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2 LIST OF ABBREVIATIONS AND SYMBOLS 

 

AcN acetonitrile 

ANS 8-anilino-1-naphthalene sulfonate 

CIJ confined impinging jet 

CMC critical micellar concentration 

CuAAC copper catalyzed azide-alkyne cycloaddition 

CuBr copper bromide 

Cur curcumin 

dipyme bis(1-pyrenylmethyl) ether 

DMF dimethyl formamide 

DPH 1,6-diphenyl-1,3,5-hexatriene 

EE encapsulation efficiency 

EPR enhanced permeability and retention 

FDA Food and Drug Administration 

FNP flash nanoprecipitation 

HLB hydrophilic/hydrophobic balance 

Kv partitioning constant 

LC loading capacity 

LCST lower critical solution temperature 

MeTf methyl triflate 

MIVM multiple inlet vortex mixer 

MPS mononuclear phagocyte system 

NaN3 sodium azide 

PAA poly(acrylic acid) 

PBS phosphate buffered saline 
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PCA 1-pyrenecarboxaldehyde 

PCL poly(ε-caprolactone) 

PDFE poly(difluoroethylene) 

PEG poly(ethylene glycol) 

PEG-b-PDLA poly(ethylene glycol)-block-poly(D-lactide) 

PEG-b-PDLLA poly(ethylene glycol)-block-poly(D,L-lactide) 

PEG-b-PLA poly(ethylene glycol)-block-poly(lactide) 

PiPOx poly(2-isopropyl-2-oxazoline) 

PiPOx-b-PDLLA poly(2-isopropyl-2-oxazoline)-block-poly(D,L-lactide) 

PiPOx-b-PLA poly(2-isopropyl-2-oxazoline)-block-poly(lactide) 

PiPOx-b-PLLA poly(2-isopropyl-2-oxazoline)-block-poly(L-lactide) 

PDLA poly(D-lactide) 

PDLLA poly(D,L-lactide) 

PLA poly(lactide) 

PLGA poly(lactic-co-glycolic acid) 

PLLA poly(L-lactide) 

PMDETA pentamethyldiethylenetriamine 

PS polystyrene 

Py pyrene 

RES reticuloendothelial system 

RT room temperature 

Sn(Oct)2 stannous octoate 

THF tetrahydrofuran 

TMC total mass concentration 

UCST upper critical solution temperature 

UV-vis ultraviolet visible 

1H-NMR proton nuclear magnetic resonance 



 

5 

 

3 INTRODUCTION 

 

Since the beginning of the 21st century, the idea of revolutionizing the modern drug delivery with 

personalized medicine has become the main goal of inspired researchers worldwide.1 Although, many 

promising examples have already been introduced to the world, such as Opaxio®2 and Doxil®3, similar 

breakthroughs are still highly uncommon. So far, there are no drug formulations based on block 

copolymers micelles, that have successfully reached the market. The current approach to design drug 

delivery vehicles based on amphiphilic block copolymers has been to combine the stealth properties 

offered by PEGylation with targeting properties utilizing the enhanced permeation and retention 

(EPR) effect, surface ligands or environmentally sensitive polymers.4,5 Unfortunately, it has now been 

proven that after multiple injections, poly(ethylene glycol) (PEG) loses its stealth properties by 

activating the immune system.6-9 Furthermore, PEG has been found to accumulate in tissues when its 

molar mass is high.10  

Since the search for a new gold standard begun, poly(2-oxazoline)s have become one of the most 

promising candidates to replace PEGylation.11-14 Recently, Pooch et al. discovered that the 

nanoparticles of poly(2-isopropyl-2-oxazoline)-block-poly(lactide) (PiPOx-b-PLA, figure 1) have a 

unique morphology compared to the core-shell micelles formed by typical amphiphilic diblock 

copolymers e.g. poly(ethylene glycol)-block-poly(lactide) (PEG-b-PLA, figure 1). Generally, when 

two different polymers are mixed in bulk, they spontaneously start to phase separate. Only handful 

cases have been recorded to contradict this rule, including poly(2-isopropyl-2-oxazoline) (PiPOx) 

and poly(lactide) (PLA). Due to the miscibility of the two blocks, the cores of the PiPOx-b-PLA 

nanoparticles contain both PiPOx and PLA chains held together via dipole-dipole interactions, while 

the shells consist of tails and loops of hydrated PiPOx chains.15,16 

After the discovery, Pooch gave two samples of his PiPOx-b-PLA polymers to Chou, who used 

fluorescence spectroscopy to find further proof of the unique morphology of the nanoparticles.17 The 

core of poly(2-isopropyl-2-oxazoline)-block-poly(DL-lactide) (PiPOx-b-PDLLA) nanoparticle was 

found to be looser and capable to encapsulate more hydrophobic pyrene and curcumin molecules 

compared to the poly(ethylene glycol)-block-poly(L-lactide) (PiPOx-b-PLLA) nanoparticles. In his 

work, Chou compared the properties of the two different PiPOx-b-PLA nanoparticles with a 

hydrophobically modified PiPOx-C18, which indeed represents the core-shell morphology, but has a 

significantly smaller molar mass and doesn’t directly compare to the more commonly used PEGylated 

drug carriers. Thus, in this study, Chou’s experiments were repeated with poly(ethylene glycol)-b-
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poly(DL-lactide) (PEG-b-PDLLA) as the control core-shell morphology, to better evaluate the 

suitability of the PiPOx-b-PLA nanoparticles in a practical application as drug delivery vehicles. 

Additionally, the flash nanoprecipitation method18-20 and its ability to control the nanoparticle size21 

was tested to prepare all three different the nanoparticles with and without encapsulated curcumin. 

Even though curcumin22-24 is used in traditional medicine as a treatment for many diseases, its poor 

bioavailability creates a huge obstacle for the use of curcumin as drug.25-28 In this study curcumin 

does not act as a pharmaceutical drug, but it is used to mimic an extremely low water soluble 

hydrophobic drug. 

 

 

 

Figure 1. Structures of the investigated amphiphilic polymers PEG-b-PDLLA (A) and PiPOx-b-PLA (B) with the 

hydrophobic curcumin (C). 
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4 LITERATURE REVIEW 

 

4.1 AMPHIPHILIC MOLECULES: BASIC CONCEPTS OF SELF-ASSEMBLY 

 

By definition, a molecule is called amphiphilic, if it has a hydrophobic non-water-soluble and a 

hydrophilic water-soluble part. Similarly, if a block copolymer has both a water-soluble hydrophilic 

block and a non-water-soluble hydrophobic block, it’s also called an amphiphilic polymer. Much like 

low molecular weight surfactants with a hydrophilic head group and a hydrophobic tail, amphiphilic 

polymers tend to self-assemble in an aqueous medium. The self-assembly of surfactants in water has 

been visualized in figure (2). At low concentrations, surfactants stay at the air-water surface with the 

hydrophobic tails pointing outside and hydrophilic heads inside the water phase. When the surfactant 

concentration reaches a critical micellar concentration (CMC), spherical micellar structures with 

hydrophobic cores and hydrophilic shells begin to disperse into the aqueous medium.29  

The micelles formed by low molecular weight surfactants and the micelles formed by amphiphilic 

polymers differ from each other when it comes to the dynamics of the micelle. Micelles formed 

especially from low molecular weight surfactants are not just frozen bubbles floating in the water. On 

the contrary, the surfactant molecules move constantly in and out of the self-assembled structures, 

changing their positions between the micelles and the rest of the medium. In polymeric micelles, the 

exchange generally occurs much slower due to the high molar mass of the amphiphilic molecules. If 

the temperature drops below the Tg of the hydrophobic block, the movement in polymeric micelles 

can even stop all together, creating structures called frozen micelles.29 

The spherical micelles formed by surfactants is of course only the simplest case of the self-assembly 

of amphiphilic molecules. There are plenty other self-assembled structures than spherical micelles 

and even greater amount of other amphiphilic molecules than surfactants, including some carefully 

designed complex polymeric structures. In addition to spherical micelles, other possible self-

assembled structures include cylindrical micelles, vesicles, bilayers and inverted micelles. The 

structure of the self-assembly depends mainly on the ratio of hydrophilic and hydrophobic parts in 

the amphiphilic molecule i.e. the hydrophilic/hydrophobic balance (HLB). Traditionally, the HBL is 

defined by the equation (1) using the concentrations of the surfactant molecule in the oil phase (𝑐𝑜) 

and in the water phase (𝑐𝑤) at equilibrium. 
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This definition is however unpractical, since the concentrations are not always straight forward to 

measure, and there is no indisputable choice of compound for the oil phase. Thus, in 1946 Griffin 

introduced a universal scale for the HBL of amphiphilic molecules.30 Equation (2) represents Griffin’s 

definition, where 𝐻𝐿𝐵 is the hydrophilic/hydrophobic balance, 𝛼 is a normalization factor, 𝑛𝐻 is the 

number of hydrophiles, 𝑛𝐿 is the number if lipophiles, 𝑚𝐻 is a factor for the specific hydrophile and 

𝑚𝐿 is a factor for the specific lipophile.  

