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Block and graft copolymers consist of two or 
more chemically different species of 
polymers that are covalently bound together. 
Mutual repulsion between the species drives 
self-assembly, which results in phase-
segregated structures at nanoscopic scale. 
  
In nanoparticles, copolymers self-assemble 
into different phase-segregated inner 
structures. These copolymeric 
nanoparticles have exciting prospects in 
controlled drug delivery; the copolymers can 
be engineered such that the nanoparticles 
respond to different stimuli while having an 
inner structure, which results in desired 
drug release profile. 
  
In this thesis, an aerosol flow reactor 
method was used to prepare copolymeric 
nanoparticles. Starting with the parameters 
to control the self-assembly during the 
aerosol process and advancing to drug 
release experiments, this is the first study on 
how the aerosol process results in 
hierarchical nanoparticles to function as 
drug delivery vehicles. 
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Abstract 
This study examined how to control the self-assembly of block and graft copolymers during 

the aerosol process, which produces nanoparticles with phase-separated inner structure and 
phase dimensions ranging from 3 nm to 30 nm. The nanoparticles were also studied for the 
possibility of their use as a drug carriers. Block copolymers consist of two or more chemically 
different polymer blocks covalently bound together. In graft copolymers molecules are bound 
as side-chains to the copolymer backbone. The chemical differences within the copolymer lead 
to phase-separation: the different parts of the copolymer segregate into separate nano-sized 
domains. The aerosol flow reactor method was used to prepare nanoparticles of block and graft 
copolymers. In this method, a precursor solution containing the copolymers and any additional 
molecules is atomized into an aerosol reactor. Laminar gas flow carries the aerosol into the 
reactor, in which the solvent evaporates and the aerosol droplets dry into solid nanoparticles. 
The studied copolymers were poly(styrene-block-4-vinylpyridine) (PS-b-P4VP), a temperature 
responsive hydrogel poly(styrene-block-N-isopropylacrylamide-block-styrene) (PS-b-
PNIPAm-b-PS), and a graft copolymer poly-L-lysine(dodecylbenzenesulfonic acid) 
(PLL(DBSA)). Furthermore, studies were conducted on PS-b-PNIPAm-b-PS and PLL(DBSA) 
as potential drug carriers. 

The self-assembly within the PS-b-P4VP aerosol nanoparticles depended on the copolymer 
composition, annealing temperature, and solvent composition. Low CholHS side-chain content 
in the cylinder-forming P4VP resulted in onion-like particles with single CholHS layers, which 
were sandwiched between P4VP lamellae. Increasing the CholHS content led to smectic 
P4VP(CholHS) layers perpendicular to the polymer domain interfaces. The highest content 
resulted in a breakdown of the onion-like structure. 

PS-b-PNIPAm-b-PS formed nanoparticles with onion-like, gyroid-like, and spherical inner 
structures with a PNIPAm matrix and physically cross-linking polystyrene domains. Particles 
with spherical and gyroid-like morphologies swell considerably in water at 20 °C. The release 
of the incorporated 1,8-ANS fluorescence probe was fastest with the gyroidal and slowest with 
the sphere-forming morphology. The releases were faster at 25 °C than at 45 °C. 

Self-assembly of PLL(DBSA) into    -helical or     -sheet secondary structure was controllable 
with solvent and temperature. The    -sheet conformation manifested as ~3 nm thick lamellae 
on the particle surface while      -helix formed worm-like domains in the core. Added drugs 
budesonide and ketoprofen prevented      -sheet formation and PLL(DBSA)−drug  
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nanoparticles were in the     -helical conformation. Drug release from nanoparticles improved  
the solubility of the poorly soluble budesonide. 
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Tiivistelmä 
Tämän väitöskirjan tarkoitus oli tutkia lohko- ja oksastettujen kopolymeerien 

