. Since DAPI stains everything 

(while having a preference for DNA), some microparticles might be marked by it, and thus 

appearing blue on this study. 

4.5.1. Large PLA microparticles functionalized with collagen 

Observation at day 1 shows that the seeding process happened normally: nucleuses and 

cytoskeletons are attached to some microparticles (Figure 4.15). Cells on the microparticles 

appear well spread, as the cytoskeleton (stained in red) shows the dimension of the cell. The 

actin filaments are not visible, due to the circular morphology of the particles. 
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Figure 4.15 – Cells attached to large-size collagen-functionalized microparticles at day 1 

 

Figure 4.16 – Cells attached to large-size collagen-functionalized microparticles at day 3 
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Figure 4.17 – Cells attached to large-size collagen-functionalized microparticles at day 3 

 

At day 3, it is clearly visible that the cells are not proliferating: there are fewer of them 

(Figure 4.16). Another important noticeable fact is that some cells that were previously well 

attached to microparticles are beginning to detach (Figure 4.17). Part of the cytoskeleton is 

still attached to a microparticle, but the cell is floating freely in medium. On the image on the 

right, some non-attached cells are even visible. These cells may were probably previously 

attached to microparticles, but may have been detached due to high shear stresses. 
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Figure 4.18 - Cells attached to large-size collagen-functionalized microparticles at day 6 

 

 

Figure 4.19 – Cells attached to large-size collagen-functionalized microparticles at day 9 

At days 6 and 9, the number of cells continues to decrease, while more and more cells are 

detaching from microparticles (Figure 4.18 and 4.19). A higher number of freely floating cells 

20 μm 
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can be spotted. The explanation of this phenomenon could be a too high level of shear 

stresses, or a too low level of delicacy while manipulating those cells. In the next experiment, 

those two factors will be attenuated, by lowering the stirring rate from 52 rpm to 47 rpm, and 

by manipulating the cells in a gentler manner. 

4.5.2. Large PLA microparticles functionalized with ELR 

 

Figure 4.20 – Cells attached to large-size ELR-functionalized microparticles at day 1 

Although the number of cells is quite low at day 1, adhesion seems to happen correctly: cells 

are well spread and have adhered to the microparticles (Figure 4.20). The cells’ cytoskeleton 

is spreading on the microparticles, thus strengthening their attachment to the particles. 

However, the cells seem to be fewer in number than the cells attached to collagen-

functionalized microparticles. 
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Figure 4.21 – Cells attached to large-size ELR-functionalized microparticles at day 3 

 

Figure 4.22 – Cells attached to large-size ELR-functionalized microparticles at day 6 
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Figure 4.23 – Cells attached to large-size ELR-functionalized microparticles at day 9 

The cell number continues to decrease at day 3 (Figure 4.21). The cells’ cytoskeleton does not 

appear to detach from the microparticles. However, the cell numbers is so low that there 

might not be enough cells to allow proliferation [29]. This fact is confirmed by the 

observation at days 6 and 9 (Figures 4.22 and 4.23). There are nearly no living cells left. Since 

the aim of this study was to observe the distribution and morphology of living cells, there is 

no point in studying the cytoskeleton (which gives information about the health of cells). 

Therefore, only the cells’ nuclei was studied. 

The hypotheses previously made to explain the decrease in cells have been studied, which led 

to changes in the experiment’s protocol. Considering the fact that those changes did not 

reduce the problem, it is important to re-consider the experiment’s protocol. Therefore, a 

change in the design of the spinner flask is conducted: the magnetic stirrer is modified, as can 

be seen on Figure 4.24. The hole in the middle of the impeller is designed to correspond to the 

diameter of the magnetic bar (9 mm). 

500 μm 
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Figure 4.24 – Modified impeller scheme 

4.5.3. Small PLA microparticles functionalized with collagen 

This study has been conducted on small PLA microparticles because, theoretically, smaller 

microparticles should retain more cells, due to their higher available surface. These particles 

were functionalized with collagen, because of the apparent higher seeding efficiency obtained 

with collagen-functionalized microparticles, compared to ELR-functionalized microparticles. 

Two different impeller geometries were compared. 

 

Figure 4.25 - Cells attached to small-size collagen-functionalized microparticles at day 1, 

with normal impeller 
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Figure 4.26 – Cells attached to small-size collagen-functionalized microparticles at day 1, 

with modified impeller 

 

Figure 4.27 – Cells attached to small-size collagen-functionalized microparticles at day 1, 

with modified impeller 
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The cell density is very low, for both the system with the normal impeller and the one with 

the modified impeller (Figures 4.25, 4.26 and 4.27). These pictures cannot provide any 

specific comparison between those two systems, because of the small amount of cells on each 

picture. Cell proliferation assays being quantitative measurements, they provide more 

accurate results, thus leading to more accurate interpretations. According to this result, these 

pictures are in accordance with the cell proliferation assays: the decrease in cell number is 

confirmed. 