Using equation 2 and tabulated values for 𝛼, 𝑚𝐻 and 𝑚𝐿, the HBL can be calculated for variety of 

amphiphilic molecules. This HBL value is useful in predicting the properties of amphiphilic 

molecules and matching these properties with practical applications. For example, surfactants with 

an HBL value of 13-15 are ideal in detergency, whereas formation of water-in-oil emulsions require 

an HBL value between 3 and 6. Another important characteristic value for amphiphilic molecules is 

their packing parameter, which is tightly connected to the structure of the self-assembly. In figure (3) 

an amphiphilic surfactant has a critical packing shape of a cone, and it self-assembles into spherical 

micelles. The packing parameter is calculated using equation (3), where p is the packing parameter, 

𝑉 is the volume of the packing shape, 𝑎 is the area taken by the hydrophilic part and 𝑙 is the length of 

the packing shape.29 

 

𝑐𝑜

𝑐𝑤
= 𝑘 (1) 

𝐻𝐿𝐵 = 7 + 𝛼(𝑚𝐿𝑛𝐿 − 𝑚𝐻𝑛𝐻) (2) 

𝑝 =
𝑉

𝑎 ∗ 𝑙
(3) 

 

Figure (4) shows other possible critical packing shapes, the values for their critical packing parameter 

and the structures formed in self-assembly.  Due to this characteristic and yet predictable behavior, 

amphiphilic molecules have a myriad of applications. Amphiphilic surfactants are used e.g. in 

detergency, ore flotation and emulsification, while amphiphilic polymers on the other hand, can be 

utilized in chemically enhanced oil recovery, protein extraction and drug delivery. 
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Figure 2. Below the critical micellar concentration (CMC), surfactants form a monolayer at the air-water surface. When 

CMC is reached, they self-assemble into spherical micelles with a hydrophobic core (red) and a hydrophilic corona (blue). 

 

 

Figure 3. Surfactants, that form spherical micelles in water, have a critical packing shape of a cone. Here, the hydrophilic 

head of the amphiphilic molecule is colored as blue and the hydrophobic tail as red. The value of the packing parameter 

𝑝 can be calculated from the area of the base 𝑎, the volume 𝑉 and the length 𝑙 of the cone. 
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Figure 4. The critical packing parameter of an amphiphilic molecule corresponds to a critical packing shape, which 

further on determines the structure of the self-assembly. 
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4.2 AMPHIPHILIC POLYMERS AS DRUG DELIVERY VEHICLES 

 

As demonstrated in figure (5), amphiphilic block copolymers can be used to encapsulate hydrophobic 

drug molecules. Hydrophobic drugs, that otherwise would quickly degrade in physiological 

environment, can be delivered into a pathological area inside the polymeric self-assembled structures. 

In the simplest terms, the drug is first encapsulated inside the hydrophobic micelle core, then 

delivered into the targeted area, and finally slowly released from the micelles into the surrounding 

environment.1,4,5,7,31 In drug delivery formulations, amphiphilic polymers are preferred over 

surfactants, since they have significantly smaller CMC values. As the drug formulation is 

administered into the body, concentration of the formulation automatically gets diluted in the blood 

circulation. If surfactants were used to encapsulate the drug, the micelles would break immediately 

due to the dilution, and the drug would be released from the micelles before the nanoparticles could 

reach the targeted cells. 

Many properties, such as size and surface charge of the nanoparticles, directly affect the destination 

of the nanoparticles in the body, and therefore also the effectiveness of the drug formulation. For 

example, any particle with the size less than around 5 nm will be cleared by the kidneys after 

administration. Respectively, much bigger nanoparticles will be filtered from the blood stream by the 

spleen. This gives the ideal size range of 5-100 nm, since anything less or more will efficiently be 

removed from the blood circulation long before the drug can have the desired therapeutic effect. 

Nanoparticles tend to accumulate in the liver as well, since it’s the largest internal organ receiving  

25 % of the hearts output and the main organ in charge of metabolism of drugs and toxic substances. 

Correspondingly, lymph nodes act as filters for nanoparticles, that enter into the lymphatic system.4 

In addition to the blood-filtering organs and lymph nodes, the human body has also a way to actively 

search foreign material from the blood, lymph and tissues. The mononuclear phagocyte system (MPS) 

or the reticuloendothelial system (RES), which is a part of the immune system, consists of a wide 

range of different phagocytic cells, that can engulf foreign particles and break them down with 

digestive enzymes. The largest phagocytes called macrophages derive from the simple monocytes in 

blood, from where they relocate to different tissues and turn into various types of phagocytic cells 

e.g. Kupffer cells in the liver and alveolar macrophages in the lungs. To recognize a potential hostile 

material, antibodies in the blood attach to the surface of the particle immediately after administration, 

thus marking it for the phagocytes to destruct.4 
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Since the attachment of the antibodies leads to the destruction of the nanoparticles, prevention of the 

antibody opsonization is an essential issue in the design of polymeric nanoparticles for drug delivery 

applications. So far, a corona of poly(ethylene glycol) (PEG) chains on the nanoparticle surface has 

been the most widely used approach to prevent the antibody opsonization.9,32,33 The strong 

hydrophilic PEGylated surface reduces interactions with antibodies and other proteins in the blood, 

which leads to reduced immunogenicity, reduced enzymatic degradation and prolonged circulation 

in the blood. In addition to the stealth properties, advantages of PEG also include its chemically inert 

and simple structure, solubility both in water and in many organic solvents, low toxicity, low 

immunogenicity and commercial availability in many variations with high quality. Although, no PEG 

containing polymeric micelles have yet completed the clinical trials, some other PEGylated products 

are already commercially available. For example, Pegasys®34 containing a PEGylated protein called 

Interferon alpha 2a has been successful in treating Hepatitis C, while Doxil®3 containing doxorubicin 

inside a PEGylated liposome has managed to increase the bioavailability of the potential hydrophobic 

anti-cancer drug. 

Although PEG is generally safe and widely used in medical applications, some alarming issues 

concerning PEG have emerged as well.8-10,35 In 2008, it was found that PEGylated liposomes, similar 

to Doxil®, lose their stealth properties upon repeated injections by activating the immune system.8 

After the first injection, the body starts to produce anti-PEG antibodies, that can later bind to the 

surface of the subsequently injected liposomes. This activates the complement system and leads to an 

accelerated blood clearance. Furthermore, high molecular weight PEG (up to 40 K) has been found 

to accumulate in tissues after multiple injections.10 Although, the accumulation did not seem to lead 

in any pathological effects in rats, it is unclear what happens in humans. Figure (6) gives an overview 

of the most significant advantages and disadvantages of PEG. The issues with PEG have challenged 

researches to find alternative hydrophilic polymers offering the same desired stealth properties of 

PEG without its unfortunate shortcomings.7,9 An ideal candidate would have a flexible, non-charged 

and hydrophilic chain, which contains H-bond acceptors but no H-bond donors. Charges in the chain 

are not preferred, since cell membranes have a negative charge and positively charged particles are 

all toxic in general. Some of the most potential replacements for PEG have been found in the groups 

of poly(2-oxazoline)s, poly(acrylamide)s and synthetic poly(peptides). The structures that specify 

these three groups of polymers are presented in figure (7). 

Although stealth properties of PEG are important in increasing the blood circulation times, it’s hardly 

the only subject of attention in drug delivery research today. A great amount of focus is also directed 

to polymeric delivery agents, that can target drugs into a specific area in the body. Typically, when a 
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drug dosage enters the blood stream, the vasculature system distributes the drug all over the body. 

This leads to lower regional drug concentrations and unnecessary side effects, since toxic drugs won’t 

reach exclusively the targeted pathological site, but healthy tissues as well. If any drug could be 

guided to perform only at the malignant tissues, treatments would be more effective, effortless and 

patient-friendly.  

All drug delivery targeting strategies have been divided into active and passive ones depending on 

the specificity of the method. One of the most popular passive targeting strategies is to utilize the 

enhanced permeability and retention (EPR) effect in cancer therapy.4,36,37 The blood vessels in tumors 

form very high-density networks, and the epithelial cells surrounding the walls of the blood vessels 

are positioned less densely compared to the typical healthy blood vessels in the body (figure 8). High 

blood vessel density allows better blood circulation in the tumor tissue, facilitating the tumor cells to 

grow and multiply as quickly as possible. The leaky vasculature allows larger particles to move from 

the blood circulation to the malignant tissue. Furthermore, malignant tissues do not have lymphatic 

systems, that would typically facilitate the removal of smaller particles from the healthy tissue. Thus, 

bigger particles manage to penetrate the leaky vasculature and all particles already in the malignant 

tissue remain in the targeted area longer due to the absence of the lymphatic vessels. Combination of 

these factors creates the enhanced permeability and retention (EPR) effect, which can be used to 

passively target anti-cancer drugs into the tumorous tissue. 

Another method of passive targeting is to use environmentally sensitive polymers in the drug 

formulation.38-41 Many polymers have been known to respond to chemical or physical changes in 

their environment e.g. thermosensitive polymers aggregate when the temperature of the medium is 

changed.42,42-45 Other possible stimuli include pH46, salinity, UV light, ultrasound, solvent 

composition and magnetic fields47. In practice, when the micelles reach the targeted site, a specific 

stimulus irritates the nanoparticles and the drug is released to the pathological site.  