itsejärjestymistä nanohiukkasissa faasierottuneisiin, mitoiltaan 3-30 nm paksuihin 
sisärakenteisiin, kun hiukkaset tuotetaan aerosolivirtausreaktoritekniikalla. Väitöskirjassa 
tutkittiin myös nanohiukkasten soveltuvuutta lääkkeenkuljetukseen. Lohkopolymeerit 
koostuvat kahdesta tai useammasta kemiallisesti erilaisesta polymeeristä, jotka on 
kovalenttisesti sidottu toisiinsa. Oksastetuissa kopolymeereissä molekyylejä on kiinnitetty 
sivuketjuina pääketjuun. Kopolymeerien eri osien väliset kemialliset erot johtavat 
faasierottumiseen. Tässä kokeellisessa työssä aerosolivirtausreaktorimenetelmää käytettiin 
valmistamaan nanohiukkasia lohko- ja oksastetuista kopolymeereistä. Tässä menetelmässä 
vesiliuos, joka sisältää kopolymeerit ja mahdolliset muut molekyylit, pisaroidaan kantokaasuun 
aerosoliksi ja johdetaan virtausreaktoriin. Liuotin haihtuu aerosolipisaroista, jotka kuivuvat 
kiinteiksi nanohiukkasiksi. Tutkitut kopolymeerit olivat poly(styreeni-lohko-4-
vinyylipyridiini) (PS-b-P4VP), lämpövasteellinen hydrogeeli poly(styreeni-lohko-N-
isopropyyliakryyliamidi-lohko-styreeni) (PS-b-PNIPAm-b-PS) sekä oksastettu poly-L-
lysiini(dodekyylibenzeenisulfoninen happo) (PLL(DBSA)). Lisäksi 
lääkkeenkuljetussoveltuvuutta tutkittiin PS-b-PNIPAm-b-PS:llä ja PLL(DBSA):lla. 

Itsejärjestyminen PS-b-P4VP nanohiukkasissa riippui aerosolireaktorin lämpötilasta sekä 
liuottimen ja kopolymeerien koostumuksesta. Kiinnittämällä sivuketjuja sylintereitä 
muodostavaan P4VP:iin tuotettiin sipulimaisia hiukkasia, joissa sivuketjut muodostivat 
yksittäisen kerroksen P4VP-lamellien väliin. Lisäämällä sivuketjujen määrää asteittain tämä 
rakenne muuttui smektisiksi lamelleja vastaan kohtisuoriksi tasoiksi. Suurin sivuketjujen 
määrä johti sipulirakenteen hajoamiseen. 

PS-b-PNIPAm-b-PS muodosti nanohiukkasissa sipulimaisia, gyroidimaisia sekä pallomaisia 
sisärakenteita, joissa PNIPAm oli matriisimateriaali ja PS muodosti fyysisesti ristisilloittavat 
alueet. Pallomaisen ja gyroidimaisen sisärakenteen omaavat nanohiukkaset turposivat vedessä 
20 °C lämpötilassa. 1,8-ANS fluoresenssi-molekyylin vapautus oli nopeinta gyroidimaisista ja 
hitainta pallorakenteisista nanohiukkasista. Vapautukset olivat nopeampia 25 °C:ssa kuin 
45°C:ssa. 

PLL(DBSA):n itsejärjestyminen     -kierteisiin tai     -laskoksiin oli hallittavissa  
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nanohiukkasista paransi huonoliukoisen budesoniden vapautusta. 
ketoprofeeni estivät     -laskosten muodostumisen nanohiukkasiin. Lääkkeenvapautus 
pinnalla ja      -kierteet matomaisina alueina nanohiukkasien sisällä. Budesonidi ja 
liuottimella ja lämpötilalla.     -laskokset ilmenivät ~3 nm paksuina lamelleina nanohiukkasien 
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1. Introduction 
 
Nature has a unique way of organizing molecules in well-defined patterns. It is 
estimated that the first self-replicating molecule appeared four billion years ago 
[1]. Thereafter evolution has resulted in enormously complicated biological 
molecules, whose self-organization creates life ranging from bacteria [2] to human 
beings. The replication of DNA involves several enzymes that control the process 
in a precise and predetermined event, which includes proofreading and error 
checking. These biomolecules inspire scientists to mimic Nature’s ability to create 
self-assembling structures. So far, self-assembled nanoscopic scale structures can 
be controlled with a few interacting species of synthetic polymers, whereas 
proteins involve 20 interacting amino acid pairs. 
 
