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Abstract 

 

Polymeric nanoparticles (NPs) are very promising “smart carriers” for the future of 

nanomedicine. The main advantages of polymeric NPs manufactured by self-assembly 

are: high control of shape and size, high stability and significant increase of the solubility 

of poorly soluble drugs. Particle morphology can condition cytotoxicity, circulation time 

in blood, release of drug and removal of NPs from the body and thus improve the 

therapeutic efficacy. In turn, assembly can be guided by the choice of the environment. 

In this work, a protocol was developed for the synthesis and characterization of self-

assembled polymeric NPs. We selected amphiphilic block copolymers of polyethylene 

oxide (PEO) and polylactic acid (PLA), two polymers already approved by the US Food 

and Drugs Administration (FDA) for medical use. The synthesis of the poly (lactic acid 

block) on a block of poly (ethylene oxide) has been carried out, by means of ROP (Ring 

Opening Polymerization) using a completely metal-free synthesis, catalyzed by 1,5-

diazabicyclo[5.4.0]undec-5-ene (DBU), in order to avoid any problems of poor 

biocompatibility or allergenicity. The compositional characterization was carried out by 

solution Nuclear Magnetic Resonance (NMR) and calorimetric properties have been 

studied by Differential Scanning Calorimetry (DSC). After polymerizing a great variety 

of PLA chains of different length (PEO113-b-PLAx- with x ranging from 30 to 1359), 

nanoparticles were assembled from different organic solvents: dimethylformamide 

(DMF), acetone, tetrahydrofuran (THF) and dioxane, using the technique of 

nanoprecipitation. NPs were then purified by dialysis and analyzed by Dynamic Light 

Scattering (DLS), obtaining for each sample a mean hydrodynamic diameter value and a 

value of dispersion diameters. Particle diameter ranged goes from 40 to 800 nm, with 

many of the polymers presenting different values as a function of the starting solvent.  
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A plot of all samples in terms of the DLS variables displayed several clusters, ideally 

associated to different morphologies.  

To verify the corresponding shapes, and then transform the plot into a morphological 

map that is able to guide the selection of the most promising nanocarriers for medical 

applications, Cryogenic Transmission Electron Microscopy (cryo-TEM) investigation 

was necessary. Specifically we mapped the region of simple micelles (low diameter, low 

PDI) the region of polymersomes was mapped as well. The cytotoxicity tests were 

performed on all samples and only the largest nanoparticles reduced cell viability.  

Additional experiments of uptake and release of drugs were carried out, also through 

ad hoc assemblies in solvent mixtures that optimize the solubility of the drugs without 

affecting the morphology of “nanocarriers”. Finally, study of the polymers’ aging 

obtained through the characterisation by DSC, GPC and NMR were performed. 
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CHAPTER 1 

INTRODUCTION 
 

1.1 Nanotechnology 

 

Nanoscience and nanotechnology take a new approach to science that is based on the 

understanding and in-depth knowledge of the properties of matter at the nanoscale.  

Nanoscience operates within a framework of multidisciplinary investigations involving 

multiple lines of research, including chemistry, materials science, physics, technology, 

mechanical engineering and electronics, molecular biology, biophysics, biochemistry, 

medicine, biology, mechanics and art. For this reason, it is considered a ‘horizontal 

science’ (Figure 1.1).1  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

                                    Figure 1.1. Convergence and multidisciplinarity in nanotechnology. 
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The ‘nano’ prefix indicates 10-9; a nanometer (nm) equals one billionth of a meter, a 

dimension tens of thousands of times smaller than the diameter of a human hair. At this 

scale, the chemical-physical properties exhibited by the materials may be surprisingly 

different from those present at a larger scale (Figure 1.2). 

 
 

 
         Figure 1.2. Comparison of the scales of various biological and technological objects. 

 
              

Over the years, the field of nanotechnology began to multiply in numerous sectors of 

applied studies, such as biomedical, pharmaceutical, electronic, automotive, aerospace, 

textiles and cosmetology. Nanotechnology has also had a profound impact on art. The 

research and tools of nanotechnology, and in particular the beauty of microscopic 

images, have inspired the artists of the ‘invisible world’, of what the human eye cannot 

perceive (Figure 1.3).  
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Figure 1.3. High-resolution TEM images of pristine CNOs (top and left); confocal images of 
azaBODIPY-CNOs in HeLa Kyoto cells (top and right)2. Courtesy of Professor Silvia Giordani. 
Micro cosmos and peace, 2014, front and back. Author Giuseppe Siniscalchi. Mixed technique on canvas 40 
x 40 cm. Representative work of fronteversismo® art of peace and love for life. Courtesy of Giuseppe 
Siniscalchi. 

 

Given its industrial importance, the breadth of application areas and continued 

growth of public and private funding for research in the field of nanotechnology is now 

universally recognised; many analysts see nanotechnology as the driving force behind a 

new ‘industrial and technological revolution’ or even a ‘new Renaissance of Science’.3,4,5,6  
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The increase of public funding and private research and development (R&D) of 

nanosciences and nanotechnology in recent years reflects the high expectations lying in 

the successful application of these disciplines. The world’s R&D investment in the field 

of nanotechnology, reported by government organisations, increased at least ninefold 

between 1997 and 2005, and at least 60 countries have started to invest in this promising 

field innovation. Mainly advanced industrial countries but also developing nations are 

engaged in intense R&D activity that is increasingly financed by public funds, which is 

still considered essential to the support of large efforts from an economic point of view. 

This research is mainly supported at the private level, by companies that are very present 

in the industrial fabric of the United States and Japan, where there are companies with 

great turnover (more than $500 million), followed by German and UK companies, 

which have small to medium turnover (tens of millions of dollars). Private companies are 

not the only institutions active in nanotechnology; research institutes and university 

organisations play a key role, especially in Europe and Asia.7 The growing interest in 

nanotechnology is also confirmed by the ‘proliferation of nanojurnals’ between 1985 and 

2010 (Figure 1.4).8 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.4. Increase in scientific publications 1985–2010.8 
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The actual ability to transfer scientific results obtained in research laboratories to 

technological applications can be estimated if one considers the change in the number of 

patents filed by year.  

Nanotechnology in medical applications is particularly promising, and significant 

achievements have been registered in the early diagnosis of many diseases and in 

modified drug release; the technology also allowing the imaging of cellular traffic 

monitoring. Further evidence of the biotechnological and pharmaceutical industries’ 

strong impetus toward nanotechnologies is that, interestingly, the number of patents 

filed per year in nanobiotechnology and nanobiomaterials was constantly growing from 

1991 to 2008 (Figure 1.5).9                        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

According to a recent report the global nanobiotechnology market was valued at about 

$28 billion in 2015 and expected to reach about $42 billion by 2021, growing at a CAGR 

of 8.5% between 2016 and 2021  (Figure 1.6).10 

Figure 1.5. Total number of nanotechnology patent applications from 
1991 to 2008 in 15 leading patent depositories in the world from 1991-
2008. Two sets of data are reported based on the number of all 
nanotechnology patent applications and the number of non-overlapping 
nanotechnology patent applications.9 
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1.2 Nanomedicine 

   

The European Science Foundation (ESF) defines nanomedicine as ‘the science and 

technology of diagnosing, treating, and preventing disease and traumatic injury, of 

relieving pain, and of preserving and improving human health, using molecular tools and 

molecular knowledge of the human body’ (ESF 2004).  

A more recent definition is that given by the U.S. National Institutes of Health 

Roadmap for Medical Research in Nanomedicine (NIH 2006), in which nanomedicine is 

defined as ‘an offshoot of nanotechnology, which refers to highly specific medical 

interventions at the molecular scale for curing disease or repairing damaged tissues, such 

as bone, muscle, or nerve’.11 

Nanomedicine operates at the same scale of biological mechanisms. A molecule of 

DNA has a diameter of about 2.5 nm, one of hemoglobin about 5 nm. Human cells 

have a diameter of 10–20 µm (from a minimum of 4 µm to a maximum of 200 µm).  

 

 

Figure 1.6. Global nanobiotechnology market between 2014 and 2020.10 
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Benefiting from converging interdisciplinary approaches, nanomedicine aims to 

provide a valuable set of research tools and clinically useful devices in the field of 

regenerative medicine, diagnostics, and the development of new approaches to drug 

delivery. This means that nanometer-size materials and tools can readily enter most cells.  

Some aspects, however, remain unresolved, especially from the point of view of 

safety12 and regulatory oversight.13  

 

1.3 Block Copolymers 

 

A macromolecule in which two or more monomers are incorporated as integral parts 

of every single macromolecular chain is defined as a copolymer. Both synthetic and 

natural polymers (proteins, peptides, nucleic acid) play a major role in the life sciences.  

Block copolymers (BCPs) are classified by the number of blocks each molecule 

contains and how they are arranged: linear block copolymers comprise two or more 

polymer chains in sequence, whereas a star block copolymer contains more than two 

linear block copolymers attached at a common branch point.  

The standard notation for block copolymers is defined by IUPAC guidelines, whereby 

A-b-B denotes a diblock copolymer of polymer blocks A and B. However, sometimes 

the b is replaced by the full term block (A-block-B) or alternatively is omitted (A-B). 

Block copolymers with two, three and more blocks are called diblock copolymers (A-B), 

triblock copolymers (A-B-A/A-B-C) and star-block copolymers (multi-block).  

Thus, an A-B-C linear triblock consists of three monomer types, whereas an ABA 

linear triblock consists of two monomer types.  

In a linear arrangement (Figure 1.7), the blocks are connected end to end; in a star, 

they are connected via one of their ends at a single junction.
14
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                Figure 1.7. Different block copolymer architectures. 

 

1.4 Biopolymers for drug delivery system 

 

Most of the instruments used in nanomedicine as ‘carriers’ of other molecules are 

called nanocarriers. The use of nanocarriers, for example as conveyors of drugs, is today 

the epicenter of modern drug delivery strategies. Paul Ehrlich, German pharmacologist, 

founder of chemotherapy, and winner of the Nobel Prize in Physiology or Medicine, 

first mentioned this concept in the 19th century. He described a ‘magic bullet’ capable of 

transporting drugs directly into the target tumor cell so as not to act on the surrounding 

cells. Different types of drug delivery systems (DDS) have been developed in recent 

decades, and many are currently under study.14 Among the different proposed 

nanocarriers as DDS, there has been particular interest in the following: liposomes, 

dendrimers, nanocrystals, nanoparticles and polymeric micelles, nanoshells, gold 

nanoparticles. 15,16,17,18,19 These systems can be ‘smart made’ by targeting strategies that 

allow the concentration of the drug only where necessary, enhancing its therapeutic 

efficacy and limiting the presence in the systemic circulation, with a consequent 

reduction of side effects. The DDS can also respond to certain stimulations, such as  



 Chapter 1- Introduction  
 

 17 

 

changes in pH or temperature, or be made in such a manner as to be degraded slowly in 

the organism (for example, biodegradable polymers ) or eliminated by renal filtration.20 

Micelles and nanoparticles are colloidal nanocarriers containing a principle actively 

dispersed, encapsulated, adsorbed or bound to their surface.21 Their use is applicable in 

various fields of nanomedicine, such as imaging in diagnosis or the transport of drugs, 

nucleic acids and proteins.22,23,24 In particular, these nanocarriers are very useful in drug 

delivery, as they also allow the transport of hydrophobic drugs in biological aqueous 

environment.25,26 Among the many DDS, biopolymers are the most studied due to their 

biocompatibility and biodegradability. Biopolymers are synthetic polymeric materials 

obtained from natural substances. It should be emphasised that these materials are often 

referred to as bioplastics because the term ‘biopolymer’ is used to define the 

macromolecules produced by living organisms, such as DNA or polypeptides. In this 

case the term biopolymer is used, considering that it does not refer to the macroscopic 

material but to the polymer chain. Because of environmental problems in recent years, 

such as pollution and the cost of waste disposal, interest in biopolymers has grown more 

and more. In fact, they are almost all biodegradable, so they do not present the problem 

of disposal. Being synthesised from natural substances, some of them are also 

biocompatible. 

Due to their biocompatibility and biodegradability, biopolymers are much studied in 

many areas of nanomedicine, such as tissue engineering or drug delivery. The 

biocompatibility request is easy to understand: anything that is not biocompatible is 

rejected by the body. For its part, biodegradability allows for devices or nanoparticles 

that degrade once their function has ended, and they do not deposit in the body. 

In the present work, we synthesised and characterised mPEO113-b-PLAx, block 

copolymers that can be used to form nanoparticles for controlled drug delivery. 

Poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO) are names that refer to 

oligomers or polymers based on ethylene oxide. The two names are synonyms; 

historically, however, PEG is used for oligomers with a molecular weight of less than  
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20,000, while PEO refers to molecular weights above 20,000. Depending on their 

molecular weight, they can be very viscous liquids (PEO400) or solids (Figure 1.8).  

The standard synthesis is the anionic polymerisation by ring opening of ethylene 

oxide in presence of acidic or basic catalysts. Using this technique, it is possible to 

achieve very low polydispersity indexes (of the order of 1.01). In any concentration the 

polymer dissolves very well in water; however, it has amphoteric character, hence it is 

also soluble in dichloromethane, tetrahydrofuran, ethanol, acetone and chloroform.27 

PEO is a biocompatible, non-toxic polymer and has been approved by the U.S. Food 

and Drug Administration (FDA) for oral and topical applications. It is already widely 

used in cosmetics, soaps, and in the pharmaceutical and biomedical fields; it is rapidly 

cleared by the body without undergoing modifications, with disposal rates inversely 

proportional to the molecular weight of the polimer.28,29 Furthermore, it is able to 

prevent any interaction with the immune system’s proteins; for this reason, it is also the 

ideal material for medical use.30 

Poly(lactic acid) (PLA) belongs to the family of aliphatic polyesters and presents 

excellent physical and mechanical properties. It is classified as a biopolymer, and it is 

obtained from renewable sources; its repeating unit is a natural product and is fully 

biodegradable (Figure 1.8). 

 

 
Figure 1.8. Chemical structure and main features of PEO and PLA. 
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The monomeric unit is lactic acid, a natural molecule isolated for the first time in 1780 

by the Swedish chemist Scheele and produced in 1881.31  

It is a hydroxyacid that possesses a chiral carbon and that therefore may exist in two 

optically active forms (Figure 1.9); human beings and other animals are able to produce 

only the isomer L; bacteria, on the other hand, are able to synthesise both the L and the 

D forms. It is precisely this process of fermentation of carbohydrates by bacteria that is 

used for the production of these two enantiomers. 

 

D-lactic acid L-lactic acid 

 

                     Figure 1.9.  Lactic acid enantiomers: structure of D- and L- lactic acids. 
 

 

One peculiarity of the PLA is that its stereochemistry and the properties of the final 

material are strictly dependent on the ratio between the two stereoisomers; in fact, the 

polymer formed only from isomer L appears to be highly crystalline and not very 

biodegradable, whereas from both stereoisomers a completely amorphous polymer is 

formed that easily biodegradable. 32 

The properties of the polylactide, such as for example the melting point, the 

mechanical strength and the crystallinity, depend on the stereoisomers present in the 

polymer and the molecular weight. Even the degradative hydrolysis of the polymer is 

strongly influenced by the degree of crystallinity; a highly crystalline PLA requires 

months to be degraded to lactic acid, while an amorphous polymer can be degraded in a 

few weeks. 



 Chapter 1- Introduction  
 

 20 

 

The poly (L-lactide) (PLLA) have a melting temperature between 170 ° C and 183 ° C. 

The introduction in the poly (L-lactide) of D-lactide or meso-lactide impurities leads to 

irregularities in the structure, then to lower crystallinity and to a decrease of the melting 

point up to 130 ° C. At the moment when the two stereoisomers are present at 50% 

(rac-lactide) it has even disappearance of the melting point because the polymer is 

completely amorphous. The glass transition temperature varies from 55 ° C to 65 ° C in 

the first case while amorphous polymers obtained from meso-lactide have a temperature 

of 59 °C. 33 

The PLLA is soluble in chlorinated or fluorinated solvents and dioxane, while 

PDLLA is soluble in a much wider variety of organic solvents (acetone, ethyl lactate, 

pyridine, tetrahydrofuran, ethyl acetate, N, N-dimethylformamide). The polylactides 

generally precipitate in methanol, ethanol, isopropanol, hexane, heptane and water. 

In general, the thermal stability of the aliphatic polyesters is limited. The polylactide 

degrades at temperatures above 200 °C for phenomena of hydrolysis, oxidation, and 

transesterification reactions inter- and intra-molecular.  