In contrast to passive methods, active targeting strategies use specific interactions to find the desired 

cells. This can be done by attaching special targeting moieties on the outside of the micelles, typically 

to the chain-end of the hydrophilic blocks.4,48 The chosen targeting moieties should interact with the 

internalizing receptors on the surface of the malignant cells. Thus, when the micelles finally get in 

contact with the malignant cells, the nanoparticles are internalized by endocytosis and the drug is 

released inside the cells. Tumors for example are known to overexpress folate and transferrin 

receptors on their cell membranes, which makes these molecules potential candidates for targeting 

ligands in chemotherapy. Same as folate, non-antibody ligands are inexpensive, easy-to-handle and 

readily available. The only downside is, that even though folate receptors are overexpressed on tumor 
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cells, they can still be found in many healthy tissues as well. Antibodies, on the other hand, are very 

specific in targeting, but also expensive and take a long time to produce. 

To conclude, polymeric delivery agents offer several advantages in drug formulations: higher regional 

drug concentrations, possibility to target the drug into a specific site, stealth properties to avoid 

detection by the immune system and minimization of unnecessary side effects. Although, there are 

no drug formulations based on amphiphilic polymeric micelles on the market yet, a growing number 

of polymeric drug delivery vehicles are going through the necessary clinical trials. Exploiting the full 

potential of polymeric delivery agents is inevitable in order to reach the ultimate goal: an era of 

personalized medicine, where each drug formulation is designed and adjusted to fit the needs of an 

individual.1,4,49 

 

 

 

Figure 5. When the critical micellar concentration (CMC) of the amphiphilic diblock copolymer is reached, the polymer 

chains self-assemble into nanoparticles and the hydrophobic drug molecules are encapsulated inside the hydrophobic 

cores. Additionally, if the polymer is sensitive to environmental stimuli, these triggers can be utilized to break the self-

assembled structures and thus release the drug in the targeted area. 
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Figure 6. Advantages and disadvantages of using PEG in drug delivery applications. 

 

 

 

 

Figure 7. The structures of poly(2-oxazoline)s, polyacrylamides and synthetic polypeptides are structural isomers, and 

they all have potential to replace PEG in drug delivery vehicles. 
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Figure 8. The enhanced permeability and retention (EPR) effect is a passive targeting method utilized in cancer therapy. 

In malignant tissues bigger nanoparticles can pass through the holes in the walls of the blood vessels and smaller particles 

stay longer in the tissue due to the absence of a lymphatic system.  
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4.3 POLY(2-ISOPROPYL-2-OXAZOLINE)-BLOCK-POLY(LACTIDE) 

 

Hydrophilic poly(2-oxazoline)s are one of the most promising alternatives for PEG in drug delivery 

applications.11-14 The main reasons for their popularity are that, the repeating units of poly(2-

oxazoline)s bear a close resemblance to polypeptides and their side chains can easily be modified to 

create endless variations of the simplest poly(2-methyl-2-oxazoline) (PMeOx)50. Today there are 

plenty of articles devoted to designing nanoparticles with different types of hydrophilic poly(2-

oxazoline) corona.26,43,45,51,51 Recently, Pooch et al. synthesized amphiphilic poly(2-isopropyl-2-

oxazoline)-block-poly(lactide) (PiPOx-b-PLA) diblock copolymers, which consist of a hydrophilic 

PiPOx block and a hydrophobic PLA block.16 Furthermore, it was discovered that their nanoparticles 

have a very unusual morphology in water.15 

In general, there are two different strategies to synthesize block copolymers: combination of two 

separately polymerized blocks or sequential monomer addition. The PiPOx-b-PLA polymers of 

Pooch were synthesized using the former strategy. First, the two different blocks were prepared 

separately via ring-opening polymerizations. Both syntheses were designed so, that the polymers 

would have a specified functional end-group: PiPOx an azide end-group and PLA an alkyne end-

group. PiPOx, like all other poly(2-oxazoline)s, is typically synthesized via cationic ring-opening 

polymerization (CROP).  

The synthesis begun by adding a distilled monomer 2-isopropyl-2-oxazoline and acetonitrile (AcN) 

in a flask. Then oxygen was removed from the flask by freeze-pump-thaw cycles and a nitrogen 

atmosphere added. The reaction was initiated by immersing the flask in an oil-bath heated to 70 °C 

and adding methyl triflate (MTf).  After reaching 75 % conversion, liquid nitrogen was added to the 

mixture, then the flask was let to heat up to room temperature (RT) and finally the suspension was 

stirred over night with sodium azide (NaN3). The final product was purified by dialysis against water 

and collected by freeze drying.16 

The ring-opening polymerization of PLA was started by adding lactide, stannous octoate (Sn(Oct)2) 

and propargyl alcohol to a flask in an argon filled glovebox. The reaction was initiated by immersing 

the flask into an oil-bath heated to 110 °C. After stirring the mixture for 1.5 hours, the reaction was 

stopped by adding liquid nitrogen to the flask and exposing it to the room atmosphere. Purification 

was carried out by dissolving the mixture in dichloromethane (DCM) and precipitating the product 

in ice-cold methanol. The purified product was finally collected by freeze-drying from1,4-dioxane.16 
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After the separate syntheses of PLA and PiPOx, the amphiphilic diblock copolymer was obtained by 

combining the two blocks via the functional end-groups of the polymers. The azide group in PiPOx 

and the alkyne group in PLA reacted in a copper catalyzed azide-alkyne cycloaddition (CuAAC) to 

yield a 1,2,3-triazole ring between the two blocks. Before the reaction, oxygen was removed from a 

flask filled with PLA, PiPOx and copper bromide (Cu(I)Br) using a Schlenk tube with constant 

nitrogen stream. Then de-oxygenated dimethyl formamide (DMF) was added to the flask, followed 

by three freeze-pump-thaw cycles. The click reaction was initiated by adding 

pentamethyldiethylenetriamine (PMDETA) and immersing the flask into an oil-bath heated to 50 °C. 

After three days, the solution was finally cooled down to RT and passed through a column of 

anhydrous aluminum oxide. The product was purified by dialysis against water and collected by 

freeze-drying. An additional purification was carried out by re-dispersing the crude product in water 

and repeatedly centrifuging the collected pellet.16 The full synthesis strategy for PiPOx-b-PLA in 

summarized in schemes (1) and (2). 

Typically, when two different polymers are mixed in bulk, they spontaneously tend to phase separate 

due to the low entropic gain of the mixing. Now, PiPOx and PLA a rare exception to the rule. They 

are miscible in bulk through dipole-dipole interactions of the carbonyl groups in both polymers.16 

The miscibility of the blocks also affects the morphology of the PiPOx-b-PLA nanoparticles in water. 

When a typical amphiphilic diblock copolymer, e.g. poly(ethylene glycol)-block-poly(lactide) (PEG-

b-PLA), is placed in aqueous medium, it self-assembles into a structure where interactions between 

water molecules and the hydrophobic polymer chains are minimized. This leads to the formation of 

core-shell micelles, where the nanoparticle core consists of the hydrophobic PLA and the shell of 

hydrated PEG chains. In the case of PiPOx-b-PLA, the nanoparticles do not have a strict core-shell 

structure. Instead, the core of the nanoparticle consists of both PiPOx and PLA held together by 

dipole-dipole interactions, while on the surface, tails and loops of hydrated PiPOx chains sprout out 

of the nanoparticle core and provide colloidal stability for the nanoparticles.15 

In their research, Pooch et al. used two different types of poly(lactide)s to create two slightly different 

polymers of PiPOx-b-PLLA and PiPOx-b-PDLLA. The difference between the PLLA and PDLLA 

originates from the chiral carbons in the lactide monomers. Polymerization of a L-lactide yields 

poly(L-lactide) (PLLA), while DL-lactide yields poly(DL-lactide) (PDLLA). Altogether three 

different isomers exist, and they are presented in figure (9). In both PDLA and PLLA, the methyl 

group attached to the main chain is always on the same side in every repeating unit, while in PDLLA, 

the methyl groups have a random orientation. The highly ordered structure of PDLA and PLLA makes 

the two isomers semi-crystalline in bulk. On the contrary, PDLLA, with its randomly arranged 
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structure, is amorphous in nature.  According to Pooch et al., these different microstructures also 

affect the morphologies of the two different nanoparticles.15 The nanoparticles with semi-crystalline 

PLLA are smaller and have denser cores compared to the PiPOx-b-PDLLA nanoparticles, which 

correspondingly have a looser and more hydrated core (figure 10). 

As a continuation to the previous work of Pooch et al., Chou used in his master’s thesis two samples 

of Pooch’s PiPOx-b-PLA polymers to find further proof for the unique nanoparticle morphologies.17 

Series of experiments using fluorescent probes supported the already mentioned differences between 

PiPOx-b-PDLLA and PiPOx-b-PLLA nanoparticle morphologies. The investigation of the 

nanoparticle morphologies were done by using PiPOx-C18 as the control core-shell nanoparticle. 

Additionally, Chou compared the properties of the two different PiPOx-b-PLA nanoparticles to see 

if the new morphologies would have any potential to function as delivery vehicles for hydrophobic 

drugs. Chou’s results indicated, that PiPOx-b-PDLLA works better than PiPOx-b-PLLA in drug 

delivery applications, for it shows a higher encapsulation efficiency, a bigger loading capacity and a 

slower release rate. These experiments were not, however, repeated with a typical core-shell 

morphology or another promising amphiphilic diblock copolymer for drug delivery applications. 