These results led to another change in the experiments’ protocol. Instead of performing an 

alternate stirring step during 2 hours at the beginning, followed by continuous stirring, the 

medium is not agitated at all during the first 24 hours of the experiment, in order to provide 

more time to cells to attach to microparticles. 

4.5.4. Large PLA microparticles functionalized with collagen – Impeller geometry 

comparison 

 

Figure 4.28 – Cells attached to large collagen-functionalized microparticles at day 1, with 

normal impeller 
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Figure 4.29 – Cells attached to large collagen-functionalized microparticles at day 1, with 

modified impeller 

Given the results previously obtained, this study has been conducted on large collagen-

functionalized microparticles, which yielded higher seeding efficiencies compared to all other 

types of microparticles. As before, two different geometry of impeller are compared. 

At D1, seeding is happening normally for both the normal and the modified system. 

Nevertheless, a slightly smaller number of cells can be spotted on the microparticles taken out 

of the modified system (Figure 4.28 and 4.29). As it has been said in the cell proliferation 

assay, this difference should not be, since no stirring was applied during the first 24 hours of 

the experiment. Since this difference of cell density is small, this also shows that the value 

obtained in the cell proliferation assay at D1 for the modified system is not usable for further 

studies. 
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Figure 4.30 - Cells attached to large collagen-functionalized microparticles at day 1, with 

normal impeller 

Another interesting phenomenon is worth noticing: for both the normal and the modified 

systems, microparticles form aggregates (Figure 4.30). This is due to the fact that, when cells 

attach to a microparticle, they can spread on two different particles, and therefore create a 

physical bond between them. However, a hypothesis can be suggested: these aggregates can 

be broken through agitation of the medium.  

At day 3, fewer cells can be spotted for both systems (since the results are very similar in both 

systems, only 1 picture is displayed here, as an example: Figure 4.31). These results are 

comparable to those obtained for earlier experiments. Cells do therefore not proliferate; the 

number of cells continues to decrease. 
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Figure 4.31 – Cells attached to large collagen-functionalized microparticles at day 3, with 

modified impeller 

  

Figure 4.32 – Cells attached to large collagen-functionalized microparticles at day 3, with 

normal impeller 

500 μm 

500 μm 



Functionalized PLA microparticles as cell carriers -  BARTOLI Charlène   63 
  

 
 

The hypothesis previously made concerning aggregates can be confirmed (Figure 4.32). 

Indeed, aggregates are much fewer, and of a smaller size. Stirring thus allowed the split of 

these aggregates. 

 

Figure 4.33 - Cells attached to large collagen-functionalized microparticles at day 3, with 

normal impeller 

Another noteworthy phenomenon can be noticed: cells seem to proliferate very well on some 

specific microparticles (Figure 4.33), while not surviving at all on other microparticles. This 

leads to a highly heterogeneous distribution of cells throughout the sample. 

Moreover, at D3, a significant amount of free-floating cells can be spotted for both systems 

(Figure 4.34). These are cells that did attach to microparticles during the seeding time, but got 

detached afterwards due to the mechanical stirring. They do not display any cytoskeleton 

because they do not have any metabolic activity anymore, and can thus be considered dead. 
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Figure 4.34 – Cells attached to large collagen-functionalized microparticles at day 3 , with 

normal impeller 

Finally, at D7, a very small cell density can be seen for both systems. Furthermore, a higher 

amount of free-floating cells can be spotted for both systems (since the results are very similar 

in both systems, only one picture is displayed here, as an example: Figure 4.35). As before, 

these cells does not display any observable cytoskeleton, which means that they can be 

considered dead. 
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Figure 4.35 - Cells attached to large collagen-functionalized microparticles at day 7, with 

modified impeller  
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5 CONCLUSIONS 

During this project, PLA microparticles of two different sizes were successfully produced and 

characterized. Their physical features have been observed by optical microscopy and SEM: 

they display a spherical shape, with a porous core. 

Functionalization of the microparticles with collagen and ELR was performed and the amount 

of grafted bio-polymer was assessed. This quantity was higher for collagen than for ELR, due 

to a difference in the architecture; collagen display large molecules with a high number of 

anchoring points, while ELR presents smaller molecules with fewer anchoring points. 

The type of bio-molecule grafted on the PLA microparticles has its own importance on MSC 

cells seeding efficiencies under dynamic conditions: particles functionalized with collagen 

yielded higher seeding efficiencies compared to particles functionalized with ELR. 

The microparticles’ size is also a significant parameter. Indeed, small microparticles (ranging 

from 60 to 120 μm) yielded lower seeding efficiencies compared to large microparticles 

(ranging from 150 to 230 μm). This result does not correspond to what was expected. Small 

particles display a higher surface-to-volume ratio than large particles, and therefore should 

have provided more space to the cells. 