In a bigger picture, Nature can also control self-organization on several length-
scales that can manifest in highly functionalized structures hard to copy using 
synthetic materials [3]. One of the most famous examples is the lotus leaf, where 
the evolutionary process has created a self-cleaning superhydrophobic surface [4]. 
Biological materials can also have unique mechanical properties, such as spider 
silk, which is a highly hierarchical structure consisting of protein-based hard and 
elastic regions resulting in a material that possesses a much sought-after tensile 
strength and toughness [5]. 
 
Block copolymers present a potential solution in a quest to produce precise 
nanostructures at the macroscopic scale. Their ability to phase segregate is based 
on two or more polymeric blocks that experience mutual repulsion. However, the 
blocks are covalently bonded to each other preventing their macroscopic 
separation, since the blocks cannot escape each other. The periodic phase-separated 
structures that the block copolymers adopt are often termed self-assembled or self-
organized, since the process does not require external interference [3, 6]. The self-
assembly process is driven by weak molecular interactions such as hydrogen 
bonding, van der Waals forces, ionic bonds, hydrophobic interactions, π-
interactions, and capillary interactions, which are well known [7]. 
 
Even though the complexity of self-organizing biomolecules is far from current 
technological knowhow, there is interest in creating less complex synthetic self-
assembling materials due to their inherent tendency to form phase-segregated 
structures. Advances in chemistry make possible the creation of functional block 
copolymers, which have the ability to self-assemble into phase-segregated 
structures with periodic length scales ranging from ~1 to 200 nm [8]. The progress 
in the field of block copolymers has been rapid, and incredibly complex 
microphase-separated structures are currently being created, such as the famous 
knitting pattern [9]. 
 
Advances in technology have enabled increasingly smaller microstructures. 
Applications have already been demonstrated or discussed, for example, in 
electronics [10-12], optical memory chips [13], photonic crystals [10, 14], drug 
delivery [15-17] or nanoscale templates [18], photomasks in nanopatterning [19, 
20], sensors [21], filters [22], and actuators [23]. Self-assembling materials may 
have particular advantages in drug delivery systems, wherein several biodegradable 
polymers and copolymers have already been introduced [24-26]. To reduce the 
amount of expensive and possibly hazardous drugs administered to patients or to 
shield genetherapeutic molecules from the immune system [27], for example, these 
drugs could be trapped into nano-sized particles that can transport drugs into target 
cells before biodegrading or otherwise exiting body [28]. While micelles, 
liposomes, and cyclodextrin-based molecular cages have been widely studied for 
drug delivery purposes [15, 16, 29-35], solid nanoparticles [36, 37] may also prove 
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qualified in targeted drug delivery. Different drug release kinetics, such as stepwise 
[38], delayed [30], or stimuli-responsive release using light [39, 40], pH [41], 
temperature [41], magnetic field [42], or enzymatic action [43] are possible 
depending on copolymer species and their composition. These variables affect the 
location of drug molecules inside nanoparticles, stimuli-responsiveness, how the 
drug molecules exit the nanoparticles, and the release profile from an individual 
hierarchical nanoparticle. 
 
This thesis surveys the self-assembly process of block and graft copolymers within 
an aerosol process, within which a liquid nanodroplet dispersed into the carrier gas 
transforms into a solid nanoparticle as the solvent in the droplet evaporates. A self-
assembly process during the drying of the droplet leads to phase-segregated 
domains inside the forming aerosol nanoparticle. Also, this thesis surveys the 
influence of tertiary molecules on the self-assembly process. These molecules have 
been mixed with the block or graft copolymers before the aerosol process. The 
molecules can either strongly influence the self-assembly process and the 
subsequent phase-segregation, or they may have pharmaceutical functions.  
 