Therefore, the performance of the PiPOx-b-PLAs as delivery vehicles for hydrophobic drugs has not 

yet been properly compared with any other nanoparticle. Also, since PiPOx has originally been 

studied to replace PEG in drug delivery applications, it would be relevant to test, if the PiPOx-b-PLA 

nanoparticles would perform better than the corresponding PEG-b-PLA nanoparticles with similar 

molar masses.  
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Scheme 1. Pooch’s strategies for the synthesis of A) PiPOx and B) PLA 

 

 

Scheme 2.  Pooch’s strategy to combine PiPOx and PLA chains via click chemistry 

 

 

 

 

Figure 9. There are three different lactide isomers and therefore three different polylactides: poly(L-lactide), poly(D-

lactide) and poly(D,L-lactide). 
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Figure 10. PEG-b-PDLLA self-assembles into a typical core-shell morphology with a hydrophobic PDLLA-core and a 

hydrophilic PEG-corona. In contrast, nanoparticles of PiPOx-b-PLA have a core of both PiPOx and PLA held together 

by dipole-dipole interactions, while the corona consists of some tails and loops of hydrated PiPOx chains sprouting out 

from the nanoparticle core. 
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4.4 FLUORESCENT PROBES TO CHARACTERIZE NANOPARTICLES 

 

During the last decades, fluorescence spectroscopy has proven to be a powerful method to investigate 

the self-assembly of amphiphilic polymers in water. Generally, the experiments can be done with 

either fluorescent probes or fluorescently labelled polymers.52  Fluorescent probe techniques offer 

information of many physiochemical properties of the self-assembled structures such as 

determination of micropolarity, microviscosity, mean aggregation numbers. Fluorescently labelled 

polymers, on the other hand, can be used to follow changes in polymer-polymer associations. 

As illustrated in figure (11), fluorophores are essentially hydrophobic molecules, which emit 

fluorescent light upon light irritation.  A fluorescent molecule can be used as a probe only, if its 

fluorescent emission spectrum is dependent on the direct environment of the fluorophore. Figure (12) 

shows a schematic presentation of the fluorescent spectrometer, which can be used to carry out 

experiments with the probes. The change in the emission spectrum can occur in the relative intensity 

of the emission bands, in the wavelength of the maximum emission or in the fluorescent quantum 

yield. The most commonly used fluorescent probes include pyrene (Py), 1-pyrenecarboxaldehyde 

(PCA) and 8-anilino-1-naphthalene sulfonate (ANS) (figure 13).  

As shown in figure (14), the emission spectrum of pyrene has five characteristic bands. Intensity ratio 

of the 1st and the 3rd band relates to the polarity of the probe’s direct environment. In fact, pyrene I1/I3 

intensity ratios are exclusive for each solvent and they have been systemized as the pyrene scale for 

solvent polarities.53 Table 1 presents the pyrene I1/I3 values for the most common solvents. The values 

increase with an increasing polarity of the medium e.g. for water 𝐼1/𝐼3 =1.87, whereas for diethyl 

ether 𝐼1/𝐼3 = 1.02.  

In the characterization of polymeric micelles, the pyrene I1/I3 intensity ratio can be used to determine 

the CMC and the micropolarity of the nanoparticle core. This experiment involves recording a series 

of emission spectra from a water-solution of pyrene using a fluorescent spectrometer. The first 

recordings are done with a minimal concentration of the amphiphilic polymer, and the concentration 

is increased with each measurement. When the CMC is finally reached, the pyrene molecules are 

encapsulated inside the hydrophobic cores of the nanoparticles. When the I1/I3 value from each 

measurement is plotted as a function of the polymer concentration, the CMC can be observed as a 

sudden decrease in the intensity ratio. Furthermore, the I1/I3 final value is a good measure for the 

polarity of the nanoparticle core. 

 



 

23 

 

 

At the CMC, there also occurs a change in the excitation spectrum of pyrene. The maximum excitation 

shifts to higher wavelengths, which can be observed by plotting the ratio of the higher and the lower 

maximum (I337/I334) as a function of the polymer concentration. Sudden increase in the I337/I334 

intensity ratio can therefore also be used to determine the CMC of an amphiphilic polymer. More 

significantly, the plot can be used to calculate a partitioning constant Kv for the sample, which 

corresponds to the pyrene intake of the nanoparticles. The higher the value of the Kv is, the more 

pyrene the nanoparticle cores can encapsulate. The original plot can be changed to a linear one by 

calculating a new value for each data point. The conversion is done using equation (4), where [𝑃𝑦]𝑚 

is the amount of pyrene inside the micelles, [𝑃𝑦]𝑤 is the amount of pyrene in the water phase, F is 

the I337/I334 intensity ratio at the converted data point, Fmin is the minimum of the I337/I334 values and 

𝐹𝑚𝑎𝑥 is the maximum of the I337/I334 values. After the conversion, equation 5 yields the value of the 

partitioning constant Kv from the slope of the obtained line. In equation 5, 𝜒 is the fraction of the 

hydrophobic block in the amphiphilic polymer, 𝑐 is the mass concentration of the polymer and 𝜌 is 

the density of the hydrophobic block in bulk. 54,55 

 

[𝑃𝑦]𝑚

[𝑃𝑦]𝑤
=

𝐹 − 𝐹𝑚𝑖𝑛

𝐹𝑚𝑎𝑥 − 𝐹
 (4) 

 

[𝑃𝑦]𝑚

[𝑃𝑦]𝑤
= 𝐾𝑣 (

𝜒𝑐

1000𝜌
) (5) 

 

 

In the microviscosity experiments, the effective viscosity 𝜂𝑒𝑓𝑓 of the microenvironment is obtained 

by comparing the measured parameter values with the values acquired from similar experiments 

conducted for a set of reference solvents.52,54 The microviscosity of the nanoparticle core can be 

investigated by measuring fluorescence depolarization or intramolecular excimer formation.  The 

fluorescence depolarization experiments require a probe, which excitation depends on the orientation 

of the molecule. When the sample with randomly oriented probe molecules is irritated using a 

polarized light, only a selection of the fluorophores is excited. Since the timescale of the fluorescence 

is much faster than the motion of the probes, the degree of the emitted polarized light can be related 
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to the motion of the molecules. Ultimately, the higher the calculated emission anisotropy is, the more 

viscous the examined medium is. Figure (15) shows the structure of the rod-like 1,6-diphenyl-1,3,5-

hexatriene (DPH), which is the most commonly used probe in fluorescence depolarization.  

The microviscosity experiments with intramolecular excimer formation are based on the ability of 

pyrene to form excimers with other pyrene molecules. When an electronically excited pyrene 

molecule encounters a pyrene molecule on its ground state, the two pyrene molecules form a dimer. 

The formation of pyrene excimers can be observed as excimer emission in the emission spectrum of 

pyrene. In intramolecular excimer formation, the excimer is formed by the two pyrenes attached to 

the same molecule called bis(1-pyrenylmethyl) ether (dipyme, figure 16). Dipyme emits both pyrene 

monomer (IM) and pyrene excimer emission (IE), but for the excimer fluorescence to occur, the 

molecule needs to undergo a conformational change. The rate of this conformational change is 

connected to the extent of the excimer emission. Thus, the intensity ratio IE/IM is also used as a 

measure of the effective viscosity, with the viscosity increasing as the ratio decreases.52 

 

Table 1. Common solvents and their I1/I3 values in the pyrene scale of solvent polarities 

 

Solvent I1/I3 

Hexane 0.58 

Ethyl ether 1.02 

Ethanol 1.18 

Chloroform 1.25 

Tetrahydrofuran 1.35 

Methanol 1.35 

Dioxane 1.50 

Acetone 1.64 

Water 1.87 

Dimethyl sulfoxide 1.97 
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Figure 11. Jablonski energy diagram of fluorescence. After the light irritation (blue arrow), some of the energy of the 

excited molecule is dissipated due to collisions or as transfers to other molecules close by (green arrow). Fluorescence 

emission occurs when the molecule returns to its round state (red arrow).  

 

 

 

Figure 12. Schematic presentation of the fluorescent spectrometer. Essential is, that the emission light from the sample 

is detected at a 90° angle compared to the excitation source.  
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Figure 13. Structures of the most commonly used fluorescent probes: Py, PCA and ANS. 

 

 

Figure 14. An excitation (above) and an emission spectra (below) of pyrene recorded in water using an excitation slit of 

4.5 nm and an emission slit of 0.5 nm.  The first and the third peaks in the emission spectrum have been marked as I and 

III. In the case of significant pyrene excimer formation, the excimer emission could be observed as a broad band at 

approximately 460 nm. 
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Figure 15. The structure of DPH, which is used as a probe in fluorescence depolarization measurements to determine the 

viscosity of a nanoparticle core. 