The degradation depends on environmental: temperature, presence of impurities and 

catalysts, capable of lowering the temperature of degradation).34 During the thermal 

degradation, reactions can be observed of termohydrolysis, depolymerisation, thermal 

degradation, and transesterification. The transesterification of inter- and intra-molecular 

reactions takes place in the polymers at temperatures close to or above the melting 

point. In the polyesters, these reactions in the polymer melt are very rapid but also take 

place at temperatures below the melting point.  

Finally, the PLA is also subject to degradation at room temperature. The degradation of 

PLA is through two steps. In the first stage of degradation, the high molecular weight 

chains undergo a hydrolysis process that leads to shorter chains or oligomers; this 

reaction may be accelerated by acids or bases and depends on the temperature.35 The 

second step consists in the degradation by microorganisms that transform the low 

molecular weight chains into carbon dioxide and water. A typical degradation curve of 

PLA is shown in figure 1.10. 



 Chapter 1- Introduction  
 

 21 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
5            

1.5    Self-assembly of amphiphilic block copolymer from good    

             solvents     

                  

Block copolymers are known to self-assemble in block-selective solvents, which 

solubilise one but not the other block, forming micelles of various shapes. In such a 

solvent, block copolymer phase behaviour is controlled by the interaction between the 

segments of the polymers and the solvent molecules as well as the interaction between 

the segments of the two blocks. A defining property of amphiphilic block copolymers is 

the ability of individual block copolymer molecules (unimers) to self-assemble into 

micelles in dilute solutions. The unimers form molecular solutions in water at block 

copolymer concentrations below that of the critical micelle concentration (CMC). At 

concentrations of the block copolymer above the CMC, unimer molecules aggregate and 

form micelles, a process called ‘micellisation’ (Figure 1.11).36  
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Figura 8: Degradazione del PLA a 60°C16  

 

  

2.1.3 SINTESI: 
 
La polimerizzazione del lattide avviene solitamente per via anionica e consiste nell’attacco 

nucleofilo di un anione al carbonile che genera una reazione di transesterificazione; in questo modo 

si forma un terminale alcossido che continua la propagazione.  

  
Figura 9: Meccanismo generale della polimerizzazione ROP 

 

Tipici iniziatori sono gli alcossidi metallici, tuttavia a causa della elevata reattività che genera 

racemizzazione e transesterificazione, si preferisce l’utilizzo di catalizzatori meno reattivi di stagno, 

zinco, magnesio o alluminio. 

Il catalizzatore più diffuso a livello industriale è lo stagno(II) bis-(2-etilesanoato) chiamato anche 

stagno ottanoato, (Sn(Oct)2) approvato come additivo dalla US Food and Drug Administration e 

quindi utilizzato anche per produrre imballagi per alimenti senza bisogno di purificazione. 

Figure 1.10.  Degradation of PLA at 60 °C.35 
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The hydrophobic blocks of amphiphilic copolymers self-associate in aqueous 

solutions to form supramolecular aggregates consisting of hydrophobic domains 

surrounded by swollen hydrophilic blocks. Hydrophobic interactions are a fundamental 

driving force in the assembly of amphiphilic systems, which helps in the macromolecular 

self-association and the formation of nanoscale-ordered structures through hydrophobic 

attraction. The number of block copolymer molecules forming one micelle is called the 

‘aggregation number’. The hydrophobic core can serve as a ‘pool’ for the incorporation 

of various hydrophobic compounds into the micelles. As a result of the incorporation 

into the core, water-insoluble compounds are transferred into the micellar solution, a 

process called ‘solubilisation’.37 Like surfactants, the micellisation process for block 

copolymers is mainly governed by two parameters: critical micellisation temperature 

(CMT) and critical micellisation concentration (CMC). In some instances, micellisation is 

stimuli-responsive, as in the case of double-hydrophilic AB block copolymers containing 

two water-soluble blocks. Under normal conditions, double-hydrophilic block  

Figure 1.11. Schematic of self-assembled amphiphilic block copoolymers into 
supramolecular nanostructure. 
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copolymer chains have no tendency to aggregate in aqueous media and are thus 

observed as unimers. However, in some cases once an adequate stimulus is applied, one 

of the hydrophilic blocks may become hydrophobic. This transition is generally observed 

to be reversible and results in a sharp modification of the macroscopic characteristic 

features of the aqueous medium (Figure 1.12). 

 

 
 

 
 

The responsiveness of polymer assemblies to biological stimuli (e.g., pH, reduction-

oxidation, enzymes, glucose) and externally applied triggers (e.g., temperature, light, 

solvent quality) shows particular promise for various biomedical applications, including 

drug delivery, tissue engineering, medical diagnostics, and bioseparations.38 

As a consequence of the immiscibility of the two portions of the polymer chain, block 

copolymers are able to self-assemble into microphases when they are in mass (bulk) or in 

solution; in this way different nanostructures of controllable size can be obtained. 

The self-assembly driving force is the thermodynamic incompatibility between blocks 

A and B, which leads to a separation in microphases that maximises the interaction with 

the related groups while minimising the contact area with the non-related groups.39 

Figure 1.12. Schematic of a stimuli-sensitive micellisation process. 
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Differently from the fluids of low molecular weight, the entropy of mixing per unit 

volume for various polymers is small; this arises from the fact that it is inversely 

proportional to molecular weight.  

For this reason, even small structural differences between the blocks A and B provide 

a sufficient contribution to make mixing unfavourable in terms of free energy40 (Figure 

1.13). 
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farli miscelare. Per una tipica coppia di monomeri nella quale non ci sono forti interazioni 

specifiche, χAB è positivo e piccolo rispetto all’unità.  

 
Figura 1: (a) Possibili morfologie al variare di fA. (b) Diagramma di fase teorico che mostra NχAB (dove N è il 
grado di polimerizzazione) in funzione della frazione di monomero A, fA; si nota come, al di sotto di un valore di 
soglia di NthrχAB l’autoassemblaggio non ha luogo, dato che la spinta entalpica non è sufficiente a compensare la 
tendenza del sistema a miscelarsi e si ha quindi una miscela ideale. Per valori superiori alla transizione ordine-
disordine l’autoassemblaggio avviene ed il tipo di struttura che si forma dipende principalmente dalla frazione 
del monomero A. (c) Diagramma sperimentale per copolimeri poli(stirene)-b-poli(isoprene).7 
 
Se invece l’autoassemblaggio viene effettuato in soluzione, entrano in gioco anche le interazioni tra 

i blocchi e i solventi utilizzati. La geometria e il grado d'ordine di queste architetture dipende dalla 

concentrazione e dal rapporto in volume fra blocco insolubile e solubile, detto rapporto solubile 

insolubile (ISR). A concentrazioni molto diluite la solubilità del blocco compatibile con il solvente 

è sufficiente a mantenere il copolimero come molecole disciolte nel solvente. Ad una certa 

concentrazione chiamata “critical aggregation concentration” (CAC), i copolimeri a blocchi 

iniziano il processo di autoassemblaggio per separare il blocco insolubile dal solvente. 

All'aumentare della massa e del ISR, la CAC diminuisce.8 A concentrazione maggiori della CAC il 

copolimero a blocchi autoassembla in una fase isotropa dispersa nel solvente. 

 

Figure 1.13. (a) Equilibrium morphologies of AB diblock copolymers in bulk: S and S’ = 
body-centered-cubic spheres, C and C’ = hexagonally packed cylindres, G and G’ = 
bicontinous gyroids, and L = lamellae. (b) Theoretical phase diagram showing of AB 
diblocks predicted by the self-consistent mean-field theory, depending on volume fraction 
(ƒ) of the blocks and the segregation parameter χN, where χ is the Flory-Huggins segment-
segment interaction energy and N is the degree of polymerisation; CPS and CPS’ = closely 
packed sheres. (c) Experimental phase portrait of polyisoprene-block-polystyrene 
copolymers, in which ƒA represents the volume fraction of polyisoprene, PL = perforated 
lamellae.41 
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The contribution to the free energy of mixing can be expressed as 

 

                                     Δ!!"# ∝ !!" ∙ ∙ !! ! ∙ !                                     (1) 

 

where !! is the Boltzmann constant, T is the absolute temperature, and N is the 

degree of polymerisation; χ!! is the Flory-Huggins interaction parameter: 40,41 

 

                               !!" = !
!! !

!!" − !
! !!! + !!"                         (2) 

 

where Z is the coordination number, and ε represents the internal energies of the 

systems AA, AB and BB. If χ!! is positive, there is net repulsion between the monomers 

A and B; if it is negative, the free energy tends to make them mix.  

For a typical pair of monomers in which there are no strong interaction specifications, 

χ!! is positive and smaller than unity.  

The parameter that determines the curvature of the structures is defined by the form 

(packing factor parameter) and depends on the area of interface between the hydrophilic 

block and the hydrophobic a0; the volume ν occupied by the hydrophobic chains; and lc, 

their maximum length:42 

 

! = !
!! !!   

 

 

Different morphological structures correspond to different values of this parameter 

(Figure 1.14). The energy balance of the interaction between blocks and solvent 

determines the values of this parameter where the system is stable, and thus ultimately 

determine the shape that particles assume in dispersion. 
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Following these general principles, several morphologies were obtained by the self-

assembly of block copolymers in solution. When the hydrophilic chain is prevalent, the 

core-corona micelle is strongly favoured by thermodynamics. Instead, using an 

hydrophobic part much larger than the hydrophilic part produces “crew-cut” aggregates 

with an ample variety of morphologies, including spheres, cylindrical micelles (rods), 

bicontinuous structures, lamellae, vesicles, large compound micelles (LCM), large 

compound vescicles (LCV), tubules, and ‘onion’ and ‘eggshell’ structures.  

Overall, more than 20 possible morphologies have been identified, including some 

that are thermodynamically induced and others that are formed under kinetic control 

(Figure 1.15).43, 44, 45 
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Figura 3: Dipendenza della struttura finale micellare dai parametri molecolari intrinseci a0, lc e v del blocco 
idrofobico.10 
 
Numerose morfologie sono state ottenute tramite autoassemblaggio di copolimeri a blocchi 

in soluzione. Ad esempio, utilizzando delle catene in cui la parte idrofoba è molto maggiore della 

parte idrofilica (crew-cut regime) è possibile ottenere moltissime morfologie tra cui ci sono micelle 

sferiche, cilindriche (rods), strutture bicontinue, lamelle, vescicole, large compound micelles 

(LCM), large compound vescicles (LCV), tubuli, strutture ‘a cipolla’, ‘a guscio d’uovo’, ecc. In 

generale, sono state individuate più di 20 possibili morfologie diverse tra cui alcune sono 

termodinamicamente indotte mentre altre si formano sotto controllo cinetico.7 

 

Figure 1.14. Dependence of the final micellar structure by intrinsic molecular parameters a0, 
lc, and ν of the hydrophobic block. 
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Figura 4: Micrografie TEM e disegni schematici corrispondenti a varie morfologie formate da copolimeri 
anfifilici PS-b-PAA. Nei disegni i blocchi rossi sono i blocchi di PS idrofobici, mentre quelli blu sono i blocchi 
idrofili di PAA.  HHH = hexagonally-packed hollow hoops (cerchi cavi impaccati esagonalmente). LCM = large 
compound micelle 7 
  

Figure 1.15. Transmission electron microscopy (TEM) micrographs and schematic drawings that 
match to various morphologies formed by amphiphilic PSm-b-PAAn copolymers.43 
Note: m and n denote the degrees of polymerization of PS and PAA, respectively. In the 
schematic diagrams, red represents hydrophobic PS parts, while blue denotes hydrophilic PAA 
segments. HHH:  hexagonal packed hollow hoops; LCMs = large compound micelles, in which 
inverse micelles consist of a PAA core surrounded by PS coronal chains. Generally, the 
hydrophilic segments (e.g. coronas) of the crew-cut aggregates cannot be seen in TEM images if 
they are not stained.44 
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CHAPTER 2 

SYNTHESIS OF mPEO113-b-PLAx COPOLYMERS BY RING-
OPENING POLYMERISATION 

 

2.1 Experimental Section 

 

              2.1.1 Materials 

 

Tetrahydrofuran CHROMASOLV ® Plus (THF, 99.9%), ethyl acetate, toluene 

anhydrous (99.9%), chloroform (CDCl3 deuterate, 99.9%), dichloromethane anhydrous 

(99%)2-propanol, ethanol (99%) and benzoic acid were purchased from Sigma Aldrich 

and used as received. Milli-Q water was obtained by systems Direct-Q5 (Millipore). 

Poly(ethylene oxide) monomethyl ether with !!=5000 g/mol (mPEO113, Sigma 

Aldrich) was precipitated twice from ethanol, dried by azeotropic distillation from 

toluene, and stored in a dry nitrogen atmosphere. Racemic lactide (rac-Lac, Sigma 

Aldrich) was recrystallised four times from ethyl acetate. 1,8-Diazabicyclo[5.4.0]undec-7-

ene (DBU, Sigma Aldrich, 98%) was distilled from CaH2 under reduced pressure.  

           2.1.2 Synthetic Methods 

The main step in the PLA synthesis via ring-opening polymerisation (ROP) consists 

in the anionic attack to the carbonyl on lactide, which generates a transesterification 

reaction (Figure 2.1) 1. A catalyst is necessary to initiate the polymerisation. The most 

widely used catalyst at an industrial level is the tin (II) bis (2-ethylhexanoate), also called 

tin octanoate, (Sn (Oct) 2); it is accepted as a food additive and approved by the FDA1-6.  
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Whereas Sn(Oct)2 remains the most commonly used catalyst for the alcohol-initiated 

ROP of lactide and other cyclic esters, transesterification reactions may take place that 

lead to wider molecular weight distributions and poor control on chain end groups. 

Although FDA-approved, metal contamination of the final product by residual catalyst 

can be problematic for drug delivery applications.   

In order to avoid any problems of poor biocompatibility or allergenicity4, the ROP 

synthesis of the poly (lactic acid block) on a block of poly (ethylene oxide) was instead 

catalysed by DBU. This catalyst is a non-toxic,8 metal-free superbase that allows for 

remarkable control of molecular weight and molecular weight distributions of different 

polyesters in mild reaction conditions.9-11  

With the more reactive monomers such as lactide, this catalysis is able to synthesise 

polymers at molecular weights of the order of 10,000 g/mol in 1 hour at room  

Figure 2.1. General mechanism of ROP polymerisation catalysed by DBU 1 (D), initiator (I), and 
monomer (M)1. 
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temperature. In case one wishes to polymerise less reactive esters, such as ε-

caprolactone, to speed up the reaction, it is possible to associate with the superbase a 

suitably functionalised thiourea, which also activates the monomer.11 

For the synthesis of the PLA block, the methodology described by Qian et al.7 has 

been followed. All block copolymers were prepared using methyl- terminated poly 

(ethylene oxide) with a molecular weight of 5000 g/mol as initiator. This molecular 

weight was chosen because mainly mPEO5000 or mPEO2000 are used in the literature 

to form nanoparticles for drug delivery.12-16 The polymer has two different terminal 

groups: methoxy on one end, and OH on the other. 

The choice to have only one terminal with an -OH group ensures the growth of the 

PLA block on one end only. 

All reactions were carried out at room temperature under N2 atmosphere, using dry 

solvents and reagents. Using PEO113-b-PLA396 as an example, 0.500 g (10-4 mol) of dried 

mPEO113 was dissolved in a Schlenk flask in 1.5 mL of anhydrous DCM. A solution of 

rac-lactide (2.880 g, 2∙10-2 mol) in DCM (2.0 M) was prepared separately and added to 

the flask. Lastly, DBU (10-4 mol, 0.0152 g, 15 !l) was added to the reaction vessel. When 

different degrees of polymerisation of the PLA block were targeted, the ratio of rac-

lactide to mPEO113 was varied accordingly. The resulting solution was allowed to react 

for 1 hour under magnetic stirring, then quenched by adding 0.028 g (2.5∙10-4 mol) of 

solid benzoic acid. The resulting polymer was precipitated three times into excess 2-

propanol to remove any unreacted species and the DBU/benzoic acid salt. The product 

was then dried under vacuum overnight and stored in sealed screw-capped vials under 

N2 at 4 °C. 