The stirring process was also studied. Changing the stirring rate did not have any significant 

influence on the cells’ seeding and proliferation: lowering the stirring rate only provided 

slightly higher seeding efficiencies. However, the impeller’s geometry seems to have an 

impact on it: an anchor-shaped impeller yielded slightly higher seeding efficiencies for some 

samples. Nevertheless, these results cannot provide any clear conclusion, due to the small 

amount of available data. 

Finally, the spinner flasks used in this project, even though they were advertised as suitable 

for cell culture on microcarriers in suspension, were not developed for this particular 

application. Cell proliferation could thus not be achieved for any of the types of samples. 

To conclude, this project’s objectives related to material design, preparation and 

functionalization have been met. Important information have been drawn from experiments 

on cell behavior, but further changes to the experiments protocol are still required to fully 

optimize the cell culture conditions.  
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6 FUTURE PERSPECTIVES 

Further studies should be conducted with another spinner flask, in order to allow cell 

proliferation on microcarriers. Indeed, cell proliferation has been assessed for larger spinner 

flasks.  

It would also be interesting to focus on the impact of the mechanical stirring on the cell 

culture, especially the impeller geometry. Indeed, more data is needed to draw clear 

conclusions concerning the impact of such parameters on a cell culture in dynamic conditions. 

Further experiments could also be dedicated to the analysis of the impact of the amount of 

cells in the inoculum on the cells growth and proliferation. 
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Study of possible environmental impact 

The microparticles that were produced and studied in this project are composed of polylactic 

acid (PLA). PLA is a biodegradable polymer that can be processed by using renewable 

resources, which implies a reduced environmental impact, compared to other types of 

polymers. Furthermore, the microparticles were processed using a green method, and with the 

use of a green solvent (Ethyl lactate). 

In cell cultures, waste was also generated (used medium, dead cells, etc.). This kind of 

garbage could have a negative environmental impact, but since they are treated by a 

specialized company, they cannot be considered harmful for the environment. 

The different experiments that were conducted for this project do not have any particularly 

negative impact on the environment, except for their electricity consumption. Indeed, an 

important number of the manipulations done in this project required the use of machines 

consuming electricity: incubators, ovens, etc. 

In conclusion, this project does not have any major environmental impact.  
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Budget 

The budget of this project is divided into three different parts: 

- Cost of chemicals and material 

- Cost of experimental equipment and characterization machines 

- Cost of the staff that helped to realize the project 

Chemicals and material 

Product Price/unit Quantity Total price 

PLA pellets 3000 €/kg 20 g 60 € 

Ethanol 26 €/L 1 L 26 € 

PBS 1,13 €/tablet 5 tablets 5,65 € 

DMEM 7,20 €/L 2 L 14,40 € 

AlamarBlue 7.800 €/L 5 mL 39 € 

PVA 306 €/kg 5 g 1,53 € 

Ethyl lactate 27,90 €/L 500 mL 13,95 € 

NaOH 33,50 €/kg 5 g 0,18 € 

EDC 11.150 €/L 5 mL 55,75 € 

NHS 832 €/kg 5 g 4,16 € 

Collagen 7.089 €/L 5 mL 35,80 € 

ELR 100 €/g 15 mg 1,50 € 

FBS 486,50 €/L 100 mL 48,65 € 

Trypsin 190 €/L 200 mL 38 € 

L-Glutamine 163 €/L 10 mL 1,63 € 

Penicillin/Streptomycin 173 €/L 10 mL 1,73 € 

Sigmacote 1.315 €/L 50 mL 65,75 € 

Parafilm 22 €/unit 0,5 unit 11 € 

Gloves 0,08 €/pair 100 pairs 8 € 

Pasteur pipette 0,02 €/unit 50 units 1 € 

Cell culture flasks 30,34 €/unit 40 units 1.213,60 € 

Conical tubes 15 mL 0,33 €/unit 70 units 23,10 € 

Conical tubes 50 mL 0,50 €/unit 30 units 15 € 

Tubes 50 mL 0,14 €/unit 30 units 4,20 € 

μBCA Protein Assay Kit 241,01 €/unit 1 unit 241,01 € 

Spinner flask 183,68 €/unit 2 units 367,36 € 

TOTAL COST   2.297,95 € 
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Experimental equipment and characterization machines 

Equipment Price/hour Number of hours Total price 

SEM 23,92 €/hr 4 95,68 € 

Spectrophotometer 45,17 €/hr 2 90,34 € 

Magnetic stirrer 541,53 € / 541,53 € 

TOTAL COST   727,55 € 

Other equipments that were used in the project but not listed here, such as the microplate 

reader, the cell culture rooms or the microscope, belong to the IBEC laboratory. Therefore, no 

additional costs were associated with their use. 

Staff 

Staff Price/hour Number of hours Total price 

Junior engineer 15 €/hr 600 9.000 € 

PhD student 15 €/hr 200 3.000 € 

Lab technician 15 €/hr 30 450 € 

TOTAL COST   12.450 € 

 

Estimated cost of the whole project:  15.475,50 €  
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