 

 

 

 

Figure 16. The structure of bis(1-pyrenylmethyl) ether contains two pyrene molecules (A). In the intramolecular excimer 

formation, bis(1-pyrenylmethyl) ether needs to undergo a conformational change for the pyrene excimer to form (B).  
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4.5 FLASH NANOPRECIPITATION 

 

All polymer chemists working with biomedical applications struggle with the long and costly process 

of clinical trials.  Even if someone were to design the perfect polymeric drug delivery vehicle, high 

cost and long production time would hinder the access of these nanoparticles to the market. It could 

take up to ten years for the drug formulation to pass all the necessary clinical trials.56 Therefore, it is 

highly desirable to find new ways to speed up the process of clinical trials without compromising the 

quality of the product or the investigation itself. With drug formulations based on amphiphilic 

polymers, one of the biggest problems has been the scale up of the nanoparticle preparation. The most 

widely used methods, which include nanoprecipitation, solvent exchange, direct dissolution and thin-

film hydration, can only be used prepare nanoformulations in a laboratory scale.4 

In 2003, Johnson and Prud´homme reported a new method called flash nanoprecipitation (FNP), 

which could potentially resolve the scale up issue in the preparation of nanoparticles.18 In the ordinary 

nanoprecipitation method for amphiphilic diblock copolymers, the polymer is first added in a solvent 

that is capable of dissolving both blocks in high concentration. Then, the solution is dropped rapidly 

with a syringe into a water bath in magnetic stirring. To complete the self-assembly of the amphiphilic 

polymer in water, the solvent is removed by evaporation or dialysis. In this method, the mixing speed 

of the polymer solution to the water affects the size of the nanoparticles, thus making it difficult to 

gain identical samples at each preparation time. 

To narrow the size distribution of nanoparticles Johnson and Prud´homme designed a compact 

impinging jet mixer (CIJ), that can be used to prepare the nanoparticles in a fast, efficient and 

repeatable way.18 As illustrated in figure (17), the CIJ mixer has two inlets, a mixing chamber and an 

outlet. To prepare the nanoparticles, a polymer solution (the solvent stream) and water (the anti-

solvent stream) are first inserted simultaneously inside the mixer chamber. The original design had a 

syringe pump to drive the two steams into the mixing chamber with a sufficiently high velocity. The 

insertion needs to be done rapidly and simultaneously to ensure, that the nanoparticles form instantly 

as the two streams meet each other. In 2012, Han et al. introduced a modified design of the CIJ mixer, 

which can be operated by hand without a syringe pump, thus cutting the costs of the instrument even 

further.57 In the new design, water and a concentrated polymer solution are taken into small syringes 

in equal volume. Both syringes are simply attached to the CIJ mixer and their contents inserted into 

the mixing chamber with a single fast push. From the mixing chamber, the nanoparticles are directed 
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through an outlet stream to a water bath in magnetic stirring. Finally, the diluted nanoparticle 

dispersion is left to stir in open air for a couple hours to remove the organic solvent by evaporation. 

Since the small hand operated CIJ mixer is relevantly easy and cheap to build, FNP has already been 

tested in several studies.19,58 So far, nearly all studies using FNP have been done for diblock 

copolymers with PEG as the hydrophilic block. On the other hand, there has been a lot of candidates 

for the hydrophobic block e.g. PLA, polystyrene (PS), poly(lactic-co-glycolic acid) (PLGA), poly(ε-

caprolactone) (PCL) or poly(acrylic acid) (PAA). The results have generally confirmed FNP to be a 

fast, easy and effective method to prepare nanoparticles and nanoformulations. Furthermore, Pagels 

et al. recently reported, that FPN can also be used to predict and adjust the size of the nanoparticles.21 

Since the mixing of the solvent and the anti-solvent stream occurs rapidly and simultaneously inside 

a small and confined space, the mixing speed no longer affects the size of the nanoparticles. Instead, 

the size can be manipulated by changing the polymer or the drug concentration in the solvent stream. 

The experiments by Pagels et al. were done in four sets using two different amphiphilic diblock 

copolymers. In the first two experiments PS-b-PEG encapsulated vitamin E and PS, while in the other 

two experiments PLA-b-PEG encapsulated vitamin E and PLA. The results indicated that in all four 

cases the nanoparticle size could be manipulated between 40 nm and 200 nm by changing the total 

mass concentration in the solvent stream from 5 mg/ml to 80 mg/ml and the amount of the core 

material from 0 % to 75 %.  Such ability to control and predict the nanoparticle size via FNP is 

essential in order to scale up the nanoparticle production.  

Although, many successful studies have been carried out using the small CIJ mixer, the two-inlet 

mixing geometry has a few limitations. Fundamentally, the FNP method relies on a high 

supersaturation inside the confined mixer chamber, which induces nucleation and the nanoparticle 

growth. In the small CIJ mixer, this supersaturation can be reached only by injecting identical 

volumes of the solvent and anti-solvent streams into the mixing chamber with identical momenta. 

Figure (18) shows illustrations of two other mixing geometries, that have been designed to overcome 

the limitations of the original two-inlet CIJ mixer. In the multi inlet vortex mixers19,59 (MIVM), more 

than one solvent can be used with varying solvent ratios velocities. The MIVM with four inlets 

enables the production of nanoparticles with vast amount of combinations for the solutes and solvents, 

thus making the FNP an even more potential method to resolve the problem of scaling the nanoparticle 

production up to the industrial level without losing control over the physical properties of the 

nanoformulation.  
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Figure 17.  Schematic presentations of the compact impinging jet (CIJ) mixer from the inside (A) and the outside (B). 

The CIJ mixer is a small device, approximately the size of an egg, for the mixing of the two streams need to occur rapidly 

and simultaneously in a small and confined space. Adapted from “Principles of nanoparticle formation by flash 

nanoprecipitation”19 with the permission of the publisher. 

 

 

 

Figure 18. Schematic presentations of the multi inlet vortex mixers (MIVM) with two (A) and four inlets (C). The two 

inlet MIVM is illustrated sideways (C) as well to highlight the outlet in the middle. Adapted from “Principles of 

nanoparticle formation by flash nanoprecipitation”19 with the permission of the publisher.  

A)                                                B) 
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5 EXPERIMENTAL SECTION 

 

5.1 INTRODUCTION 

 

In the search for an alternative to replace PEG in drug delivery applications, many of the poly(2-

oxazoline)s have shown great potential to become the new gold standard hydrophilic polymer. 

Recently, Pooch et al. discovered that the nanoparticles of PiPOx-b-PLA have a unique morphology 

compared to the core-shell micelles formed by typical amphiphilic diblock copolymers.15 In his 

master’s thesis, Chou studied the morphology of the PiPOx-b-PLLA and PiPOx-b-PDLLA 

nanoparticles by measuring the absorption and emission spectra of pyrene in water dispersions of the 

nanoparticles at several polymer concentrations.17 The obtained I1/I3, I337/I333.5 and Kv values were 

then compared to a corresponding data from a hydrophobically modified PiPOx-C18. Chou’s results 

indicated that the nanoparticles with semi-crystalline PLLA are smaller and have denser cores 

compared to the PiPOx-b-PDLLA nanoparticles, which correspondingly have a looser and more 

hydrated core. Additionally, he loaded the two different PiPOx-b-PLA nanoparticles with 

hydrophobic curcumin molecules to see if the new morphologies would have a potential to function 

as delivery vehicles for hydrophobic drugs. According to Chou’s results, PiPOx-b-PDLLA works 

better than PiPOx-b-PLLA in drug delivery applications, for it shows a higher encapsulation 

efficiency, a bigger loading capacity and a slower curcumin release rate.  

The aim of this work was to repeat Chou’s nanoparticle loading and release experiments, and to 

confirm his results concerning the curcumin loaded PiPOx-b-PLLA and PiPOx-b-PDLLA 

nanoparticles. To better evaluate the suitability of the PiPOx-b-PLA nanoparticles in a practical 

application as drug delivery vehicles, PEG-b-PDLLA was used as the control core-shell morphology 

in the experiments. Additionally, the flash nanoprecipitation and its ability to control the nanoparticle 

size was tested by using the CIJ mixer to prepare all three different nanoparticles with and without 

the encapsulated curcumin. 
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5.2 MATERIALS 

 

The investigated polymers PiPOx-b-PLLA and PiPOx-b-PDLLA were provided by Doctor Fabian 

Pooch. The biodegradable control diblock copolymer PEG-b-PDLLA (10 000 g/mol/block) was 

purchased from Sigma Aldrich and used as received. Pyrene (Py, >97%, Fluka), tetrahydrofuran 

(THF, >99.9% HPLC grade, Honeywell), ethanol (EtOH, absolute, >99.9%), phosphate buffered 

saline (PBS powder, pH 7.4, Sigma Aldrich), Tween 80 (for cell culture, Sigma Aldrich, figure 18), 

and curcumin (from curcuma longa Turmeric, Sigma Aldrich) were used as received. The PBS 

solution (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 

7.4) was prepared by dissolving one PBS powder pouch in one liter of deionized water (PURELAB 

Prima, 200 mL). The Py and polymer solutions were prepared using distilled water (Millipore). 

Dialysis of the polymer solutions were conducted against distilled water and the curcumin-loaded 

polymer solutions against the PBS solution (with Tween® 80 1%, v/v). Dialysis units were purchased 

from Sigma Aldrich (Pur-A-Lyzer, molecular weight cutoff 3500 g/mol) and washed in the dialysis 

medium before use.  

 

5.3 EXPERIMENTAL 

 

Preparation of the Pyrene Solution in Water 

Small amount of pyrene was added to pure water (500 ml) in magnetic stirring. The flask was sealed 

with a cap and the solution was left covered with an aluminum foil in magnetic stirring overnight. 

Next day, the solution was filtered, and its purity was analyzed with fluorescence spectroscopy. 