The degree of polymerisation and the number-average molecular weight of the PLA 

block was determined by 1H-NMR from comparison of the PLA methine (δ = 5.10–5.28 

ppm) and methyl (δ = 1.40–1.60 ppm) signals and the mPEO113 methylene (δ = 3.46–

3.80 ppm) signal. 
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2.1.3 NMR spectroscopy (NMR) 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical technique to 

obtain detailed information about the molecular structure of the compounds by 

measuring the emission of electromagnetic radiation in molecules immersed in a strong 

magnetic field. The emission takes place by means of particular atoms with active spin 

nuclei (in our case 1H). The instrument used for the 1H-NMR analysis is a Bruker 

AVANCE 500. The spectra were analysed with Mestre-C software. Nuclear magnetic 

resonance analysis also determines both the tacticity of the polymer formed and the 

presence of comonomers and their distribution. In particular, since the length of the 

PEO block is predetermined, it is possible to estimate the average weight of the PLA 

block by comparing the signal intensity associated with the two blocks. 

 

2.1.4 Gel Permeation Chromatography (GPC) 

 

Gel permeation chromatography (GPC) is a technique that uses specialised columns 

to distinguish polymers, natural macromolecules and nanoparticles on the basis of the 

steric interaction of the sample with the chromatographic columns. This technique 

allows an estimate of the molecular weight and polydispersity index (PDI) of a polymer 

sample. The method of analysis is based on the construction of the calibration curves of 

the elution time against the weight of controlled polymer standards. If the standards are 

stucturally similar to the polymers used, then the elution time of the polymers can be 

used to determine the molecular weight with an accuracy of ±5%. Due to their 

amphiphilic nature, block copolymers are difficult to properly compare with calibration 

curves.7 Thus, methods based on NMR are preferred for the calculation of the relative 

block length, whereas GPC provides reliable data on the block copolymer weight 

distribution (PDI). 



Chapter 2- Synthesis of mPEO113-b-PLAx copolymers by ROP 

 34 

 

2.1.5 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is one of the thermo-analytical techniques 

that allows the detection of the phase transitions that occur in a material along a range of 

user-selected temperatures (Figure 2.2)17. It is a powerful technique for obtaining the 

thermo-analytical parameters of biomolecules and nanomaterials18-23. 

Some of the main thermal properties of the polymeric materials measurable through 

DSC are the following:  

 

1) glass transition temperature (Tg),  

2) crystallisation temperature (Tc),  

3) melting temperature (Tm).  

It is also possible to detect non-reversible processes such as polymerisation reactions or 

the thermal decomposition of the samples. 

 

 

 

 

                            

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. Differential Scanning Calorimetry (DSC). 
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Differential scanning calorimetry measures the heat flow between the crucible 

containing the sample and an empty reference crucible, given a certain speed of heating 

or cooling. The thermal behaviour of the PEO113 -b-PLA x was analysed using a DSC1 

(Mettler Toledo Instrument). Approximately 7–10 mg of sample was accurately weighed 

into a 30-µL hermetic aluminium pan and sealed. A temperature range of 0 °C to 150 °C 

was scanned using a heating rate of 20 °C/min. Indium was used as the standard 

reference material to calibrate the temperature and energy scale of the apparatus. 

 

2.2 Results and Discussion 

Monohydroxyl-terminated mPEO has been extensively used to induce the ring-

opening of different lactones in the presence of DBU to yield linear diblock copolymers 

with biocompatibility and biodegradability properties suitable for biomedical 

applications.24-28 A set of mPEO113-b-PLAx copolymers with different compositions was 

obtained by reacting dry mPEO113 and rac-Lac in anhydrous DCM in the presence of 

DBU at room temperature.  

Despite often being considered non-nucleophilic due to steric hindrance,7 DBU is 

known to be able to react with the cyclic ester bonds of lactide1 and to compete with 

alcohols for ring-opening initiation when the [DBU]:[R-OH] ratio is high. To prevent 

the formation of DBU-initiated PLA homopolymeric blocks, a fixed [DBU]:[mPEO113] 

ratio of 1 was maintained throughout all polymerisations. The PLA block length was 

modulated by varying the monomer feed and conducting all reactions up to 100% 

conversion. The GPC measurements are then used to determine the polydispersity index 

of the chains and whether the polymer is formed from one or more populations. The 

shape of the curve is in fact determined by the interaction of the polymer with the 

chromatographic column and is therefore intrinsically correct this is in contrast to the 

calculated numerical values , which depend on the performed calibration. Every sample 

exhibited a monomodal GPC curve (Figure 2.3) with narrow polydispersity (DPI <1.24), 

in accordance with exclusive ROP initiation by mPEO113 (Table 2.1).  
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Figure 2.3. GPC chromatograms of mPEO and a selection of mPEO113-b-PLAx samples. 
         

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Table 2.1. Number average molecular weight (Mn), weight average molecular weight (Mw), and 
polydispersity index (PDI) measured by CPC on mPEO and a selection of mPEO113-b-PLAx samples , 
showing values below 1.5. 
 

Sample Mn (g/mol) Mw (g/mol) PDI 

mPEO
113

 7000 7400 1.05 

mPEO
113

-b-PLA30 7500 8500 1.14 

mPEO
113

-b-PLA65 13600 17300 1.27 

mPEO
113

-b-PLA95 9300 12600 1.35 

mPEO
113

-b-PLA176 8800 12700 1.44 

mPEO113-b-PLA305 21000 23800 1.13 

mPEO
113

-b-PLA331 25200 33300 1.32 

mPEO
113

-b-PLA396 26100 36200 1.39 

mPEO113-b-PLA403 29000 33000 1.14 

mPEO113-b-PLA417 22600 25000 1.11 

mPEO113-b-PLA469 54300 66700 1.23 

mPEO113-b-PLA486 26400 29000 1.10 

mPEO113-b-PLA503 22000 25000 1.14 

mPEO113-b-PLA1359 31000 34200 1.10 

mPEO113-b-PLA1505 35300 43500 1.23 
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       The Mn and Mw values presented in Table 2.1 are based on a calibration with 

polystyrene standards. Since the actual interaction of the polymer with the 

chromatographic column depends on the nature of the polymer itself, the values can be 

overestimated or underestimated. For example, it is reported in the literature that a 

PEO113 has a polystyrene-equivalent number average molecular weight of 7600 g/mol, a 

value comparable to that obtained by us. The addition of the PLA block further 

modifies the interaction of the polymer with the GPC matrix in a measure that depends 

on the relative weight of the PLA block itself, thus rendering any conversion between 

elution time and molecular weight very complex. 

The degree of polymerisation and number-average molecular weight of the PLA 

block was determined by comparing the integrated intensity of 1H-NMR resonances 

univocally associated to each of the two blocks. In particular, PLA methylene (δ = 5.10–

5.28 ppm) and methyl (δ = 1.40–1.60 ppm) signals were compared with the mPEO113 

methylene (δ = 3.46–3.80 ppm) signal.  

The number average molecular weight of PEO113-b-PLAx was calculated from 1H-

NMR after purification by comparing integrals d and b (Figure 2.4) according to 

Equation (1):  

 

!! = !!" ∙ !!!! ∙ 4!!" +!!"# ,       (1) 

 

where !!" is the molecular weight of the LA repeating unit (72 g/mol), !!" is 

the number of ethylene oxide repeating units in mPEO113, and !!"# is the molecular 

weight of mPEO113 (5000 g/mol) (Table 2.2). PEO volume fraction, fPEO, varies from 

0.05 to 0.52. 
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     Figure 2.4. Representative 1H-NMR spectrum of PEO113-b-PLAx (CDCl3, 500 MHz). 
               

 

Sample !!! !!" N fPEO fPLA !!!"# 
(g/mol) 

mPEO
113

-b-PLA30 113 30 - - - - 

mPEO
113

-b-PLA65 113 65 178 0.52 0.48 9650 

mPEO
113

-b-PLA95 113 95 - -  - 

mPEO
113

-b-PLA176 113 176 - - - - 

mPEO
113

-b-PLA305 113 305 - 0.19 0.81 26932 

mPEO
113

-b-PLA331 113 331 - - - - 

mPEO
113

-b-PLA396 113 396 - - - - 

mPEO
113

-b-PLA403 113 403 516 0.15 0.85 33988 

mPEO
113

-b-PLA417 113 417 530 0.15 0.85 34996 

mPEO
113

-b-PLA469 113 469 582 0.13 0.87 38740 

mPEO
113

-b-PLA486 113 486 599 0.13 0.87 39964 

mPEO
113

-b-PLA503 113 503 616 0.12 0.88 41188 

mPEO
113

-b-PLA1359 113 1359.2 1472.2 0.05 0.95 102834 

mPEO
113

-b-PLA1505 113 1505.24 1618.24 0.05 0.95 133349 

 
  Table 2.2. Reaction parameters for polymerisations carried out, and yield obtained by 1H-NMR of the      
  purified polymer.  
  mLA: number of repeating PLA unit calculated from 1H-NMR spectra 
  fPEO: calculated using ρ!"# = 1.21 g/cm3and ρ!"# = 1.25 g/cm3.2 
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Figure 2.5 shows a comparison of the 1H-NMR spectra of mPEO113-b-PLAx 

samples in CDCl3.  

All copolymers were also characterised by thermal analysis. The DSC cycle consists of 

three parts: a first heating ramp from 0 °C to 150 °C, a cooling from 150 °C to -100 °C, 

and a second heating ramp ranging from -100 °C to 150 °C. All ramps were carried out 

at a speed of 20 °C/min, a value that allows the identification of the glass transitions 

present (Figure 2.6). 

During the first heating ramp, endothermic traces of irregular shape are often 

observed below 100 °C, which is attributable to the evaporation of solvent 

(isopropanol). In some samples, there is an intense melting peak around 50 °C 

attributable to the crystalline fraction of the mPEO block, which in the bulk forms 

crystalline domains similar to pure PEO.  

Figure 2.5. Comparison of 1H-NMR spectra of mPEO113-b-PLAx in CDCl3. 



Chapter 2- Synthesis of mPEO113-b-PLAx copolymers by ROP 

 40 

 

Comparing the enthalpies of fusion, normalised on the mass in the first heating ramp, 

they are in all cases comparable to that of mPEO homopolymer. In the second heating 

ramp, it is possible to observe that the melting peak decreases and finally vanishes as the 

PLA fraction increases. Moreover, a single glass transition is detected, gradually shifting 

from -48 °C to 27 °C as the PLA block molecular weight increases. Analysing the 

enthalpy values of the fusion in the second heating ramp, the amoun of crystallinity in 

PEO can again be calculated. Chart 1 indicates that be observed as a function of the 

percentage by weight of the mPEO. 

The copolymers characterised by an fPEO < 0.25 did not display melting peaks 

attributable to the mPEO block in neither the second nor the first heating ramp, which 

indicates that the long chains of totally amorphous PLA inhibit the crystallisation of the 

mPEO (Chart 1). For fPEO > 0.25 in the first heating ramp the melting peak remains  

Figure 2.6. DSC curves of mPEO113 and mPEO113-b-PLAx samples: (left) first heating ramp 
from 0 °C to 150 °C, (right) second heating ramp from -100 °C to 150 °C. 
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almost constant, indicating a good phase separation between the two blocks, while the 

decrease of the degree of crystallinity of the mPEO observable in the second heating 

ramp indicates the presence of a miscibility, at least partial, between the two blocks in 

the melt.  

This result can be explained by considering the history of the sample: during the first 

heating ramp, we observe the thermal behaviour of the polymer coming directly from 

the purification step, which consists in the precipitation from isopropanol, a selective 

solvent for the mPEO block. 

The self-assembly induced by the amphiphilicity of the system leads to the formation of 

mPEO domains separate from those of the PLA. This structuring is partially retained 

even after the removal of the solvent. In the third scan, the polymer was instead 

maintained for several minutes at temperatures much higher than the glass transition 

temperature of the PLA block, the mPEO block, and the melting temperature; the high  

 

Chart 1. In black the degree of crystallinity percentage in the first heating 
ramp, while in red shows the degree of crystallinity in the heating ramp. 
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mobility of the chains means that as they cool, they are disposed in a way that requires 

the least energy possible; that is, when mixed, they inhibit phase separation and 

consequently also inhibit the crystallinity of the mPEO. The presence of a single Tg 

indicates miscibility of the two blocks; however, to determine its degree, the 

experimental values were compared with the theoretical values calculated using the Fox 

equation for binary blends, where total miscibility is assumed. As Tg limit values, one 

uses -61 °C for the PEO block9, while for the PLA, one calculates a theoretical value 

using the equation of Fox-Flory for homopolymers, which is then introduced into the 

equation for the blend. The equations used are the following: 

 

 

                     !!!!!!" − !
!!

                                                    (4) 

 

                     !!!
= !!

!!!"
+ !!

!!!"
                                                    (5) 

 

 
 
Chart 2 shows Tg values  calculated (black series) and experimental (red series) in 

function of the PLA fraction of the copolymer. As can be seen from the graph, the Tg 

of the analysed samples follow the linear trend of the Fox equation; however, the values 

are shifted higher by about 10 °C compared to the theoretical equation. This behavior 

indicates that the two blocks are only partially mixed together; in some portions of the 

material there is still phase separation. This conclusion is also confirmed by the trend of 

crystallisation peaks that should not be there if the two blocks were completely miscible. 

The DSC analysis showed that the copolymer has a single Tg to values  lower than 

those expected for a PLA homopolymer with the same molecular weight (Figure 2.7).  

In addition, the crystallisation of the PEO is inhibited when its weight fraction becomes 

less than 40%, indicating an at least partial miscibility of the two blocks in the bulk. 
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Chart 2. Comparison of the transition temperatures 
calculated with the Fox-Flory equation (black) and glass 
transition temperatures measured by DSC (red).30 

Figure 2.7. DSC curves of PEO-b-PLA samples.  
(a) mPEO113-b-PLA65, (b) mPEO113-b-PLA305, (c) mPEO113-
b-PLA403, (d) mPEO113-b-PLA417, (e) mPEO113-b-PLA469, (f) 
mPEO113-b-PLA486, (g) mPEO113-b-PLA1359. 
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2.3 Chapter Summary 

 

In this chapter we have investigated the synthesis of lactide based polymers via ROP 

by DBU, an organic catalyst that has been shown to be not-toxic17 and therefore useful 

in synthesising polymers that are used in the branch of nanomedicine. It was possible to 

optimise the reaction parameters to obtain a quantitative yield of low polydispersity 

(1.08). 

The synthesised polymers were then characterised by DSC to study the thermal 

behaviour. A partial miscibility was observed between the two blocks, demonstrated by 

both the gradual disappearance of the peak attributed to the fusion of the PEO and by 

the displacement of the glass transition temperature in a range of about 60 °C. 

All samples were characterised by GPC, NMR and DSC. 

Every sample exhibited a monomodal GPC curve with narrow polydispersity in 

accordance with exclusive ROP initiation by mPEO113. 
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CHAPTER 3 

 

SELF-ASSEMBLY OF AMPHIPHILIC BLOCK COPOLYMERS 
FROM GOOD SOLVENTS 

 

 

3. 1 Experimental Section 

     3.1.1 Materials  

Dimethylformamide (DMF), acetone, tetrahydrofuran (THF) and 1,4-dioxane were 

purchased from Sigma–Aldrich (Milano, Italy), and a dialysis bag (3500 MW cut off) 

from Spectrum Laboratories, Inc. (Rancho Dominguez, USA).  

    3.1.2 Nanoparticle fabrication 

After a great variety of PLA chains of different lengths were polymerised (PEO113-b-

PLAx- with x ranging from 30 to 1359), the polymeric nanoparticles (NP) were prepared 

by nanoprecipitation of PEO113-b-PLAx block copolymers. The NPs were assembled 

from different organic solvents: dimethylformamide (DMF), acetone, tetrahydrofuran 

(THF) and dioxane.  

Due to the molecular weight of the polymers used, the process of aggregate formation 

is strongly determined by the kinetics. To ensure common starting conditions, a gradual 

solvent switching approach, or nanoprecipitation, has been chosen (Figure 3.1).  

In particular, 15 mg of polymer were completely dissolved in 0.75 ml of acetone, 

DMF, dioxane or THF in a vial with a pierceable screw-cap. Filtered Milli-Q water was 

added dropwise by a syringe pump at a fixed rate of 4 ml/hr until the final volume of 

3.75 ml was reached (Figure 3.2).  

The apparatus used for the self-assembly of the NP is represented in Figure 3.3. 
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Figure 3.2. Photographs of cuvettes containing water dispersions of mPEO
113

-b-PLA403 (left image) 
and mPEO

113
-b-PLA486 (right image) assembled from different solvents (A=DMF, B=acetone, C=THF 

and D= dioxane) and dialysed for 48 hours. The opalescent appearance of several dispersions is due to 
light scattering caused by nanoparticles larger than 50 nm. 
 
 

Figure 3.1. Schematic representation of the nanoprecipitation process. 
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   During the nanoprecipitation process, polymer chains migrate within the mobile phase 

and organise into aggregates with an internal compartmentalisation by virtue of their 

opposite affinity with the surrounding solvent. It is expected, therefore, that parameters 

such as the capacity of solvation, viscosity of the solvent, and the degree of immiscibility 

between the two blocks are able to greatly influence the assembly process. The Flory-

Huggins theory considers the miscibility of polymers as based on the ! (chi) interaction 

parameter, which can be calculated from appropriate solubility parameters.              

   To predict the solubility of a solute (e.g. a polymer), Charles Hansen proposed a model 

that distinguishes three contributions: 

  δ!: energy from dispersion forces between molecules; 

  δ!: energy from dipolar intermolecular force between molecules; 

  δ!:  energy from hydrogen bonds between molecules. 

  

 

Figure 3.3. Self-assembly apparatus. 
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Moreover, it is necessary to consider the contribution of solvent viscosity, η (eta), a 

property that regulates the mobility and evolution of macromolecules aggregates in 

solution. 

 Table 3.1 shows the Hansen solubility parameters of the solvents examined and of the 

PEO and PLA polymers, together with the solvent viscosity η (eta).  

 

                                                            
Table 3.1. Hansen parameters of solubility and viscosity of the solvents examined and of the blocks of 
PEO and PLA, and values calculated for the interaction between polymers and solvents. Higher values 
correspond to lower solubility. 

 

Based on these data, it is possible to estimate the interaction parameter χ between the 

polymer blocks (p) and the solvent (s):1,2 
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H2O 15.6 16.0 42.3 47.8 1.0 

DMF 17.4 13.7 11.3 24.9 0.92 

ACETONE 15.5 10.4 7 19.9 0.36 

THF 16.8 5.7 8 19.5 0.55 

DIOXANE 19 1.8 7.4 20.5 1.37 

PEO 17 10.7 8.9 22.0 - 

PLA 17.5 9.5 7.3 21.2 - 

POLYMER-SOLVENT INTERACTION PARAMETER (!!!!) 

 DMF ACETONE THF DIOXANE 

PEO 0.120 0.094 0.212 0.840 

PLA 0.263 0.125 0.138 0.588 
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where δD, δP and δH are respectively the contributions of dispersion forces, dipolar 

interactions and hydrogen bonds, Vm is the molar volume of the solvent, T is the 

temperature and R is the gas constant. Compared to all other solvents used in our study,  

dioxane has lower solubility for both polymers but has higher viscosity. The other three 

solvents have high solubility and variable viscosity.3 

The solubility parameters of PEO and PLA are very similar, and the literature, as well 

as our DSC experiments, reports that they are at least partially miscible in the bulk.4 

Therefore, it is expected that the separation into distinct microphases of the 

corresponding block copolymers is not total.  

Moreover, the high compatibility between solvents and polymer, and the fact that 

solvent could be trapped kinetically as a result of NP formatin, poses the issue of the 

presence of residual solvent in the NPs. Thus, after assembly all dispersions were 

dialysed (MWCO = 15000 g/mol) against water for 48 hours to remove leftover organic 

solvents, then they were stored at 4 °C.  
 

3.1.3 Dynamic Light Scattering 

Dynamic light scattering (DLS) experiments were performed at 25 °C on a Malvern 

Zetasizer equipped with a continuous wave 1 mW He-Ne laser operating at 632.8 nm 

and an avalanche photodiode detector, Q.E. >50% at 633 nm, placed at 173° with 

respect to the incident beam. 

Also known as photon correlation spectroscopy, DLS is a technique through which it 

is possible to determine the particle size of colloidal solutions. It is also used to study the 

behaviour of complex fluids, such as highly concentrated polymer solutions.  

When photons are scattered many times before being revealed, it is very difficult to 

provide an accurate interpretation of the fluctuations of the scattered light. Therefore, it 

is advisable to prepare rather diluted samples so as to produce single- scattering 

situations. However, current instruments can suppress the channel of the multi-photon 

scattering in the DLS experiments by using a cross-correlation approach (CC).  
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The key parameters for the quantitative interpretation of the DLS output are the 

different autocorrelation functions. In particular, when one wants to calculate the 

hydrodynamic size, one needs to call into question both the autocorrelation function of 

the field !(1) (τ) and the measured intensity autocorrelation function !(2) (τ). The 

autocorrelation function of the ! field (1) (τ) is determined from the measured ! 

intensity autocorrelation function (2) (τ). The Siegert equation (2) links the two 

functions: 

 

!(! ! − 1 = ! !(!  ! ! 

 

 

where β is an experimental factor of coherence, and ! (1) (τ) can be expressed as the 

integral along a single exponential decay: 

 

! ! ! = ! Γ !"#(−Γ!)!Γ
!

!
 

 

 

where ! (Γ) is the distribution function of the decay, and Γ is the decay rate: 

 

Γ = !!! 

 

 

where q is the magnitude of diffusion vector and D is the diffusion coefficient.  

The instrument used was a Malvern Zetasizer Nano S (Figure 3.4). 
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Nanoparticles were then purified by dialysis and analysed by DLS. In particular those 

assembled from copolymers mPEO113-b-PLA65; mPEO113-b-PLA305; mPEO113-b-PLA403; 

mPEO113-b-PLA417; mPEO113-b-PLA486 and mPEO113-b-PLA1359 with different selective 

solvents were subjected to a rigorous characterisation protocol (Figure 3.5). In this 

protocol, the DLS measurements were carried out following self-assembly and after 

dialysis (the time of dialysis varied between 24 and 72 hours depending on the solvent 

used). In addition, it was decided to evaluate the stability and aging of nanoparticles in 

solution by performing the daily measurements for 30 days consecutively.  

The DLS measurements provide a measure of both the average hydrodynamic 

diameter (DH) and its distribution.  

Measurements of Zeta Potential (ZP or ζ), for all samples assembled, were performed 

at neutral pH. A survey of the structures formed from these systems was carried out by 

DLS of nanoparticle dispersions immediately after assembly. 

 

 

 

Figure 3.4. Malvern Zetasizer Nano S. 



Chapter 3- Self-assembly of amphiphilic block copolymers from good solvent 

 54 

 

 
As reported in table 3.2 diameter of NPs ranged from 15 to 800 nm, with many of the 

polymers presenting different values as a function of the starting solvent.  Moreover, ZP 

measurements on these NPs, at a temperature of 25 °C in deionized water (pH = 7), 

ranged between between -9.06 mV and -26.7 mV (Table 3.2). This suggests a good 

stability of the system also for applications in biomedical contexts. Data can be also 

visualized in figure 3.6, where two main trends emerge. As expected, the greatest NPs 

are obtained from polymers with a higher molecular weight; however, an increase in 

average size is also present to vary the solvent (in the order Acetone <Dioxane <THF 

<DMF). This increase can also be quite significant, up to a factor 2, and distributions 

tend to have a higher polydispersity, transiting from single monodisperse to polydisperse 

populations. However, in the choice of drug delivery devices, the nanoparticles with a 

bimodal distribution are not adequate, du to a big difference in the time of circulation, 

the biodistribution5,6,7 and the mechanism of entry into cells.3,8 

  

Figure 3.5. Schematic representation of the characterisation protocol used for the study of the 
sample: mPEO113-b-PLA65; mPEO113-b-PLA305; mPEO113-b-PLA403; mPEO113-b-PLA417; mPEO113-b-
PLA486 and mPEO113-b-PLA 1359 assembled from different organic solvents. 
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Table 3.2. Characterisation of PEO113-b-PLAx nanoparticles by DLS. 

 
SAMPLES 
(PLA unit) 

 
SOLVENTS 

 
ACETONE 

 
DIOXANE 

 
THF 

 
DMF 

 
PLA30 

 
- - - 

Pk1= 236 
PDI= 0.509 
ZP=-15.3 

 
PLA58 

 
 

 

Pk1=381.7 
PDI= 0.428 
ZP=- 6.66 

Pk1=183.1 
PDI= 0.277 
ZP=-25.3 

Pk1=199.2 
Pk2= 25.32 
PDI= 0.415 
ZP=-23.1 

Pk1=254.5 
PDI= 0.404 
ZP=-20.2 

PLA65 
 

Pk1= 30.44 
Pk1=562.4 
PDI= 0.435 
ZP= -20.5 

Pk1=28.83 
Pk2= 549.4 
PDI= 0.309 
ZP=- 15.7 

Pk1= 51.69 
Pk2= 932.3 
PDI= 0.412 
ZP= -24.3 

Pk1=43.53 
Pk2= 851.4 
PDI= 0.631 
ZP=-13.2 

PLA95 
 

- - - 

Pk1=129 
Pk2= 15 

PDI= 0.916 
ZP=-11.3 

PLA176 
 

- - - 
Pk1= 69 

PDI= 0.296 
ZP=-13.6 

 
PLA305 

 

Pk1= 574.3 
Pk2=30.02 
PDI= 0.527 
ZP= - 17.9 

Pk1=32.89 
PDI= 0.243 
ZP= - 16.6 

Pk1=74.77 
PDI= 0.148 
ZP=- 11.7 

 

Pk1= 161.9 
PDI= 0.339 
ZP=- 14.3 

PLA331 
 

- - - 
Pk1= 40 

PDI= 0.068 
ZP= -11 

PLA396 
 

- - - 
Pk1= 97 

PDI= 0.110 
ZP= -13 

PLA403 
 

Pk1= 49.69 nm 
PDI= 0.242 
ZP= - 21.5 

Pk1=176 nm 
PDI= 0.377 
ZP=-9.72 

Pk1=50.29 nm 
Pk2= 38.3 nm 
PDI= 0.380 
ZP=- 23.7 

Pk1=85.62 nm 
Pk2= 469.5 nm 

PDI= 0.463 
ZP=- 24.2 

PLA417 
 
 

Pk1=51.30 
PDI= 0.076 
ZP=- 15.4 

Pk1=1205 
Pk2= 130 

PDI= 0.526 
ZP=- 21.6 

Pk1=343.9 
Pk2= 42.26 
PDI= 0.509 
ZP=- 20.9 

Pk1=124.3 
Pk2= 808 

PDI= 0.778 
ZP=-26.7 

PLA469 
 

Pk1= 54.92 
Pk2=609.7 
PDI= 0.441 
ZP= -17.3 

Pk1=41.27 
PDI= 0.161 
ZP=-15.1 

Pk1=205.7 
Pk2= 1374 
PDI= 0.652 
ZP=-14.5 

Pk1=1493 
Pk2= 4592 
PDI=0.574 
ZP=- 9.23 

PLA486 
 

Pk1= 92.28 
PDI= 0.191 
ZP= -23.1 

Pk1=101.2 
PDI= 0.209 
ZP=- 21.6 

Pk1=1188 
Pk2= 180 

PDI= 0.434 
ZP=- 25.6 

Pk1= 899.7 
Pk2= 112.6 
PDI= 0.449 
ZP=- 23.0 

PLA503 
 

Pk1= 99.57 
PDI= 0.187 
ZP= - 24.8 

Pk1=415.3 
Pk2 52.65 

PDI= 0.283 
ZP= - 17.2 

Pk1= 2259 
Pk2= 52.19 
PDI= 1.000 
ZP= - 9.4 

Pk1= 108.0 
Pk2= 469.8 
PDI= 0.437 
ZP= - 15.2 

PLA1505 
 

Pk1=824.0 
Pk2=149.3 
PDI= 0.273 
ZP=-22.1 

- - - 

 

PLA1359 
 
 

Pk1=613 
Pk2= 152.5 
PDI= 0.209 
ZP=-21.4 

Pk1=153.4 
PDI=0.227 
ZP=- 9.06 

Pk1=802.8 
Pk2= 42.37 
PDI= 0.868 
ZP=-15.2 

Pk1=131.2 
PDI= 0.158 
ZP=-21.3 
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Figure. 3.6. Intensity size distributions of the sample: mPEO113-b-PLA65; mPEO113-b-PLA305; 
mPEO113-b-PLA403; mPEO113-b-PLA417; mPEO113-b-PLA486 and mPEO113-b-PLA 1359 assembled 
from different organic solvents. 
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   3.1.4 Transmission Electron Microscopy (TEM)  

 

The transmission electron microscope is a very powerful tool for material science. A 

high energy beam of electrons is shone through a very thin sample, and the interactions 

between the electrons and the atoms can be used to observe features such as the crystal 

structure as well as features within the structure, such as dislocations and grain 

boundaries. The TEM operates on the same basic principles as the light microscope but 

uses electrons instead of light. Because the wavelength of electrons is much smaller than 

that of light, the optimal resolution attainable for TEM images is many orders of 

magnitude better than that from a light microscope. Thus, TEMs can reveal the finest 

details of internal structure, in some cases as small as individual atoms. The beam of 

electrons from the electron gun is focused into a small, thin, coherent beam by the use 

of the condenser lens. This beam is restricted by the condenser aperture, which excludes 

high angle electrons. The beam then strikes the specimen, and parts of it are transmitted 

depending upon its thickness and electron transparency. This transmitted portion is 

focused by the objective lens into an image on a phosphor screen or a charge-coupled 

device (CCD) camera. Optional objective apertures can be used to enhance the contrast 

by blocking out high-angle diffracted electrons. The image is then passed down the 

column through the intermediate and projector lenses and is enlarged all the way. 

  The image strikes the phosphor screen and light is generated, allowing the user to see 

the image. The darker areas of the image represent those areas of the sample that fewer 

electrons are transmitted through, while the lighter areas of the image represent those 

areas of the sample that more electrons were transmitted through. 

  As the electrons pass through the sample, they are scattered by the electrostatic 

potential set up by the constituent elements in the specimen. After passing through the 

specimen, they pass through the electromagnetic objective lens, which focuses all the 

electrons scattered from one point of the specimen into one point in the image plane.  
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A TEM specimen must be thin enough to transmit a sufficient number of electrons to 

form an image with minimum energy loss. Therefore, specimen preparation is an 

important aspect of the TEM analysis.  

Given the limitations of the SEM, the morphology of the NP was evaluated by TEM 

using a JEOL JEM 1011 microscope at an accelerating voltage of 80 kV. For the 

analysis, after appropriate dilution in Milli-Q water, 7 µL of an aqueous micellar solution 

was dropped onto a glow-discharged carbon-coated copper grid. Figure 3.7 show a TEM 

micrograph of mPEO113-b-PLA486 from dioxane and mPEO113-b-PLA1359 from THF.  

 

 

  

 

 

Figure 3.7. TEM micrographs of mPEO113-b-PLA486 from dioxane (left) and mPEO113-b-PLA1359      
from THF (right). 
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3.1.5 TEM in cryogenic conditions (cryo-TEM) 

Cryo-transmission electron microscopy (cryo-TEM) or cryo-electron microscopy 

(cryo-EM) is an ensemble of techniques allowing the observation of biological 

specimens in their native environment at cryogenic temperatures (-180°C for liquid 

nitrogen stages, -269°C for He).  

In a TEM, an image is formed by directing a high-energy electron beam at a thin 

sample. A series of electromagnetic lenses collect the resulting elastically scattered 

electrons to form a magnified 2D image (projection) of the specimen, much like in a 

light microscope. The short wavelength of the electrons allows sub-nanometer 

resolution in these images. However, a fraction of the electrons will exchange energy 

with the sample (inelastic scattering) and destroy it very rapidly. Therefore, for high 

resolution imaging, the sample is only exposed to a very low electron dose (10–20 

electrons Å-2), and only during image acquisition. 

For observation in cryoEM, biological samples are preserved frozen-hydrated in their 

native state. This is achieved by rapidly plunging the sample, reduced to a very thin liquid  

film, into a liquid ethane bath. This operation can be computer-controlled through an 

automatic plunging apparatus such as the Vitrobot. 

The resulting images are 2D, related to a projection of the potential in the biological 

object. Electron detectors can be photographic emulsions, CCD or CMOS cameras. A 

number of iterative mathematical 3D reconstruction schemes can then be applied to 

obtain a 3D model from these data and refine it to higher and higher resolution. 