 

Preparation of the Nanoparticles 

Polymer was dissolved in THF (0.5 ml, 10 mg/ml) and the formed solution added dropwise with a 

syringe into water or PBS solution in magnetic stirring (2.5 ml). The dispersion was stirred in open 

air at room temperature for 2 h to remove THF gradually by evaporation. Remaining THF was 

removed from the sample by dialysis overnight (Pur-A-Lyzer, molecular weight cutoff 3500 g/mol). 

Next day the dispersions were recovered and diluted to the desired concentrations. 
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Preparation of the Curcumin Loaded Nanoparticles 

Polymer was dissolved in a curcumin in THF solution (1.0 mM of curcumin, 0.5 ml) and the solution 

(10 mg/ml of polymer) was added dropwise with a syringe into PBS solution (2.5 ml) in magnetic 

stirring. The mixture was stirred for 5 minutes and then transferred to a shaker mixer for 4 hours (270 

rpm). The free curcumin and THF was removed from the sample by dialysis. The mixture was 

transferred into purified dialysis unit (Pur-A-Lyzer, molecular weight cutoff 3500 g/mol) and 

dialyzed against PBS Tween® 80 1 vol% solution (1000 ml). The dialysis medium was refreshed 

daily.  An aliquot (20 μL) was also taken each day from the dialysis unit and diluted 200-fold with 

PBS Tween® 80 1 vol% solution (3980 μL) to run fluorescence spectra of the sample. 

 

 

 

Figure 18. Tween® 80 is a nonionic surfactant, which can stabilize curcumin in aqueous solutions. 

 

 

Flash Nanoprecipitation 

Polymer was dissolved in curcumin solution in THF (0.75 ml) in varying polymer and curcumin 

concentrations. The polymer solutions were mixed with an equal volume of pure water (0.5 ml) using 

a confined impinging jet (CIJ) mixer. The exit stream was directed into a stirring bath of pure water 

(4 ml) creating a final solvent composition with 10 vol% of THF and 90 vol% of water. The 

dispersions were stirred in open air for 2 h to remove THF by evaporation. Finally, the dispersions 

were diluted 5-fold with pure water (to 20 ml), samples (3 ml) were taken for DLS measurements and 

the rest of the dispersions were dialyzed against PBS Tween® 80 1 vol% solution (1000 ml). To 

determine the curcumin encapsulation efficiency (EE) and loading capacity (LC) of the nanoparticles 

by fluorescence spectrometry, samples (160 µL) were diluted with Tween 80 1 vol% solution (3840 

µL). 
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Fluorescence Spectrometry 

Emission spectra were recorded using SPEX FluoroMax-4 Spectrofluorometer (JOBIN YVON 

Horiba) equipped with the FL-1044 polarizer in the L-format configuration. Temperature was 

controlled with a water-jacketed cell holder connected to a thermo-stated circulating water bath at 25 

°C. 

Excitation spectra of pyrene were recorded using λex=300-350 nm, λem=390 nm, emission slit width 

of 0.4 nm, excitation slit width of 3.5 nm and integration rate of 1 nm/s. Emission spectra of pyrene 

were recorded using λex=334 nm, λem=360-450 nm, emission slit width of 0.4 nm, excitation slit width 

of 3.5 nm and integration rate of 1 nm/s. Dilutions of the polymer dispersions were carried out by 

taking 1.5 ml of the high concentration sample into a new small glass vial using a precision pipette. 

Then a precalculated volume of the pyrene solution was added to the vial to yield a sample with a 

lower concentration. 

Excitation spectrum of curcumin was recorded at λem=534 nm from 275 nm to 520 nm using the 

integration rate of 1 nm/s with slit lengths of 1 nm for emission and 5 nm for excitation. Emission 

spectra of curcumin were recorded at λex=420 nm from 440 nm to 660 nm using the same integration 

rate and slit widths. 

 

Dynamic Light Scattering 

Sizes of the nanoparticles were determined via Dynamic Light Scattering using a setup consisting of 

a Brookhaven Instruments goniometer BIC-200SM, a BIC-TurboCorr digital auto/cross-correlator 

and a BIC-CrossCorr detector combining two BIC-DS1 detectors. The light source was a Sapphire 

488-100 CDRH laser from Coherent GmbH operating at a wavelength of 488 nm. The pinhole in 

front of the detector was 2 mm and scattering angles were 50°, 70°, 90°, 110° and 130°. The diluted 

samples were filtered using a 0.45 µm poly(difluoroethylene) (PDFE) filter with a diameter of 13 

mm. 

 

Turbidity Measurements 

Turbidity measurements were conducted using a JASCO V-760 UV-vis spectrophotometer. 

Temperature interval was set from 10 °C to 60 °C, wavelength to 400 nm, temperature gradient as 

0.2 °C and heating rate as 1 °C/min. 



 

35 

 

5.4 CALCULATIONS 

 

Preparation of the Curcumin Loaded Nanoparticles 

The first PiPOx-b-PLLA and PiPOx-b-PDLLA nanoparticles were loaded with curcumin using the 

nanoprecipitation method. The samples were prepared with the same curcumin to polymer ratios as 

in Chou’s work to repeat and confirm his results. Thus, two samples were prepared: PiPOx-b-PDLLA 

with 5 % of curcumin and PiPOx-b-PLLA with 5 % of the encapsulated curcumin. Concentration of 

the curcumin in THF solution is calculated in equation (6), and table (2) show all other calculation 

for the sample preparations. The experiment was also repeated by preparing new separate samples of 

PiPOx-b-PDLLA, PiPOx-b-PLLA and PEG-b-PDLLA with 5 % of the encapsulated curcumin (tables 

3 and 4). 

 

c =
n(cur)

V(THF)
=

m(cur)
M(cur)

m(THF)
ρ(THF)

=

3.8 mg

368.38
g

mol
8980 mg

889
mg
L

= 1.02120 …  mM ≈ 1.0 mM (6) 

 

Table 2. Preparation of the first PiPOx-b-PLA nanoparticles with curcumin 

 

Sample Name LCur5% DLCur5% 

Polymer PiPOx-PLLA PiPOx-PDLLA 

M (g/mol) 20700 18600 

m1 (polymer, mg) 2.0 2.1 

m2 (cur, mg) 0.1 0.1 

m2:m1 (mg:mg) 1:20 1:20 

n (cur, mmol) 2.7 *10-4 2.9 *10-4 

V (cur+THF, µL) 265 285 

m (cur+THF, mg) 236 255 
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Table 3. Preparation of the PEG-b-PDLLA nanoparticles with curcumin 

 

Sample Name PEGCur5% 

Polymer PEG-PDLLA 

M (g/mol) 20000 

m1 (polymer, mg) 2.0 

m2 (cur, mg) 0.1 

m2:m1 (mg:mg) 1:20 

n (cur, mmol) 2.7 *10-4 

V (cur+THF, µL) 271 

m (cur+THF, mg) 242 

 

 

 

Table 4. Preparation of the second PiPOx-b-PLA nanoparticles with curcumin 

 

Sample Name LCur5% DLCur5% 

Polymer PiPOx-PLLA PiPOx-PDLLA 

M (g/mol) 20700 18600 

m1 (polymer, mg) 2.0 2.0 

m2 (curcumin, mg) 0.1 0.1 

m2:m1 (mg:mg) 1:20 1:20 

n (curcumin, mmol) 2.8 *10-4 2.8 *10-4 

V (curcumin+THF, µL) 277 280 

m (curcumin+THF, mg) 248 250 
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Analyzing the Curcumin Fluorescence Spectra 

When the nanoparticles were prepared with curcumin, a part of the curcumin molecules were 

encapsulated inside the nanoparticles while some of them were left outside. To remove any free 

curcumin from the samples, the loaded nanoparticles were placed in dialysis against PBS Tween® 80 

solution. Small aliquots were taken from the dispersions before and during the dialysis. To measure 

the curcumin emission spectra, the samples were diluted with a Tween® 80 solution. The sample 

taken before the dialysis contained the greatest amount of curcumin and, therefore, also the highest 

emission intensity. During the dialysis, the amount of the free curcumin decreases in the nanoparticle 

dispersion and the emission intensity measured from the samples decreases as well. After all free 

curcumin was removed by dialysis, the emission intensity corresponds to the amount of curcumin 

inside the nanoparticles. 

The encapsulation efficiencies (EE) of the curcumin loaded nanoparticles can be calculated using 

equation (7), where the areas 𝐴1 (before dialysis) and 𝐴2 (after dialysis) are obtained by integrating 

the curcumin emission curves from 440-660 nm. Thereafter, the obtained EE values were used in 

equation (8) to determine the loading capacities (LC) of the nanoparticles. Table (5) shows the final 

EE and LC values for all three different nanoparticles, while tables (6), (7) and (8) summarize all 

calculations for all samples taken before, during and after the removal of the free curcumin.  