Samples of NP dispersions after dialysis were vitrified by applying a 3 µl aliquot to a 

previously glow-discharged 200-mesh holey and Quantifoil carbon grids (Ted Pella, 

USA). Grids were blotted and then plunged into liquid ethane using a FEI Vitrobot 

Mark IV (FEI Company, the Netherlands). The samples were imaged using a Tecnai 

G2F20 microscope (FEI Company, the Netherlands) equipped with a Schottky Field 

Emission electron source, a US1000 2kx2k Gatan CCD camera and operating at an  
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acceleration voltage of 200 kV. The cryo-tomographic (CET) series were collected tilting 

the vitrified sample over ±60°, with a tilt step of 2°. Computation of tomogram was  

carried out with the IMOD 9 software package. Segmentation and 3D visualization were 

done using the Amira package (FEI Visualization Science Group, Bordeaux). The cryo-

TEM and CET imaging were performed under low dose conditions (60-80 electron/A2). 

The first selected sample (mPEO113-b-PLA486 - dioxane) had the size of about 100 nm 

and a polydispersity around 1.1. The cryoTEM, in this case, clearly showed the presence 

of circles constituted by a dark border with a thickness of about 21 nm and an hollow 

interior with the same brightness as the external background (Figure 3.8, A). This 

observation corresponds with the presence of polymersomes, whose production was 

one of the main goals of the present work. The presence of solvent pockets within the 

structure holds great promise for drug delvery but also explains why this shape could not 

be observed by standard TEM: in high vacuum condition, we expect the solvent to 

escape the structure distructively. 

   Figure 3.8. Nanoparticle morphology of PEO113-b-PLA486 assembled from dioxane as revealed by    
   CET: (A), averaged tomographic slice showing micelles (black arrowheads) and polymersomes (white  
   arrowheads). The insets show the 3D models of polymersomes (upper right) and micelles (bottom  
   right). (B) high magnification of the boxed region in A (micelles). (C) high magnification of the boxed  
   region in A (polymersomes). (D) Electron density (plotted as pixel light intensity) measured along the  
   diameter of micelles (solid black line) and polymersomes (red dashed line). (E) Particle size  
   distribution calculated by DLS (solid line) and CEM (grey histogram), and polymersome membrane  
   thickness measured by CEM (red histogram). 
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The second sample examined, mPEO113-b-PLA1359 assembled from THF, presents 

two populations in DLS characterisation: one below 50 nm and the other one above 500 

nm. CryoTEM structures that appear in the image as dark spots with a diameter of 

around 30 nm are compatible with the first population. The second population, NPs 

formed by having more than 500 nm in size, was studied by TEM, which showed a 

morphological picture compatible with that of the composite micelles. The DSC data 

and TEM and cryoTEM micrographs of nanoparticles of mPEO113-b-PLA1359 assembled 

from THF are reported in Figure 3.9.  

 

 
 
Figure 3.9. Nanoparticle morphology of PEO113-b-PLA1359 assembled from THF as revealed by CET 
(A). The inset shows the 3D models of single micelles and necklace-like aggregates. (B) High 
magnification of the boxed region in A (single micelles). (C) high magnification of the boxed region in 
A (necklace-like aggregates). (D) Electron density (plotted as pixel light intensity) measured along a 
micelle diameter. (E) Particle size distribution calculated by DLS (solid line) and CEM (histogram). 
 

The same copolymer self-assembled from DMF confirms the existence of two types of 

objects, one with <DH> = 219 nm and the other with the same dimension of the large 

objects obtained from THF. In this case, CEM micrographs reveal the presence of large 

variety of shape and dimensions: in figure 3.9, single or partially fused micelles ranging  
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from 100 nm to 300 nm are visible. Electron density profiles (Figure 3.9, C) highlight 

uniformly dense objects that can be considered as large compound micelles (LCM). CET 

reported in figure 3.10, E and F reveal a further process of aggregation of the LCMs 

forming low symmetry objects of about 1000 nm. In this case the single LCM appear  to 

be deformed assuming and ellipsoidal shape. This hierarchical self-assembly is quite 

common for triblock copolymers16 but rarely described for simple diblock copolymers.  

 

Figure 3.10. Nanoparticle morphology of PEO113-b-PLA1359 assembled from DMF as revealed by 
cryo-EM and CET: (A) low magnification projection image showing micron-scale irregular 
aggregates. The inset shows the 3D model of large compound micelles. (B) projection image 
showing fused large compound micelles (LCM). (C) averaged tomographic slice through LCMs; 
(D) high magnification of the boxed region in C showing a single LCM. (E), Electron density 
(plotted as pixel light intensity) measured along the diameter of the single LCM. (F) high 
magnification of the boxed region in C showing fused LCMs. 
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3.2 Results and Discussion 

 

The DLS characterisation study of mPEO113-b-PLAx samples provides a detailed 

picture of the self-assembly phenomenon in relation to the chemical nature of the 

solvents tested (DMF, acetone, THF and dioxane). It is apparent that non-selective 

solvents may be used to obtain different morphologies without varying the polymer 

composition. Furthermore, the simple measures of the self-assembled nanoparticles by 

DLS may provide, as a function of the preparation conditions, the first estimate of the 

type of structure formed by a given copolymer. The data obtained through the DLS 

revealed an increase in the size of NP and can be related to both the nature of the 

solvent and the molecular weight of the polymer. In particular, an increase of average 

size is also present to vary the solvent (in the order acetone <dioxane <THF <DMF). In 

the present study we have observed a strong correlation between the size of the NP and 

the molecular weight of the PLA block. These data are in agreement with those reported 

in the literature by Davis and colleagues, according to which the size of the PEO-b-PLA 

particles, prepared from acetone by nanoprecipitation, is modified by varying the 

molecular weight of the PLA block.5,7 

However, Wu et al. found no significant changes in the dimensions of the particles of 

PEO-b-PCL copolymers of different hydrophilic/hydrophobic balances and prepared 

with THF.11 These conflicting data suggest the importance of the method of 

preparation.5 

Furthermore, due to the complexity of the mechanisms regulating the self-assembly of 

amphiphilic block copolymers, it is necessary to maintain tight control of both the 

chemical (molecular weight, volume fraction of each block, interaction between the 

various blocks) and methodological (choice of co-solvent, temperature, pH) parameters 

in order to properly drive the final morphology of the nanoparticles.7,12,13 

The possibility of mastering the process of the self-assembly of amphiphilic block 

copolymers with different solvents can offer the great advantage of optimising the  
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choice of the ideal NPs for the delivery of drugs. For example, polymersomes, on 

account of their large internal volume, low permeability and the high tenability of their 

membrane, allow the drug encapsulation to be much more effective compared to other 

transport systems (e.g., liposomes, dendrimers, micelles, solid NPs).14,15  

The morphology characterization, obtained through cryoTEM revealed the structure 

of the first selected sample (mPEO113-b-PLA486 – dioxane) which had the size of about 

100 nm and a polydispersity around 1.1. The cryoTEM, in this case, clearly showed the 

presence of polymersomes (Figure 3.11, left image), whose production was one of the 

main goals of the present work. The presence of solvent pockets within the structure 

holds great promise for drug delvery but also explains why this shape could not be 

observed by standard TEM: in high vacuum condition, we expect the solvent to escape 

the structure distructively. 

The second sample examined (mPEO113-b-PLA1359-THF), which resembles a crew cut,10 

i.e. with a large predominance of the hydrophobic block, in DLS characterisation 

consists of two populations: one below 50 nm and the other above 500 nm (Figure 3.11, 

right image). The dark spots of approximately 30 nm in diameter that appear in the 

CryoTEM image are compatible with the first population. The NPs exhibit a dark core 

and a thin outer shell.  The second population of NPs, formed by those of more than 

500 nm in size, was also studied by TEM. The analysis demonstrated their 

morphological compatibility with that of the composite micelles, generated by a process 

of second-order hierarchical self-assembly. This process initially comprises the formation 

of particles of around 30 nm, the corona of which is too thin to stabilise the dispersion. 

The NPs of 30 nm aggregate, forming systems of 500-nm NPs, where there is a 

considerable decrease in the specific surface area. From the point of view of the 

relationship between kinetic assembly and formed structures, we can say that for the 

four best solvents, namely ACT, THF, DMF, and Dioxane, the viscosity is the ke 

element: when the viscosity is high, the diffusion of the polymer chains in the mixture 

solvent is hindered, and thus larger and polydisperse particles form. 
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Finally, we tried to generalise the correlation between hydrodynamic radius and 

distribution (associated with PdI) of NP size for different solvents with the morphology 

by collecting all data in a “map”.  

In each specific area of the map are represented the nanoparticles of different shapes, 

in particular simple micelles, polymersomes/hard nanoaggregates and finally the large 

compound micelles. The correlation between morphology, hydrodynamic radius and 

PDI of NP for different solvents is shown in the figure 3.12 in the top position. They 

assign different areas, on the basis of the literature and cryoTEM measures, to different 

types of structures (bottom immage). 

Creating a map dedicated to the mPEO113-b-PLAX system has proven to be a useful 

tool for describing and representing this system in a synthetic and visual way, enabling 

understanding and organization of work. This map can be used to assess the result of 

assembly of similar polymers in other solvents, such as the acetone/acetonitrile mix 

described in chapter 5. 

 

Figure 3.11 Micrographs cryoTEM nanoparticles. To the left, polymersoms obtained from the 
sample mPEO113-b-PLA486 assembled from dioxane. Right, core-corona micelles obtained from 
mPEO113-b-PLA1359 assembled from THF. 
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Figure 3.12. Correlation between morphology, hydrodynamic radius and PDI of NP 
for different solvents (top immage). They assign different areas, on the basis of the 
literature and cryoTEM measures, to different types of structures (bottom immage). 
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3.3 Chapter Summary 

 

In Chapter 3, the data for the self-assembly, via slow nanoprecipitation in water from 

four organic solvents with different polarity and viscosity (DMF, acetone, THF, 

dioxane), were reported for the mPEO113-b-PLAx system. It is apparent that non-

selective solvents may be used to obtain different morphologies without varying the 

polymer composition. As a function of the preparation conditions, the DLS 

characterisation forecasts the first estimate of the type of structure formed by a given 

copolymer. The data obtained through the DLS analysis revealed an increase in the size 

of NP and their morphology and can be related to both the nature of the solvent and the 

molecular weight of the polymer. In particular, an increase in average size was also 

present upon varying the solvent (in the order Acetone <Dioxane <THF <DMF). 

Correlating all of the data obtained from both DLS characterisation (size and 

distribution) and TEM and cryoTEM (morphology), we have developed a map 

highlighting different areas in which the structures formed by the assembled NPs are 

concentrated.  

The morphological map could provide highly valuable guidelines in the selection of 

‘smart nanoparticles’ for the delivery of both hydrophilic and hydrophobic drugs.  

Regarding the group assembled from acetone and forming small micelles (40–120 

nm), they may possibly be used for delivering drugs through the blood brain barrier 

(BBB)17 while increasing the therapeutic efficacy and reducing collateral effects.18  

Finally, polymer micelles satisfy the stringent requirements that guide the biomedical 

applications of nanoparticles (monodispersity, low cytotoxicity, biodegradability, 

prolonged circulation time in the bloodstream), in particular monodispersity and good 

stability. 
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CHAPTER 4 

SELF-ASSEMBLY OF AMPHIPHILIC BLOCK COPOLYMERS 
FROM A MIXTURE OF GOOD SOLVENTS 

 

4.1 Experimental Section  

4.1.1 Materials 

Acetone, Acetonitrile, Coumarin 6 (C6) and Sepharose CL-4B were purchased from 

Sigma–Aldrich (Milano, Italy) and a dialysis bag (3500 MW cut off) from Spectrum 

Laboratories, Inc. (Rancho Dominguez, USA).  

 

4.1.2 Preparation of C6-NPs for crossing the blood brain barrier 

After being synthesised, assembled and characterised a library of m-PEO113-b-PLAx, 

some samples were selected for overcoming the blood-brain barrier (BBB). The BBB is a 

highly selective barrier, since it has the function of protecting a noble organ such as the 

brain by pathogenic noxae of different sorts. Therefore, the ideal nanocarriers must meet 

extremely stringent criteria. The most important prerequisites are non-toxicity, 

biodegradability and biocompatibility. Application also requires chemical stability in 

blood (non aggregation), avoidance of the mononuclear phagocyte system (MPS) and 

the capability to cross theBBB for brain delivery (receptor-mediated transcytosis across 

brain capillary endothelial cells); amenableness to small molecules, peptides, protein, or 

nucleic acids (Figure 1.4); scalable and cost-effective manufacturing process1,2. 
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The loadinf tests were conducted using the coumarin 6 [3-(1,3-benzothiazol-2-yl)-7-

(diethylamino) chromen-2-one] as a drug model. Among the various assembled 

nanoparticles, the preference was given to the micelles of small size (40–130 nm) 

obtained from the assembly of copolymers with intermediate PLA block length (m-

PEO113-b-PLA408 and m-PEO113-b-PLA486) from acetone. New assemblies were 

therefore carried out to load the C6 (Figure 4.2). Since the NPs are intended for the 

biological system, the phosphate-buffered saline (PBS) at pH 7.4 was used instead of 

MQ water in the assembly. The C6-loaded NPs were prepared by adding C6 (0.2 wt%) 

to the polymer solution before the self-assembly.   

 

 

  Figure 4.1. Targeted therapy across the blood-brain barrier.3 
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In particular, 15mg of m-PEO113-b-PLA408 and m-PEO113-b-PLA486 were dissolved in 

0.75 ml of acetone with C6 (at different concentrations: 100, 200, 500 µg/mL) and using 

the technique of nanoprecipitation, the solution of PBS was added dropwise at the speed 

of 4 ml/h. The obtained nanodispersions were subjected to dialysis with PBS for 24 

hours. The samples was purified by gel filtration through a Sepharose CL-4B column 

(25×1 cm) (Figure 4.3). All C6 NP preparations were characterised in terms of size, ζ-

potential, polydispersity index, and stability by DLS (Table 4.1). In particular, 

experiments were performed at 25 °C in PBS and pH 7.40 with a sample concentration 

of 100mg mL1 on a Malvern Zetasizer Instrument. Zeta potential was measured at 25 

°C in PBS (150 mM NaCl) and pH 7.40, with a sample concentration of 100mg mL1 

and using a Malvern Zetasizer Instrument (and using the standard Smoluchowsky 

theory). 

Figure 4.2. Schematic representation of the C6-NP preparation: The solution of 
Coumarin 6 dissolved in acetone was added to mPEO113-b-PLA408 before the 
self-assembly. C6 resides in the hydrophobic core of NP (red). 
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In the table 4.1 it is possible to note how the C6 micelles fillers have a diameter 

slightly greater than of the naked micelles; this is probably due to the presence of drug 

molecules within the micellar core. However, in both cases the particles are quite small 

in size, so that they can be used for all routes of administration, including the parenteral 

route. In addition, the nanometric dimensions are a positive characteristic for such 

systems because they allow the extension of their stay in the bloodstream, escaping the 

process of phagocytosis by the reticuloendothelial system (RES). 

 

 

 

Figure 4.3. Procedure of gel filtration through a 
Sepharose CL-4B column. 
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SAMPLES DESCRIPTION NP DIAMETER 

 (nm) 

PdI ZP  

(mV) 

mPEO
113

-b-PLA 
403

 99.7 nm 0.005 -2,83 

mPEO
113

-b-PLA 
403

 (C6-100) 105.3 nm 0.005 -2,85 

mPEO
113

-b-PLA 
403

   (C6-200) 102.9 nm 0.142 -3.94 

mPEO
113

-b-PLA 
403

   (C6- 500) 126.3 nm 0.131 -3.06 

mPEO
113

-b-PLA 
486

  (C6-200) 121.7 nm 0.005 -4.32 

Table 4.1. Mean diameter, polydispersity index (PdI) and zeta potential (ZP) obtained by the dynamic 
light scattering (DLS) of C6 NPs. 

 

Measuring the amount of C6 encapsulated in micelles through the following method. 

After dialysis, C6-NP were disassembled by adding acetone (4µL of NP dissolved in 1 

mL of acetone). After centrifugation at 4.000 rpm for 40 minutes, the concentration of 

coumarin-6 in the supernatant was detected by the fluorescence spectrophotometer 

(λex =446 nm, λem =507 nm), and the total amount of encapsulated C6 was calculated. In 

order to obtain C6 concentration in the solution, fluorescence index (FI) were compared 

to a previously established calibration curve for C6, constructed with known amounts of 

C6: 20 ng, 40 ng and 80 ng (Figure 4.4). Spectra of C6 dissolved in acetone are reported 

in Figure 4.5. 

Drug loading (DL%) was calculated by the following equation (1):  

 

   !" % =   !! !"#!$#%&'%("# !" !"!#$"%&'()*+
 !"!#$"%&'()*+ !"#!$#%&'%("# !" !!! !"#$ !"#$%&"'×100       (1) 

 

The drug loading estimated for the mPEO
113

-b-PLA 
403

 (C6-200) is 20%, and for the 

mPEO
113

-b-PLA 
403

  (C6- 500) it is 24%. 
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Figure 4.4. Calibration curve for C6. 

Figure 4.5. Absorption spectra of C6 acetone solutions used for calibration.  
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4.1.3 Self-assembly of amphiphilic block copolymers from a mixture                                         
         of good solvents 

 

 

Due to the hydrophobic nature of the C6, the first results were not satisfactory. The 

solvent acetone was not indicated to dissolve C6, and therefore it was not possible to 

load it in the best way. For this reason, it was decided to study the self-assembly of 

copolymers with a mixture of solvents. As stated previously, the nature of the solvent 

influences the morphology and the size of the NPs. Therefore, mixes of solvents were 

selected. An ideal mix had to be capable of insignificantly changing the size and 

morphology of the NPs and simultaneously optimising the loading of C6.  

The most effective solvent for C6 is acetonitrile; therefore, it was decided to prepare 

three mixes with two solvents: acetone and acetonitrile (MIX A with a ratio of 

acetone:acetonitrile of 3:1, MIX B with a ratio of acetone:acetonitrile of 1:2, MIX C with 

a ratio of acetone:acetonitrile of 1:3). The samples (mPEO113-b-PLA503; mPEO113-b-

PLA403; mPEO113-b-PLA486; mPEO113-b-PLA1359) were assembled with the three mixes 

and subjected to DLS characterisation before and after dialysis.  

The characterisation allowed the exclusion of the samples assembled with the mix C 

because the excess of acetonitrile did vary the size and shape of the NPs. Consequently, 

measurements of zeta potential were made on the samples assembled with the mixes A 

and B only.  

  All data on the characterisation of NPs in the mix A and mix are summarised in Table 

4.2. 
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MIX  SOLVENTS- DLS -size (nm)/PDI/ZP (mV) 

 
SAMPLES 

DESCRIPTION 

SOLVENTS 

ACETONE MIX A MIX B 

 
mPEO113_b_PLA403 

Pk1= 46 nm 
PDI= 0.242 
ZP=-9.72 

Pk1= 62 nm 
PDI= 0.866 

ZP= -4.2 

Pk1= 50 nm 
PDI= 0.369 

ZP= -8.4 

 
mPEO113_b_PLA486 

Pk1= 85 nm 
PDI= 0.191 
ZP= -23.1 

Pk1= 76.26nm 
PDI= 0.127 
ZP= -10.9 

Pk1= 79.11 
nm 

PDI= 0.255 
ZP= -9.32 

 
mPEO113_b_PLA 503 

 

Pk1= 99.57 
nm 

PDI= 0.187 
ZP= - 24.8 

Pk1= 58.63 
nm 

PDI= 0.399 
ZP= - 16.8 

Pk1= 65.86 
nm; 

PDI= 0.246 
ZP= -19.2 

 
mPEO113_b_PLA 1359 

 

Pk1= 774 nm 
PDI= 0.317 
ZP= - 24.1 

Pk1= 129 nm 
PDI= 0.153 
ZP= - 18.2 

Pk1= 119.4 
nm 

PDI= 0.130 
ZP= -21.4 

Figure 4.6. Comparison of the DLS measurement of mPEO113-b-PLA503 from acetone 
(at the top), mPEO113-b-PLA503 from mix A (on the left), and mPEO113-b-PLA503 from 
mix B (on the right). 

 

Table 4.2. Mean diameter, polydispersity index (PdI) and zeta potential (ZP) obtained by 
the dynamic light scattering (DLS) of mPEO113-b-PLA403;  mPEO113-b-PLA486; mPEO113-
b-PLA503 and mPEO113-b-PLA1359 assembled from acetone, mix A and mix B. 
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4.2 Results and Discussion 

 
Various parameters affect the efficiency of NP systemic circulation, BBB passage and 

cellular delivery. Numerous studies show a clear inverse correlation among NP size and 

BBB penetration.3,4,5,6,7 Most of the studies have been performed with spherical NPs 

with diameters between 50 nm to 100 nm. The shape of NPs also influences body 

distribution and cellular uptake.8 Zeta potential is another important parameter; it has 

been proven that NPs with high zeta potential (high positive charge) cause immediate 

toxicity to the BBB.9 Therefore, most of the NP formulations for brain delivery 

described in the literature have moderate (between -1 and -15 mV)10,11,12,13 or high 

negative zeta potentials (between -15 to -45 mV).8,14 Yet, some NP formulations with 

moderate (up to 15 mV) or high positive zeta potential (above 15 mV) are able to cross 

the BBB and in some cases are efficient brain delivery systems.15,16 

In order to facilitate BBB penetration, a number of ligands have been conjugated to 

NPs. Such molecules can be grouped into four different types4:  

(1) ligands that mediate the adsorption from the bloodstream of proteins that in turn 

interact with BBB receptors or transporters (e.g. poly(sorbate 80) or Tween 80), 4, 17  

(2) ligands that have direct interaction per se with BBB transporters (e.g. transferrin 

peptides, transferrin proteins or antibodies against transferrin4, 12,18 and glucose 

transporter19), or receptors (e.g. insulin receptor).20  

(3) ligands that increase charge and hydrophobicity (e.g.amphiohilic peptides);4, 21  

(4) ligands that improve blood circulation time (e.g., poly(ethylene glycol)(PEG).4,11  

In addition, both the number of ligands and their receptor affinity have an important 

impact on the transport of NPs across the BBB (avidity). Ligand density depends on 

both the NP surface area and the ligand size. Typically, the ligand affinity for its receptor 

is reduced when conjugated to NPs. NP avidity and selectivity increases when multiple 

targeting ligands are conjugated.22 However, NP avidity must be modulated for effective 

BBB transcytosis. High avidity impedes NPs bound to the receptor to be released into 

the brain parenchyma. 
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When NPs enter a physiological environment, there is a rapid adsorption of proteins 

from the bloodstream to the NP surface, forming a protein coating, called ‘protein 

corona’.23,24 The protein corona may alter the surface chemistry of the NPs along with its 

aggregation state. Very often it also accelerates blood clearance of the NPs through the 

reticuloendothelial system localised mostly in the spleen and liver,25 which may both 

decrease the NP dose available for accumulation in the brain and induce inflammation. 

The most common way to overcome this issue is to use molecules with the capacity to 

minimise surface fouling in order to maintain the performance and safety of materials. In 

this sense, antifouling properties can be enhanced by using PEG-coated NPs, which 

present minimal surface charge, leading to lower NP opsonisation and lower 

reticuloendothelial system uptake.26 Grafting NPs with PEG decreases protein 

adsorption and slows down the clearance of the nanomaterials.22,27 Moreover, due to its 

improved blood circulation time, PEGylated NPs accumulate more efficiently in the 

brain;22,28 for instance, polystyrene NPs (below 200 nm) coated with PEG (5 kDa; 9  

Figure 4.7. Main nanoparticle (NP) features influencing systemic delivery and blood brain 
barrier (BBB) passage, as discussed in ref. 4.  
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PEG molecules per 100 nm2) are able to cross the BBB. Additionally, PLGA NPs (ca. 

78 nm) coated with PEG are also able to rapidly penetrate rat brain tissue ex vivo, in 

contrast with uncoated NPs.28 Yet, it is important to note that the best formulations 

administered intravenously deliver up to 5% of the initial dose effectively across the 

brain. NP brain delivery improvement might require systems that target and cross more 

efficiently not only the BBB but also systems that clear slowly from the bloodstream. 

Regarding this last issue, the charge and the morphology of the NP have a very 

important effect on the clearance. Neutral and zwitterionic NPs have a longer circulation 

time after intravenous administration, in contrast to negatively and positively charged 

NPs.29 In addition, short-rod NPs are preferentially retained in the liver and present a 

rapid clearance rate, while long-rod NPs are caught in the spleen and have a lower 

clearance rate. If the surface is modified with PEG, retention increases in the lung for 

both formulations.13 According to the studies mentioned above, micelles selected for 

loading the C6 have a diameter and morphology compatible with the crossing of the 

BBB. Moreover, the negative values  registered of ZP allow micelles to cross the BBB 

without damaging it. However, the small size of these systems do not allow the loading  

of appropriate quantities of C6. Furthermore, the hydrophobic nature of this substance 

represents another obstacle that can easily be overcome through the use of the ideal 

mixes of solvents both for the assembly and the drug loading. The characterisation 

studies carried out on the mixture of solvents selected have led to a specific choice of 

the mixes to be used. The best mixes were additionally tested for cytotoxicity. 
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4.3 Chapter Summary 

 

Chapter 4 reported the studies on self-assembly with coumarin 6, used as a model 

drug. The studied nanoparticles were micelles of mPEO113-b-PLA408 and mPEO113-b-

PLA486 assembled with a solution of acetone and C6. After the purification of the 

samples by dialysis, the C6 nanoparticles were characterised by DLS and ZP 

measurements. Furthermore, size exclusion chromatography (SEC) with columns was 

used to remove excess of free C6. Finally, nanoparticles were dissolved in acetone and 

analysed by fluorimeter to determine the amount of coumarin loaded into micelles. 

However, due to the apolar nature of coumarin 6, the use of acetone as a solvent is not 

indicated; it is unable to dissolve the drug completely and facilitate an effective loading. 

As opposed to acetone, the acetonitrile proved to be a good solvent for coumarin 6. As 

a result, assemblies were performed and aimed at maintaining the shape and the size of 

the micelles and at the dissolution of coumarin 6. Assemblies are made of samples 

(mPEO113-b-PLA403; mPEO113-b-PLA486; mPEO113-b-PLA503; mPEO113-b-PLA1359) using the 

combination of acetone and acetonitrile solvent (mix A, mix B, mix C with 

acetone:acetonitrile ratios respectively 2:1, 1:1 and 1:2). The mix C, with excess 

acetonitrile, was excluded from the study because it changed the size of the 

nanoparticles. The samples assembled from the mixes A and B were studied by means of 

ZP. Measures and cytotoxicity tests will be discussed in Chapter 5. 
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CHAPTER 5 

CYTOTOXICITY OF SELF-ASSEMBLED AMPHIPHILIC BLOCK 
COPOLYMERS NANOPARTICLES 

 

5.1 Experimental Section  

      5.1.1 Materials 

Human Umbilical Vein Endothelial Cells (HUVECs) were obtained from Lonza 

(Walkersville, MD); murine monocytic macrophage cell line RAW 264.7 were obtained 

from ATCC (LGC partner, Milan, Italy); EGM-2, SingleQuot kit were from Lonza 

(Walkersville, MD). All the stock solutions for cell cultures were from Euroclone 

(Milano, Italy). Immortalised hCMEC/D3 were provided by Institut National de la 

Santé et de la Recherche Medicale ([INSERM] Paris, France). Cytotoxicity Detection Kit 

(LDH) was from Roche (Switzerland). Amicon Ultra-15 centrifugal 10 K filter devices 

were from Millipore Corp (Bedford, USA). All other chemicals were of analytical grade 

and obtained from either Sigma–Aldrich or Merck. 

 

5.1.2 Nanoparticles Fabrication 

To perform cytotoxicity tests, all samples were re-assembled using the same 

procedure as described above. 

In particular, each copolymer was dissolved in a common solvent for both blocks at a 

concentration of 20 mg/ml, and deionised and filtered water was added dropwise at a 

constant flow of 4 ml/h, at room temperature and under stirring, until a large excess 

with respect to the organic solvent was reached. The remaining organic solvent was 

removed at 48 h of dialysis against water. The complete removal of solvent is an 

important point both for the morphology of the particles and for the possible  
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application of the so obtained nanoparticles as drug delivery systems. Residual solvent 

can swell the hydrophobic regions and change the volume ratio between hydrophilic and 

 hydrophobic parts, altering the final morphology of the particle. On the other hand, 

residual solvent can be also slowly released over time, providing a potential source of 

cytotoxicity. 

   5.1.3 Cell Cultures  

The in vitro cytotoxicity allows the estimation of the acute physical harm that a 

particular compound causes in the cells. The mammalian cells grown in vitro on nutrient 

medium are brought into contact with the test compound or with the substances that the 

compound releases. If the viability of the cells is less of 80%, the compound or the test 

device is considered to be toxic.1 

5.1.4 Assessment of NP Cytotoxicity 

The cytotoxicity assay was carried out using the brain microvascular endothelial cell 

line hCMEC/D3 (Figure 5.1). These cells represent one such model of the human BBB 

that can be easily grown and is amenable to cellular and molecular studies on 

pathological and drug transport mechanisms relevant to the central nervous system 

(CNS).2,3,4 The hCMEC/D3 cell line has been used to investigate nanoparticle 

trancytosis by various research groups, establishing it as a well-validated model.3,5,6,7  

The hCMEC/D3 cells were treated for 1 h and 24 h with different concentrations of 

NPmPEO113b-PLAx, specifically, 10, 100, or 500 µg/mL-1.  

5.1.5 MTT Assay 

The MTT ([3-(4,5-dimetiltiazol- 2-yl)-2,5-diphenyltetrazolium bromide]) cell viability 

assay is a colorimetric assay that exploits the ability of mitochondrial dehydrogenases to 

split the tetrazole ring of the MTT molecule (tetrazolium salt) of yellow color to provide 
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 a violet formazan salt (Figure 5.2). The amount of formazan produced is measured in a 

spectrophotometer, and it is proportional to the number of live cells. In particular, cells  

were treated with different concentrations (10, 100, or 50 µ/mL-1) of NP for 1 h or 24 h 

and the cell viability was evaluated by MTT assay.1 The MTT solution was added to the 

cells to a final concentration of 0.5 mg mL-1, and the cells were incubated at 37 °C for 2 

h. After incubation, ethanol was added to each well to dissolve the formed formazan 

crystals. Absorbance at 550 nm was measured with a microplate reader (Victor3 1420 

multilabel counter, Perkin Elmer). Untreated cells were used as a negative control. Each 

sample was analysed at least in triplicate. 

 

 

 
  Figure 5.1. Human endothelial cells (hCMEC/D3) incubated with different NP concentrations (10,     
  100 and 500 µg/mL-1) for 1 h or 24 h. 
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Figure 5.2. The MTT assay exploits the ability of mitochondrial 
dehydrogenases to split the tetrazole ring of the MTT (tetrazolium 
salt) molecule of yellow color to form a violet formazan salt. 
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5.2 Results and Discussion 

 

The study of the cytotoxicity of nanoparticles is of fundamental importance in the 

choice of the nanocarriers to be used for a drug’s delivery and intended for a biological 

system. Biological interactions and the toxic effects of NPs are significantly associated 

with their unique physiochemical properties.8,9,10 

The toxicity may depend on the details of polymer composition, NP size and 

surface.9,11 In the literature, toxicity of the entire formulation is often described; the 

findings on the unloaded nanoparticles are not reported. This ambiguity does not allow 

for a distinction between drug-associated toxicity and that associated with nanoparticles. 

Therefore, more attention in the present study should be paid to the toxicity of the 

‘empty’ particles. This is particularly important for the understanding of chronic 

inflammatory reactions that may be caused by the accumulation of nanoparticles in 

different parts of the body.12,13 Therefore, we subjected the testing samples to 

cytotoxicity without drug loading. For the direct investigation of this subject, NP at three 

concentrations up to 500 mg mL-1 were incubated with endothelial cells (HUVECs). The 

results of the MTT assay, which assess different aspects of cell toxicity, are shown in the 

following figures. The results are expressed as total cell viability compared to the control.  

With regard to NP obtained from copolymers assembled in acetone, those with long 

chains of PLA (mPEO113-b-PLA1359) were toxic (cell survival of 40% and 60% 

respectively) as compared to the control. In contrast, all of the NP obtained from short- 

and medium-chain-length copolymers (PLA65, PLA305, PLA403, PLA417 and PLA486) 

assembled in acetone were not toxic (Figure 5.3). It was therefore decided to submit to 

the cytotoxicity assay the NP with medium-length chains (mPEO113-b-PLA486) 

assembled with different solvents: acetone, dioxane, DMF and THF (Figure 5.4). The 

data showed that only NP assembled in dioxane were cytotoxic (cell viability of 50%).  
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Figure 5.3. Comparison of cytotoxicity testing, at 24 h, of the NP (mPEO113-b-PLA65, 
mPEO113-b-PLA486, mPEO113-b-PLA403, mPEO113-b-PLA486, mPEO113-b-PLA503 and mPEO113-
b-PLA1359) from acetone. HUVECs were incubated with different concentrations (10/100/500 
µg.mL-1) of NP.  