 

 

𝑬𝑬(%) =
𝑚(𝑙𝑜𝑎𝑑𝑒𝑑 𝑐𝑢𝑟)

𝑚(𝑙𝑜𝑎𝑑𝑒𝑑 𝑐𝑢𝑟) + 𝑚(𝑢𝑛𝑙𝑜𝑎𝑑𝑒𝑑 𝑐𝑢𝑟)
× 100 % =

𝐴2

𝐴1
× 100 % (7) 

 

𝑳𝑪(%) =
𝑚(𝑙𝑜𝑎𝑑𝑒𝑑 𝑐𝑢𝑟)

𝑚(𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
× 100 % =

𝐴2
𝐴1

× 𝑚(𝑎𝑑𝑑𝑒𝑑 𝑐𝑢𝑟)

𝑚(𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
× 100 % (8) 

 

 

The equations (7) and (8) applied for first sample of LCur5% after 19 hours in dialysis: 

 

 

𝑬𝑬𝑳𝑪𝒖𝒓𝟓%(%) =
3905790

5115320
× 100 % = 76.354 … % ≈ 𝟕𝟔. 𝟑𝟓 % 

𝑳𝑪𝑳𝑪𝒖𝒓𝟓%(%) = 0.0499 … × 76.354 … % = 3.810 … % = 𝟑. 𝟖𝟏 % 
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Table 5. The final curcumin loading results. 

 

Sample Name LCur5% DLCur5% PEGCur5% 

EE (%) 76 95 80 

LC (%) 3.8 4.9 4.0 

 

 

 

Table 6. EE and LC calculations for the sample LCur5% 

 

Time in dialysis (h) A (440-660 nm) EE (%) LC (%) 

0 5115320 - - 

19 3905790 76.35 3.81 

43 2390435 46.73 2.33 

120 4882980 95.46 4.76 

140 990500 19.36 0.97 

164 898000 17.56 0.88 

188 1205460 23.57 1.18 

284 1018325 19.91 0.99 

308 823060 16.09 0.80 

332 823065 16.09 0.80 
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Table 7. EE and LC calculations for the sample DLCur5% 

 

Time in dialysis (h) A (440-660 nm) EE (%) LC (%) 

0 4874960 - - 

19 4639850 95.18 4.93 

43 3325855 68.22 3.53 

120 2185335 44.83 2.32 

140 1967670 40.36 2.09 

164 1466490 30.08 1.56 

188 1279300 26.24 1.36 

284 1276805 26.19 1.36 

308 1066700 21.88 1.13 

332 1127350 23.13 1.20 

 

 

Table 8. EE and LC calculations for the sample PEGCur5% 

 

Time in dialysis (h) A (440-660 nm) EE (%) LC (%) 

0 3237250 - - 

18 2604845 80.47 3.98 

42 1672335 51.66 2.56 

66 1410305 43.57 2.16 

162 1378250 42.58 2.11 

186 1225300 37.85 1.87 

210 1288905 39.82 1.97 
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Dilution of the PEG-b-PDLLA samples for experiments with pyrene 

To determine the CMC and the Kv of PEG-b-PDLLA, the pyrene emission and excitation spectra 

were measured for 17 samples with a decreasing concentration of PEG-b-PDLLA (table 9). The 

previously prepared nanoparticle dispersion and the pyrene solution in water were used to prepare the 

first sample (5 mg/ml). Afterwards, the samples were prepared by diluting the previous sample (Vdisp, 

1500 μl) with a precalculated amount of the pyrene solution (Vpyr) to yield the desired concentration. 

 

Table 9. Dilution of samples for fluorescence measurements 

c (mg/ml) Vdisp (µl) Vpyr (µl) 

5 1660 340 

3 1500 1000 

2 1500 750 

1,2 1500 1000 

0,8 1500 750 

0,4 1500 1500 

0,25 1500 900 

0,12 1500 1625 

0,08 1500 750 

0,05 1660 900 

0,03 1500 1000 

0,015 1500 1500 

0,008 1500 1315 

0,005 1500 900 

0,003 1500 1000 

0,0015 1500 1500 

0,0009 1500 1000 

0,0006 1500 750 

0,0003 1500 1500 

0,00012 1500 2250 

0,00007 1500 1070 
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5.5 RESULTS AND DISCUSSION 

 

The morphology of PiPOx-b-PLLA and PiPOx-b-PDLLA nanoparticles was studied by measuring 

the absorption and emission spectra of pyrene in water dispersions of the nanoparticles at several 

polymer concentrations. The obtained I1/I3, I337/I333.5 and Kv values were compared to corresponding 

data from a more suitable control core/shell nanoparticle PEG-b-PDLLA (figures 19, 20 and 21). 

Contrary to Chou’s measurements with PiPOx-C18, PEG-b-PDLLA did not show an abrupt decrease 

in the I1/I3 ratio.  In fact, there were no significant differences between PEG-b-PDLLA and the PiPOx-

b-PLAs: the CMC was approximately 0.004 g/L for all three different samples. From the absorption 

spectra, the Kv value of PEG-b-PDLLA was calculated as 1.2 × 105 (figure 21 and table 10). Thus, 

both PiPOx-b-PLLA (𝐾𝑣 = 1.8 × 105) and PiPOx-b-PDLLA (𝐾𝑣 = 3.0 × 105) showed higher Kv 

values compared to PEG-b-PDLLA, while PiPOx-b-PDLLA had the highest Kv value. This indicates, 

that PiPOx-b-PDLLA core is less hydrophobic and looser compared to the dense cores of PEG-b-

PDLLA and PiPOx-b-PLLA, making it capable of encapsulating the greatest amount of pyrene. 

In the loading and release studies, the nanoparticles were loaded with curcumin in a curcumin to 

polymer ratio of 1:10 and then placed in dialysis against PBS Tween® 80 1 vol% solution. Curcumin 

content of the samples was monitored over one week by measuring the emission spectra of curcumin 

(figure 22). The encapsulation efficiencies (EE) and loading capacities (LC) were calculated as 𝐸𝐶 =

76 % with 𝐿𝐶 = 3.8 % for PiPOx-b-PLLA, 𝐸𝐶 = 95 % with 𝐿𝐶 = 4.9 % for PiPOx-b-PDLLA and 

𝐸𝐶 = 80 % with 𝐿𝐶 = 4.0 % for PEG-b-PDLLA (table 5). These results agree well with Chou’s 

measurements for the EC and LC values for PiPOx-b-PLLA and PiPOx-b-PDLLA, with the addition 

that the EC and LC values for PEG-b-PDLLA are slightly higher than for PiPOx-b-PLLA.  It is also 

important to note, that even though PiPOx-b-PDLLA was the only one to reach near 100 % 

encapsulation efficiency, the LC values are still low compared to other studies, due the stability issues 

of PiPOx-b-PLA nanoparticles. 

The release rates were calculated as 2.03 m-%/h for PiPOx-b-PLLA, 0.73 m-%/h for PiPOx-b-

PDLLA and 3.17 m-%/h for PEG-b-PDLLA. The figures (22) and (23) show that the drug release 

from PiPOx-b-PDLLA and PiPOx-b-PLLA nanoparticles were almost identical to Chou’s results, 

where PiPOx-b-PDLLA showed more controlled curcumin release compared to PiPOx-b-PLLA. The 

control core-shell nanoparticles of PEG-b-PDLLA showed a burst-like release of curcumin, making 

it the most unfit for drug delivery applications of the three investigated amphiphilic polymers.  In 

summary, PiPOx-b-PDLLA showed the greatest potential as a drug delivery agent by forming the 
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most stable nanoparticles while showing the largest loading capacities, the highest encapsulation 

efficiencies and the slowest release rates (figure 24).  

The flash nanoprecipitation method (FNP) was also used to prepare the same nanoparticles with and 

without encapsulated curcumin. Generally, all three different nanoparticles with encapsulated 

curcumin had significantly lower EC values when prepared via FNP, with average EC values of 36 

% for PiPOx-b-PLLA, 46 % for PiPOx-b-PDLLA and 57 % for PEG-b-PDLLA (table 11 and figure 

25). Since several studies have reported a good control over the nanoparticle size via FNP, the 

nanoparticles were also prepared with varying total mass concentration (𝑇𝑀𝐶 =
𝑚𝑝𝑜𝑙+𝑚𝑐𝑢𝑟

𝑉𝑇𝐻𝐹
) in the 

THF stream and varying core percentages (𝐶𝑜𝑟𝑒% =
𝑚𝑐𝑢𝑟

𝑚𝑝𝑜𝑙+𝑚𝑐𝑢𝑟
× 100%). Sizes of the nanoparticles 

were determined via dynamic light scattering (DLS) (figure 26 and table 11). The diameters for the 

PiPOx-b-PLA nanoparticles without curcumin were measured as around 20 nm for PiPOx-b-PLLA 

and around 40 nm for PiPOx-b-PDLLA. These agree well with Pooch’s reported values for the same 

polymers with slightly different molar masses. With encapsulated curcumin the size of PiPOx-b-

PLLA nanoparticles remained around 20 nm in diameter, while the size of PiPOx-b-PDLLA 

nanoparticles increased up to 60 nm in diameter. Since the core of PiPOx-b-PDLLA is looser and 

more hydrophilic, overall size of the nanoparticles is also naturally bigger compared to PiPOx-b-

PLLA. The encapsulation efficiency of PiPOx-b-PDLLA was slightly higher as well, thus further 

increasing the size difference. The diameters of the control PEG-b-PDLLA nanoparticles were 

measured as around 20 nm without curcumin and up to 60 nm with encapsulated curcumin. These 

results can also be explained by the loose PDLLA core and higher encapsulation efficiencies. All in 

all, PiPOx-b-PLLA forms the smallest nanoparticles with lowest encapsulation efficiencies due to the 

high density and hydrophobicity of the PLLA core. 