 

Figure 5.4. Cytotoxicity testing, at 24 h, of NP mPEO113-b-PLA486 assembled with DMF, 
acetone, THF, mix A and mix B. HUVECs were incubated with different concentrations 
(10/100/500 µg.mL-1) of NP. 
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The NP with long-chain PLA (mPEO113-b-PLA1359) assembled with different solvents 

were toxic especially at higher NP concentrations (500 µg.mL-1), as shown in Figure 5.5.  

 

Figure 5.5. Cytotoxicity testing, at 24 h, of NP mPEO113-b-PLA1359 assembled with DMF, acetone, 
THF, dioxane, mix A and mix B. HUVECs were incubated with different concentrations (10/100/500 
µg.mL-1) of NP.  
 

 

All samples assembled in acetone, dioxane, THF and DMF (at low concentrations of 

NP after 24 h) were compared. In Figure 5.6, which refers to the results obtained at 

lower concentrations of NP (10 mg/ml), it is possible to note that only mPEO113-b-

PLA486 in dioxane and mPEO113-b-PLA1359 in THF and DMF are toxic to the cells 

(viability cell �50%).   

Finally, mPEO113-b-PLA403, mPEO113-b-PLA486, mPEO113-b-PLA503 and mPEO113-b-

PLA1359 NPs assembled from acetone/acetonitrile mixtures were tested. Among these, 

the least toxic samples are mPEO113-b-PLA486 in mix A and mPEO113-b-PLA503 in mix B 

(Figure 5.7). 
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       Figure 5.6. Comparison of all samples at lower concentrations of NP (10 mg/ml). 

 

 
Figure 5.7. Comparison of cytotoxicity testing of the samples (mPEO113-b-PLA403, mPEO113-b-PLA486, 
mPEO113-b-PLA503 and mPEO113-b-PLA1359) to various concentrations of NP (10/100/500 µg.mL-1) at  
24 h, assembled with the mix of solvents (mix A and mix B). 
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In the cytotoxicity study for NP, mPEO113-b-PLAx tests showed good results. Only 

some NP (e.g., NP mPEO113-b-PLA1359 assembled in THF and DMF, and NP of 

mPEO113-b-PLA486 assembled in dioxane, which present a viability between 40% and 

60%) are less tolerated by cells, although almost all present a cell viability greater than 

80% at a concentration of 10 µg.mL-1. In general, cytotoxicity increases by changing 

from low to high concentrations of NP. This affects all cell cultures and is probably 

motivated by a ‘choking effect’ due to the number of nanoparticles rather than 

chemical/biological toxicity. The NP of mPEO113-b-PLA486 in the mixes, and the NP of 

mPEO113-b-PLA503 in mix B are better tolerated and maintain a cell viabilty of 90% to 

100% even at a concentration of 500 µg.mL-1. 
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5.3 Chapter Summary 

Chapter 5 provides a comprehensive picture of the cytotoxicity study on the 

polymeric nanoparticles NP-PEO113-b-PLAx. For the direct investigation of this subject, 

NP at three concentrations up to 500 mg mL-1 were incubated with endothelial cells 

(HUVECs). The results of MTT and LDH assays, assessing different aspects of cell 

toxicity, were expressed as a reduction in cell viability compared to the control.  

Results are extremely encouraging. Only NP of mPEO113-b-PLA1359 assembled in 

THF and DMF, and NP of mPEO113-b-PLA486 assembled in dioxane, showed a viability 

between 40% and 60%; they are therefore less tolerated by cells. The remaining NP 

tested showed a higher cell viability, namely 80% at a concentration of 10 µg.mL-1. 

However, if the concentration is increased to 100 µg.mL-1 and 500 µg.mL-1, cell cultures 

tend to suffer, probably from ‘suffocation’ due to internalization of multiple relatively 

large nanoparticles.  

We compared also the cytotoxycity of the polymers assembled from mix A and mix 

B, which are solvent mixtures optimized for solubilisation of C6. The tests were aimed at 

selecting good candidates for the assembly of nanoparticles containing Paclitaxel or 

other molecules with low solubility in standard solvents. In fact, mPEO113-b-PLA486 NPs 

from mixes A and B (75.39 nm, PDI = 0.113) and mPEO113b-PLA503 NPs from mix B 

(65.86 nm, PDI = 0.246) are well tolerated and maintain a cell viability of 90% to 100% 

even at a concentration of 500 µg mL-1. The morphology of these nanoparticles can be 

identified, according to the morphological map, as small micelles. 

Overall, our results suggest that such NP could serve as versatile nanovehicles for 

delivering hydrophobic drugs across the BBB, enhancing drug concentration at the BBB 

site and therefore increasing its brain bioavailability.  
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CHAPTER 6 

STUDY ON AGING OF mPEO113-b-PLAx SYSTEM 
 

6. 1 Experimental Section 

6.1.1 Materials  

Dimethylformamide (DMF), acetone, tetrahydrofuran (THF) and 1,4-dioxane were 

purchased from Sigma–Aldrich (Milano, Italy) and a dialysis bag (3500 MW cut off) 

from Spectrum Laboratories, Inc. (Rancho Dominguez, USA).  

 

6.1.2 Aging of mPEO-b-PLAx system  

Almost all of the conventional plastics, such as PE, PP, PS and PVC, are resistant to 

microbial attack; in contrast, aliphatic polyesters such as PLA are readily degraded by 

microorganisms present in the environment.1 According to ASTM D6400–04, a 

biodegradable plastic is ‘a plastic that degrades because of the action of naturally 

occurring microorganisms such as bacteria, fungi, and algae’, and a compostable plastic 

is ‘a plastic that undergoes degradation by biological processes during composting to 

yield carbon dioxide, water, inorganic compounds, and biomass at a rate consistent with 

other known compostable materials and leaves no visually distinguishable or toxic 

residues’.  

The knowledge of the factors that determine the aging of mPEO113-b-PLAx 

copolymers, which are intended for drug delivery, is of great importance. Knowing the 

degradation times would prevent the inflammatory diseases caused by the accumulation 

of these substances in organs or vessels. The degradation of PLA was studied in animal  

and human bodies for use in medical applications such as surgical sutures, implants and 

drug delivery materials.2  
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In biological environments, PLA is initially degraded by hydrolysis, and the soluble 

oligomers formed are metabolised by cells. Upon disposal in the environment, PLA 

degradation is more challenging because PLA is largely resistant to attack by 

microorganisms in soil or sewage under ambient conditions. 

There are some reports in the literature on bacterial degradation of PLA3,4,5 and some 

on degradation by a variety of enzymes, such as lysozyme.6,7 In particular Bacillus sp. 

PG01 seems to be very effective in degrading PLA.1 

To try to delay the aging of the synthesised copolymers, all samples were stored in the 

fridge at a temperature of 4 °C and in nitrogen. The aging has been studied both for 

copolymers and for most of the assembled nanoparticles, using the main characterisation 

techniques according to the scheme illustrated in Figure 6.1. 

           
Figure 6.1. Schematic representation of the characterisation study of copolymers mPEO113-b-PLAx   

and NP mPEO113-b-PLAx intended for the drug delivery system. 
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6.1.3 Study on aging of the copolymers mPEO113-b-PLAx  

 

In order to evaluate the aging of the synthesised polymers after one year, a 

characterisation was carried out by DSC, GPC and NMR on aliquots of polymers 

preserved in nitrogen atmosphere at 4 °C. DSC experiments were performed directly on 

the powdered polymer as recovered from the low T storage.  In Table 6.1, we have 

reported the data relating to the comparison of the Tg values  for copolymers analysed 

after one year. 

 

Sample 
Tg (°C) 
0 days 

Tg (°C) 
1 year 

mPEO113 -b-PLA305 24 18.81 

mPEO113-b-PLA403 21 29.4 

mPEO113 -b-PLA417 19 31.78 

mPEO113 -b-PLA486 27 32.74 

mPEO113 -b-PLA469 30 36.44 

mPEO113 -b-PLA503 - 31.83 

mPEO113 -b-PLA1505 - 41.83 

mPEO113 -b-PLA1359 38 44.72 

Table 6.1. Comparison of Tg values at 0 days and 1 year. 
 

An estimate of the molecular weight and polydispersity index of a polymer was 

obtained by GPC analysis. Table 6.2 shows a comparison of the data to the molecular 

weight (g/mol) and the PDI of newly synthesised copolymers and the same after one 

year. To obtain more information on the molecular structure of the polymers, after an 

interval of one year, all copolymers were subjected to NMR analysis. Table 6.3 shows a 

comparison of the results at 0 days and 1 year. 
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GPC CHARACTERIZATION 

SAMPLES 
Mn                    

 (g/mol) 
0 days 

Mn  
 (g/mol) 

1 year 

Mw 
  (g/mol) 

0 days 

Mw 
 (g/mol) 

1 year 

PDI 
0 days 

PDI 
1 year 

mPEO113-b-PLA305 21044 20481 23824 26112 1.13 1.27 

mPEO113-b-PLA403 28818 45375 32967 56071 1.14 1.23 

mPEO113-b-PLA417 10113 23554 11033 27941 1.09 1.19 

mPEO113-b-PLA469 54255 51495 66752 73931 1.23 1.43 

mPEO113-b-PLA503 21913 15832 24901 18608 1.14 1.17 

mPEO113-b-PLA1505 35313 30404 4397 40360 1.23 1.33 

mPEO113-b-PLA1359 31076 29952 34214 33379 1.10 1.11 

Table 6.2. Comparison of GPC data of all copolymers at 0 days and 1 year. 

 

 
     Table 6.3. Comparison of NMR data of all copolymers at 0 days and 1 year. 
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After characterising the polymers after an interval of one year, all samples are 

assembled again and characterised by means of DLS measurements. 

The study of the dispersion of aging NP is shown in Figure 6.1. The data were then 

compared relating to the size of the NP, the polydispersity index (PDI), and 

measurements of ZP (Table 6.4 ). In the study of the characterisation of the first samples 

examined (with short-chain PLA, for example, the mPEO113-b-PLA30 sample), DLS 

characterisation and SEM were measured at 0 days and 97 days and showed a change 

both in size and morphology, as shown in Figures 6.2 and 6.3. 

 
 

Figure 6.2. DLS characterisation of an mPEO113-b-PLA30 sample after 0 (above) and 97 days 
(below).  
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To try to estimate the aging of the NP with medium and long chains of PLA, DLS 

measurements were performed daily for the first 30 days and after one year. 

In particular, Figure 6.4 shows the DLS measures at 0 and 30 days of mPEO113-b-

PLA1359 assembled from acetone and reported by intensity.  

Figure 6.5 shows the DLS characterisation of mPEO113-b-PLA65, mPEO113-b-PLA305, 

mPEO113-b-PLA469 and mPEO113-b-PLA486 from acetone at various time intervals (0 and 

1 year). 

Figure 6.6 displays the DLS measures of mPEO113-b-PLA486 assembled from acetone 

and reported by intensity, at intervals of 0, 15, 29 days and 1 year. 

Finally, measures of ZP on NP were assembled with fresh polymer and with that of a 

year. The comparison of the values  obtained is shown in table 6.4. 

 
 

 

 

Figure 6.3. SEM images of an mPEO113-b-PLA30 sample analysed at 0 days (freshly prepared) 
and after storage at 0 °C for 97 days. 
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   Figure 6.5. DLS characterisation of mPEO113-b-PLA65, mPEO113-b-PLA305, mPEO113-b-PLA469     
   and mPEO113-b-PLA486 from acetone, at various time intervals (0 and 1 year). 
 

 
 

Figure 6.4. DLS characterisation of an mPEO113-b-PLA1359 sample assembled in acetone, at 
various time intervals (0 and 30 days). 
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Figure 6.6. DLS characterisation of an mPEO113-b-PLA486 sample assembled in acetone, at various 
time intervals (0, 15, 29 days and 1 year). 
 
 

 

SAMPLE 

ZP (mV) OF COPOLYMERS 
ASSEMBLED WITH DIFFERENTS 

SOLVENTS 
(AGE COPOLYMERS = 0 DAYS) 

ZP (mV) OF COPOLYMERS 
ASSEMBLED WITH DIFFERENTS 

SOLVENTS 
(AGE COPOLYMERS = 1 YEAR) 

ACETONE DIOXANE THF DMF ACETONE DIOXANE THF DMF 

mPEO113-b-PLA305 
 

-21.6 -16.4 -15 -14.3 -17.1 -23.5 -24.1 -17.9 

mPEO113-b-PLA403 
 

-22.1 -9.72 -22.9 -22.7 -14.2 
-29.1 

 
-25.5 

 
-20 

 

mPEO113-b-PLA417 
 

-19.1 -21.6 -25.6 -20.1 
-21 

 
-21.5 

 
-24.4 

 
-24.5 

 

mPEO113-b-PLA486 
 

-19.1 -21.6 -25.6 -23 
-29.4 

 
-29 

 
-30 

 
-21.3 

 

mPEO113-b-PLA469 
 

-17.3 15.1 14.5 -9.23 
-28.1 

 
-30.8 

 
-9 
 

-15.2 
 

mPEO113-b-PLA503 
 

-24.8 -17.2 -9.4 -15.2 
-20.9 

 
-23.6 

 
-19.6 

 
-18.6 

 

mPEO113-b-PLA1505 
 

-22.1 18.2 -17.2 -10.7 
-21.5 

 
-21.5 

 
-15.2 

 
-15.2 

 

mPEO113-b-PLA1359 
 

-21.4 -9.06 -15.2 -21.3 
-19.2 

 
-24.4 

 
-18.7 

 
-15.8 

 

Table 6.4 Comparison of the measures ZP samples assembled with fresh copolymer (age = 0 days) and 
those assembled with aged polymer (age = 1 year) 
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6.2 Results and Discussion 

 

Among various families of biodegradable polymers, aliphatic polyesters hold a leading 

position: Hydrolytic and/or enzymatic chain cleavage yields hydroxy carboxylic acids, 

which in most cases are ultimately metabolised.  

The key properties, for example, rate of degradation, tensile properties and surface 

chemical composition, can be optimised by copolymerisation or blending of homo- 

and/or copolymers. There are two principal ways by which polymer chains can be 

hydrolysed: passively by chemical hydrolysis or actively by enzymatic reaction. The latter 

is most important for naturally occurring polymers such as polysaccharides and 

poly(hydroxy alkanoate)s, for example, polyhydroxybutyrate and polyhydroxy- valerate. 

Many synthetic aliphatic polyesters utilised in medical applications degrade mainly by 

pure hydrolysis. 

There are several factors that influence the rate of degradation, including the type of 

chemical bond in the polymer backbone, hydrophilicity, molecular weight, crystallinity, 

copolymer composition, and the presence of low molecular weight compounds. Other 

concerns are related to polymers’ loss of mechanical stability during degradation, which 

can be undesirable when it is too fast, or to the toxicity of high concentrations of 

degradation products. Many biodegradable polymers contain some kind of hydrolysable 

bonds. Polymers containing anhydride or ortho-ester bonds are the most reactive, 

possessing a fast rate of degradation; ester bonds degrade somewhat more slowly, and 

carbonates are almost totally resistant to hydrolysis. Polymerisation of the different 

stereoforms results in materials with different properties. The polymers derived from the 

pure L,L-lactide or D,D-lactide monomers are semicrystalline, relatively hard materials 

with melting temperaturs around 184°C and glass transition temperatures of about 55°C. 

The L,L-lactide and D,D-lactide are normally termed L-lactide and D-lactide, 

respectively. Polymerisation of the racemic (D,L)-lactide and meso-lactide results in an 

amorphous material with a glass transition similar to that of the semicrystalline 

counterparts. Polylactides are highly sensitive to heat, especially at temperatures 
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 higher than 190 °C. Heating these materials above this temperature results in a 

noticeable decrease in weight-average molecular weight8. The samples synthesised in this 

study were prepared from (D,L)-lactide. The in vitro degradation of poly(L-lactide) is 

generally rather slow compared to the degradation of poly(D,L-lactide). The higher 

degradability is probably due to the greater water absorption in the amorphous domains. 

Copolymerisation is an important tool to modify the properties of the resulting 

copolymers and adjust them to the needs of a given application.   