During these experiments, all three investigated amphiphilic copolymers formed stable nanoparticles 

in water at room temperature, but the stability of the PiPOx-b-PLA nanoparticles was found to be 

poor in saline solutions at body temperature. Interestingly, mixing PEG-b-PDLLA with PiPOx-b-

PDLLA in a ratio of 20:80 w-% increased the stability of the nanoparticles in physiological conditions 

while simultaneously uncovering the thermosensitive character of the PiPOx-blocks (figure 27). 

Turbidity measurements of PEG-b-PDLLA mixed with PiPOx-b-PDLLA in ratio of 20:80 w-% 

showed slight decrease in transmittance at the 30 °C (figure 28), which corresponds to the cloud point 

of PiPOx-b-PDLLA in a PBS solution. However, it remains unclear, whether the increased stability 

is due to the PEG-b-PDLLA mixing in the same micelles with PiPOx-b-PDLLA, thus hindering the 

aggregation of the nanoparticles upon the cloud point of the PiPOx-blocks. 
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The stability issue of the nanoparticles certainly is one of the biggest challenges, and without 

overcoming it, higher loading capacities cannot be reached. Additionally, curcumin emission 

intensity is very sensitive to environmental changes, which makes it a less reliable tool in EC and LC 

determination. The control over the size of the nanoparticles via FNP did not show clearly in the DLS 

results, since unfortunately there were not enough of the PiPOx-b-PLA polymers to prepare high 

concentrations in the THF stream. For the future, it is therefore necessary to at least repeat the 

experiments with other hydrophobic fluorescent molecules or drugs, without forgetting the possibility 

of different concentrations, molar masses and molar mass ratios. 

 

  

Figure 19. Emission spectra of pyrene in water dispersions of four different amphiphilic polymers and the corresponding 

I1/I3 ratios plotted against the nanoparticle concentration. The CMC of PiPOx-b-C18 (black) appears as a much sharper 

transition, than in the case of the polymers PiPOx-b-PDLLA (blue), PiPOx-b-PLLA (green) and PEG-b-PDLLA (red). 
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Figure 20. (A) Ratios I337/I333.5 describing the redshift in the absorption spectra of the samples PiPOx-b-PDLLA (blue), 

PiPOx-b-PLLA (green) and PEG-b-PDLLA (red) plotted against the concentration of the nanoparticles. Sigmoidal fits 

agree well with the approximations of CMC previously obtained from the I1/I3 ratios. 

 

Figure 21. Lines fitted using the equation (4). The slope for the fitted line is equal to the value of the partitioning constant. 
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Table 10. Partitioning constants Kv of pyrene in the nanoparticle dispersions. 

 

Polymer Slope Kv 

PiPOx-b-PDLLA 117 ±4 300 000 ± 10 000 

PiPOx-b-PLLA 71 ±2 180 000 ±   5 000 

PEG-b-PDLLA 49 ±4 120 000 ± 10 000 

 

 

 

Figure 22. Release of curcumin from (A) PiPOx-b-PDLLA and (B) PiPOx-b-PLLA nanoparticles monitored by 

measuring emission spectra of the samples in dialysis against PBS Tween® 80 1 vol% solution (curcumin to polymer ratio 

of 1:20). 
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Figure 23. Curcumin release studies of the loaded nanoparticle dispersions with a curcumin to polymer ratio of 1:20. 

Compared to PiPOx-b-PLLA (crosses), PiPOx-b-PDLLA (circles) shows slower release rates, higher loading capacities 

and higher encapsulation efficiencies in both experiments (green and red colours). Red colour correscomds to the results 

from Chou’s experiments. 
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Figure 24. Comparison of the three examined polymeric nanoparticles.  
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Table 11. Summary of the DLS results 

Polymer CTHF (mg/ml) Core (%) Rh (nm) 〈𝐏𝐨𝐥𝐲〉 EE (%) 

PEG-b-PDLLA 
nanoprecipitation 

method  
0 16 ± 1.1 0.13 - 

 5 0 11 ± 1.6 0.26 - 

 5 5 6 ± 0.6 0.32 56 

 5 10 25 ± 1.3 0.21 79 

 7 0 8 ± 0.3 0.12 - 

 7 7 10 ± 1.7 0.12 42 

 7 14 29 ± 0.3 0.22 71 

 10 0 11 ± 2.1 0.25 - 

 14 0 11 ± 0.3 0.15 - 

 14 7 19 ± 0.8 0.22 19 

 14 14 29 ± 0.6 0.21 74 

PiPOx-b-PLLA 5 0 10 ± 0.8 0.21 - 

 5 5 12 ± 0.2 0.18 42 

 5 10 12 ± 0.3 0.17 31 

 7 7 12 ± 0.4 0.18 35 

 7 14 11 ± 0.4 0.19 35 

 10 0 9 ± 0.2 0.20 - 

 14 14 13 ± 0.6 0.23 39 

 20 0 14 ± 0.4 0.23 - 

PiPOx-b-

PDLLA 
5 0 23 ± 1.5 0.28 - 

 5 5 19 ± 1.6 0.14 43 

 5 10 32 ± 3.9 0.30 46 

 10 0 17 ± 1.2 0.23 - 

 10 10 23 ± 1.3 0.27 50 
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Figure 25. Curcumin emission intensities before (solid line) and after (dashed line) dialysis for all three different 

investigated nanoparticles prepared via Flash Nano Precipitation with TMC of 5 mg/ml and Core% of 10%.   



 

50 

 

 

Figure 26. Approximate sizes of the nanoparticles plotted with varying TMC and curcumin percentage. Blue, green and 

red dots represent nanoparticles of increasing radius (10, 20 and 30 nm correspondingly). 
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Figure 27. PEG-b-PDLLA mixed with PiPOx-b-PDLLA in a ratio of 20:80 w-% (A) before heating and (B) after heating.  

 

 

 

Figure 28. Turbidity measurements conducted for all samples with a concentration of 1 mg/ml and a heating rate of 1 

°C/min, unless otherwise mentioned. Samples of PEG-b-PDLLA mixed with PiPOx-b-PDLLA in ratio of 20:80 w-% 

(black and blue lines) show slight decrease in transmittance at the 30 °C, corresponding to the cloud point of PiPOx-b-

PDLLA in PBS solution (red line). In water, the cloud point of PiPOx-b-PDLLA appears below 50 °C (green line). 
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6 CONCLUSIONS 

 

The aim of this work was to repeat Chou’s nanoparticle loading and release experiments, and to 

confirm his results concerning the curcumin loaded PiPOx-b-PLLA and PiPOx-b-PDLLA 

nanoparticles. To better evaluate the suitability of the PiPOx-b-PLA nanoparticles in a practical 

application as drug delivery vehicles, PEG-b-PDLLA was used as the control core-shell morphology 

in the experiments. Additionally, the flash nanoprecipitation and its ability to control the nanoparticle 

size was tested by using the CIJ mixer to prepare all three different nanoparticles with and without 

the encapsulated curcumin. 

To study the morphology of the nanoparticles, absorption and emission spectra of pyrene were 

measured in water dispersions of the nanoparticles at several concentrations. The obtained I1/I3, 

I337/I333.5 and Kv values were compared to corresponding data from a control core/shell nanoparticle 

PEG-b-PDLLA. Of the three different amphiphilic polymers, PEG-b-PDLLA showed the smallest 

and PiPOx-b-PDLLA the highest Kv value. This indicates, that PiPOx-b-PDLLA core is less 

hydrophobic and looser compared to the dense cores of PEG-b-PDLLA and PiPOx-b-PLLA, making 

it capable of encapsulating the greatest amount of pyrene. 

In the loading and release studies, the nanoparticles were loaded with curcumin and placed in dialysis 

against PBS Tween 80 solution. Curcumin content of the samples was monitored over a week by 

measuring the emission spectra of curcumin. PiPOx-b-PDLLA showed the greatest potential as a drug 

delivery agent: It formed more stable nanoparticles, showed higher loading capacities, higher 

encapsulation efficiencies and slower release rates.  

Flash nanoprecipitation method (FNP) was also used to prepare the same nanoparticles with and 

without encapsulated curcumin. In addition to the encapsulation efficiencies, sizes of the 

nanoparticles were determined via dynamic light scattering (DLS). PiPOx-b-PLLA forms the smallest 

nanoparticles with lowest encapsulation efficiencies, thus agreeing well with the higher density of 

PLLA core. 

All three investigated amphiphilic copolymers formed stable nanoparticles in water at room 

temperature. On the contrary, stability of the nanoparticles was found to be poor in saline solutions 

at body temperature. Mixing PEG-b-PDLLA with PiPOx-b-PLA in a ratio of 20:80 w-% increased 

the stability of the nanoparticles in physiological conditions simultaneously uncovering the 

thermoresponsive character of the PiPOx-blocks. Turbidity measurements of PEG-b-PDLLA mixed 
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with PiPOx-b-PDLLA in ratio of 20:80 w-% showed slight decrease in transmittance at the 30 °C, 

which corresponds to the cloud point of PiPOx-b-PDLLA in PBS solution. However, it remains 

unclear, whether the increased stability is due to the PEG-b-PDLLA mixing in the same micelles with 

PiPOx-b-PDLLA, thus hindering the aggregation of the nanoparticles upon the cloud point of the 

PiPOx-blocks. 
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