The study of the polymers’ aging obtained through the characterisation by DSC, GPC 

and NMR showed stability in terms of the composition of the polymer chains. However, 

data relating to the calorimetric characteristics, studied by DSC, showed an increment of 

Tg values  (Table 6.1). As regards the molecular weights and the polydispersity index, 

obtained by GPC analysis, the detected changes were minimal (Table 6.2). Finally, data 

concerning the molecular structure of polymers, obtained by NMR, showed results 

similar to those obtained in newly synthesised samples (Table 6.3). Thus, the aging of the 

polymer, stored at temperatures of 4 °C and in nitrogen, does not take place so rapidly. 

The DLS study of NP polymer dispersions reveals a good stability for up to 30 days. A 

variation in terms of the nanoparticles’ size and dispersion stability is observed from 

their second month of life. In fact, the data obtained from the analysis of samples show 

non-overlapping curves with a variation of the dimensions and of PDI values and a 

reduction of the ZP values. The SEM images, in particulare those of the sample with 

short-chain PLA (mPEO113-b-PLA30), show a complete loss of micellar morphology 

after about 100 days (Figure 6.3). 
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6.3 Chapter Summary 

 

In Chapter 4, the aging issue of the mPEO-b-PLAx system has been addressed in 

terms of the modifications of both the polymers and the nanoparticles as a function of 

time. The study of the polymers’ aging obtained through the characterisation by DSC, 

GPC and NMR showed stability in terms of the composition of the polymer chains. 

However, data relating to the calorimetric characteristics, studied by DSC, showed an 

increase of Tg values. Molecular weights and the polydispersity indexes, obtained by 

GPC analysis, instead showed mimal variations. Finally, data concerning the molecular 

structure of polymers, obtained by NMR, showed results similar to those obtained in 

newly synthesised samples. By studying the aging of the polymer, stored at temperatures 

of 4 °C and in nitrogen, we find it does not take place so rapidly. As regards the study of 

NP polymer dispersion, the data reveal good stability up to 30 days. Measurments 

performed at 100 days instead showed total loss of particle organiation both by DLS and 

SEM. 
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CHAPTER 7 

 

7.1 Conclusion and Future Outlook 
 

In this thesis work, a protocol was developed for the synthesis and 

characterization of self-assembled polymeric NPs. We selected amphiphilic block 

copolymers of polyethylene oxide (PEO) and polylactic acid (PLA), two polymers 

already approved by the US Food and Drugs Administration (FDA) for medical use. 

The synthesis of the poly (lactic acid) block on a block of poly (ethylene oxide) has been 

carried out by means of ROP (Ring Opening Polymerization) catalyzed by 1,5-

diazabicyclo[5.4.0]undec-5-ene (DBU). This completely metal-free synthesis avoids any 

potential issues of poor biocompatibility or allergenicity due to standard tin based ROP 

catalysts. The compositional characterization was carried out by solution Nuclear 

Magnetic Resonance (NMR) and Gel Permeation Chromatography (GPC). After 

polymerizing a great variety of PLA chains of different length (PEO113-b-PLAx- with x 

ranging from 30 to 1359), nanoparticles were assembled from different organic solvents: 

dimethylformamide (DMF), acetone, tetrahydrofuran (THF) and dioxane, using the 

technique of nanoprecipitation. NPs were then purified by dialysis and analyzed by 

Dynamic Light Scattering (DLS), obtaining for each sample a mean hydrodynamic 

diameter value and a value of dispersion diameters. Particle diameter ranges from 40 to 

800 nm, with many of the polymers presenting different values as a function of the 

starting solvent. A plot of all samples in terms of the DLS variables displayed several 

clusters, ideally associated to different morphologies.  

To verify the corresponding shapes, and then transform the plot into a morphological 

map that is able to guide the selection of the most promising nanocarriers for medical  

applications, investigation was necessary by microscopy. A crucial point, demonstrated 

by DSC measurements performed in bulk, is that the two blocks are actually miscible, 

and it is only the presence of water that keeps the particles stable.  



Chapter 7- Conclusion and future outlook 
 

 107 

 

Thus, only by Cryogenic Transmission Electron Microscopy (cryo-TEM) we could map 

the region of simple micelles (low diameter, low PDI) as well as a region of high PDI 

and diameter that was confirmed associated to polymersomes.  

Cytotoxicity tests were performed on all samples and only the largest nanoparticles 

reduced cell viability. Finally, experiments have been carried out on the aging of both the 

polymer stored at low temperatures and in the anhydrous environment and the dispersed 

NPs. Both the polymer (average duration of about one year) and the solution 

nanoparticles (average duration about 30 days) showed good stability over time. 

The great variety of morphologies that can be achieved by each mPEO113-b-PLAx 

polymer provided insight on the complexity of the self-assembly process that is often 

portrayed in literature as a simple phase separation due to the substitution of the good 

solvent with water. Instead, we portray a complex process where the reciprocal 

interactions between water, solvent and each block can modify the kinetic pathway and 

ultimately the morphology of the NP. Shaping the polymer particles offers the possibility 

to select for each application a form that simultaneously optimizes loading and 

interaction with the organs, to handle and transport the nanocarrier through the human 

body barriers. In the case of the transport of antitumor agents through BBB, preliminary 

studies were carried out (with C6 loading) in solvent mixtures, which will then be used 

for loading Paclitaxel. The "map" that connects simple measurements such as 

hydrodynamic radius and PDI (measured at DLS) has in this case allowed to identify as 

the most promising NPs for transporting the drug through BBB. These NPs belong to 

the family of micelles and have a diameter ranging from 40 to 100 nm. 

Creating a map dedicated to the mPEO113-b-PLAX system has proven to be a useful tool 

for describing and representing this system in a synthetic and visual way, enabling 

understanding and organization of work. It would be interesting to check the correlation 

between DLS parameters and morphologies for other polymer systems to be used for 

drug delivery for nanotechnology applications in medicine. 

The efficacy and the minimal toxicity of mPEO113-b-PLAx nanoparticles is an outcome 

that inspires future studies to improve the final application of these nanoparticles.  
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For example, optimizing the load level of C6 can further increase effectiveness. For this 

reason, further self-assembly experiments with solvent mixtures have been conducted in 

order to optimize the solubility of C6 without affecting the morphology of nanocarriers. 

In addition, numerous studies have shown that the size, rigidity and deformability of 

nanoparticles play a decisive role in their in vivo behavior1,2,3,4. For example, when long-

acting nanoparticles are prepared, there is a compromise between the half-life of the 

drug nanoparticles and the half-life of the drug. Smaller particles have a longer duration 

of circulation, but less load and a faster drug loss, while larger particles can improve drug 

loading and retain the drug better, but with less circulation5,6. Softer particles are 

preferred due to their deformability allowing passage through capillary nets (diameter 

ranging from 5-10 µm) simulating physiological passage of red blood cells (diameter 7.5-

8 µm) through the blood capillaries3,4 (Figure 7.1). 

 

 
Figure 7.1. Photo images showing the ability of hard (a) and soft (b) NPs with a mean hydrodynamic 
size of 0.25 µm to pass filters with a pore size of 0.22 µm. Schemes showing the interactions of hard 
particles and soft particles with slits smaller than their size; the hard particles (c) are trapped by the slit, 
the soft particles (d) can deform and pass through the slit 3. 
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indicating most of the hard nanogels were stopped
by the filter. Elementary analysis of gold showed that
only about 6% of the stiff nanogels were found in the
filtrate. In contrast, as shown in Figure 1b, the soft
nanogels could efficiently pass through the filter,
and the filtrate collected in the cuvette showed similar
color as the original sample. Elementary analysis showed
that nearly 100% of the soft nanogels remained in the
filtrate. The hydrodynamic size of the soft nanogels after
filtration was also tested; no change could be observed,
indicating the nanogels remained intact during filtration.
Scanning electron microscopy (SEM) images (Figure S-1
in the Supporting Information) of the soft nanogels
before and after filtration further proved the integrity
of the nanogels after filtration. No leakage of gold
nanoparticles or breakage of nanogels occurred during
the filtration. This result suggests that the soft nanogels
are able to pass through narrow slits due to their
deformability, as illustrated in Figure 1c,d.
For the in vivo tests, five different pCB nanogels

with different stiffnesses were prepared using different
reactant formations: 46% solid content with 15, 10, 5,
and 2% cross-linking densities (denoted as “15%”,

“10%”, “5%”, and “2%”) and 40% solid content with
2% cross-linking density (denoted as “2%-”). Gold
nanoparticles are used as a detectable marker and
encapsulated in the nanogels, noting that the gold
concentration in the blood can be negligible. Thus, the
blood concentration of the nanogel samples can be
analyzed by an elementary method.
All of the pCB nanogels prepared for in vivo tests

possess the similar hydrodynamic size of about 120 nm
with a polydispersity index (PDI) < 0.1 in phosphate
buffered saline (PBS) solution as determined by dy-
namic light scattering, indicating their uniform size
distribution, and their size remains unchanged in PBS
solution for at least 60 days, as shown in Figure S-2.
These nanoparticles presented a uniform morphology
under SEM, as shown in Figure S-3. Macrophage cell
uptake tests were conducted to confirm the stealthy
properties of all nanogels. When incubated in the
medium with macrophage cells, protein adsorption
from the cell culture medium onto the surface of
nanoparticles can lead to cellular recognition and up-
take. As shown in Figure S-4, all nanogel samples,
regardless of their cross-linking densities, showed a
negligible uptake amount as compared to blank cells
and uncoated gold nanoparticles, indicating their
strong ability to evade recognition by macrophage
cells. While the nanogel samples have similar hydrody-
namic size, zeta-potential, gold concentration, and stealthy
properties, the only difference is their stiffness, as pre-
sented in Table 1; the 2%- sample has the lowest stiffness,
while the 15% sample has the highest stiffness.
The in vivo circulation results are shown inFigure 2. The

circulation half-lives of all samples in rats, ranging from

Figure 1. Photo images showing the ability of hard (a) and
soft (b) nanogelswith amean hydrodynamic size of 0.25 μm
to pass filters with a pore size of 0.22 μm. Schemes showing
the interactions of hard particles and soft particles with slits
smaller than their size; the hard particles (c) are trapped
by the slit, while the soft particles (d) can deform and pass
through the slit.

TABLE 1. In Vitro and In Vivo Characterization of pCB Nanogels

cross-linking density hydrodynamic size (nm) PDI zeta-potential (mv) gold concentration (%)

modulus of

bulk hydrogel (MPa)

in vivo circulation

half-life (h)

15% 117.5 ( 4.8 0.07 ( 0.02 !4.5 ( 1.3 11.9 ( 0.3 1.35 ( 0.02 9.1 ( 2.5
10% 120.4 ( 3.4 0.06 ( 0.01 !5.7 ( 2.6 12.2 ( 0.2 0.87 ( 0.03 10.2 ( 1.8
5% 121.8 ( 5.9 0.08 ( 0.02 !3.1 ( 1.5 11.9 ( 0.4 0.58 ( 0.08 11.8 ( 1.7
2% 119.6 ( 3.7 0.06 ( 0.01 !4.8 ( 1.7 12.1 ( 0.3 0.26 ( 0.04 15.0 ( 1.8
2%- 123.3 ( 5.1 0.08 ( 0.01 !3.9 ( 1.3 12.8 ( 0.2 0.18 ( 0.03 19.6 ( 1.5

Figure 2. In vivo blood circulation profiles of nanogels of
varying stiffness encapsulated with gold nanoparticles.
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A possible future work would be to enrich the already-drawn morphology map by 

superimposing a a mobility map, made using techniques that allow locally measured 

mobility, such as photoluminescence of rotors.7 

Further experiments could be conducted to evaluate the stability of lyophilized 

nanoparticles. Freeze-drying would allow nanoparticles to be used for longer periods and 

redispatch them to the need without resorting to new preparation.  

In addition, the use of stabilizers (eg. citrate, fatty acids, and other surfactant molecules) 

would help to ensures colloidal stability of NPs and modularize their interaction.8  

The functionalization of the surface with specific ligands (eg. glucose 9, mannose 

residue10  or mApoE11,12 : a modified fragment of human apolipoprotein E receptor 

would allow for easier crossing of biological barriers. The fields of application of the 

studied system, already widely used in the biomedical field, could be extended not only 

to drug delivery but also to the diagnosis of pathologies. For example, through the 

inclusion of paramagnetic particles in the polymeric structure13, obtained NPs dedicated 

to teranostics, or capable of simultaneously acting as contrast-NMR agents and drug 

carriers. 
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List of Abbreviations 

 

Ac                    Acetyl 

Ace, Ace          Acetone 

AFM                Atomic Force Microscopy 

BBB                Blood Brain Barrier  

BCP                 Block Copolymer 

°C                    Degree Celsius 

Cryo-EM         Cryo-Electron Microscopy   

Cryo-TEM      Cryo-Transmission Electron Microscopy   

DBU                1,8-diazabicyclo[5.4.0]-undec-7-ene 

DCM               Dichloromethane 

Diox                Dioxane 

DDS                Drug Delivery Systems  

DMF               Dimethylformamide 

DSC                Differential Scanning Calorimetry 

EtOAc             Ethyl Acetate 

EtOH              Ethanol  

FDA                Food and Drug Administration 
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FI                    Fluorescence Index 

g                      Gram(s)   

GPC                Gel Permeation Chromatography  

h                     Hour(s)  

Hz                  Hertz  

HUVECs        Human Umbilical Vein Endothelial Cells  

i , i                     Isotactic, Isotactic 

 i , s                   Isotactic,Syndiotactic 

 M                   Molar  

 MAL              Maleimide 

           MeCN         Acetonitrile 

Me                   Methyl 

MeOH            Methanol  

MHz               Megahertz 

min                  Minute(s)  

Mn                   Number average molecular weight 

mp, MP           Melting Point  

MW                 molecular weight     

Mw                 Weight average molecular weight 
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n.d.                  none detected 

ND                  Not Determined 

Nm                  Nanometer(s)  

NMR               Nuclear Magnetic Resonance 

NP                   Nanoprecipitation 

NP, NPs         Nanoparticle, Nanoparticles 

os                     organic solvent 

PDI                  Polydispersity Index 

PEO                Poly(ethylene oxide)  

 PLA                Poly(lactic acid) 

ppm                 parts per million 

PTX                Paclitaxel 

q                     quartet, in NMR spectroscopy 

R    Rac                 Racemic 

ROP               Ring Opening Polymerization 

RES                Reticuloendothelial System 

sec                  second(s)  

SEC                Size Exclusion Chromatography  

SEM               Scanning Electron Microscopy 
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solv                 solvent 

TEM              Transmission Electron Microscopy  

          thf, THF     Tetrahydrofuran 

          ZP, ζ               Zeta Potential 

1 D                  one dimensional 

2 D                  two dimensional 

3 D                  three dimensional 
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Appendix 

Sample Solvent <DH>1 (nm) PDI1 <DH>2  (nm) PDI2 

PEO113-b-PLA65 ACT 21 0.111 –  – 

DX 31 0.098 – – 

THF 41 0.053 – – 

DMF 34 0.112 – – 

PEO113-b-PLA305 ACT 33 0.070 – – 

DX 34 0.114 – – 

THF 65 0.143 – – 

DMF 134 0.240 – – 

PEO113-b-PLA403 ACT 47 0.096 – – 

DX 74 0.140 – – 

THF 139 0.096 – – 

DMF 138 0.161 1064 0.307 

PEO113-b-PLA486 ACT 80 0.121 – – 

DX 92 0.109 – – 

THF 136 0.046 912 0.128 

DMF 109 0.062 831 0.173 

PEO113-b-PLA1359 ACT 620 0.194 – – 

DX 123 0.150 – – 

THF 42 0.075 832 0.168 

DMF 219 0.208 994 0.364 

Table. 1.  Average hydrodynamic diameters (<DH>) and PDIs of copolymer dispersions obtained 
from the four different solvents after dialysis. When multiple NP populations are present, each peak 
was considered separately. 



Appendix 

 119 

 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 2. Cryo-EM projection images at different 
magnifications of PEO113-b-PLA1359 assembled from THF 
[(a) and (b)] and PEO113-b-PLA486 assembled from DX [(c) 
and (d)].  

Figure 1. Single projection image showing PEO113-b-PLA65 

many micelles (arrowheads). The arrows point to 
contaminations Scale bar 100 nm. 
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Figure 3. Room temperature TEM micrograph of large 
compound aggregates in PEO113-b-PLA1359 self-assembled 
from THF. 