The ‘Results and Discussion’ section is divided into four topics according to the 
block or graft copolymers used. PS-b-P4VP is a study on the influence of two 
factors, the temperature and the solvent, on the aerosol process and self-assembly 
within the aerosol nanoparticles. PS-b-P4VP(CholHS) is otherwise the same as the 
previous case, however a tertiary liquid crystalline cholesteryl hemisuccinate has 
been complexed into the P4VP phase. This leads to new liquid-crystalline 
P4VP(CholHS) domains and hierarchical structures (i.e. structures within a 
structure). PS-b-PNIPAm-b-PS is a triblock copolymer, where PNIPAm is a 
temperature-sensitive hydrogel component and PS acts as a physical crosslink. This 
copolymer produces highly functional stimuli-responsive hydrogelic nanoparticles. 
PLL(DBSA) is a polypeptide with ionically grafted surfactant, that can adopt 
secondary structures. The secondary structures in the nanoparticles can be α-helix, 
β-sheet, or their mixture, depending on the solvent and temperature used in the 
aerosol process. 
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2. Background 
 
2.1 Molecular self-assembly of block copolymers 
 
Two different polymers, which experience mutual repulsion, phase-separate 
macroscopically in melt or in concentrated solution. However, if these polymers 
have been chemically bonded to each other from the chain ends, the polymers 
cannot escape each other preventing macroscopic phase-separation [44]. Such 
jointed polymeric assemblies are termed block copolymers, where the different 
polymer chains are called blocks, and, to separate from macroscopic phase-
separation, microphase-separate. Often immiscible to each other, a mixture of two 
different blocks phase-separate to minimize the free energy in melt or concentrated 
solution. The phase-separation is controlled by three experimental parameters: the 
degree of polymerization (N), the composition of the block copolymer (f), and the 
Flory-Huggins interaction parameter (χ) [45-48]. The degree of polymerization 
denotes the number of repeat units in the block copolymer, the composition is the 
volume fraction of either the block in the copolymer, and the interaction parameter 
describes the energy penalty of a contact between monomers of two different 
species of polymers. These parameters are combined in the Flory-Huggins 
equation, which describes the free energy of a blend of two polymers A and B. The 
Flory-Huggins equation is given by 
 

 (1) 

 
where kb is the Boltzmann constant and T the absolute temperature. The first two 
terms in the Flory-Huggins equation represent the configurational entropy of the 
polymer chains, which can be controlled in the polymerization of the block 
copolymer. The last term describes the enthalpy involved in mixing of the blocks 
and it is often positive due to immiscible polymer blocks. The interaction 
parameter is proportional to temperature as T-1 which is given by 
 

 (2) 

 
where a and b are experimental constants specific for a certain composition of a 
certain pair of copolymer blocks. Since f has values between 0 and 1, the entropic 
terms in the Flory-Huggins equation are always negative. Thus, if either Ni or χ are 
sufficiently small, the entropic factors dominate and the phase is disordered. The 
phase behavior can be estimated by the product χN, since the entropic and 
enthalpic contributions scale as N-1 and χ, respectively. A phase diagram [44], 
developed using the self-consistent mean field theory of Helmand et al. [49-54], 
predicting the phases of a diblock copolymer as a function of f in the regions of 
disorder and weak segregation is depicted in the Figure 2.1. The transition from 
disorder to order occurs at χN ~ 10 with a symmetric f = 0.5 diblock copolymer. A 
block copolymer consisting of three or more different polymers has even more 
complex phase-segregated architectures [55]. 
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Figure 2.1. The theoretical phase diagram based on self-consistent mean-field theory 

predicting the phase separated structures of diblock copolymers in bulk. The 
phases depend on the volume fraction of the blocks (f), the Flory-Huggins 
parameter of interaction (χ), and the degree of polymerization (N). The shown 
phases are S and S’ = body-centered-cubic spheres, C and C’ = hexagonally 
packed cylinders, G and G’ = bicontinuous gyroids, L = lamellae, and DIS = 
disordered. Adapted with permission from ref [55]. 

The phase diagram has two limiting regimes. When χN « 1, the polymer melt is 
disordered and the polymer coils are statistically in random coil conformation. At 
χN ~10, the entropic and enthalpic factors are in balance, producing a disorder-to-
order transition, where the phase-segregation is weak resulting in sinusoidal 
domain compositions. This limiting region is the weak segregation limit. The 
second limiting region is the strong segregation limit broadly at χN » 10, where the 
blocks phase-separate into almost pure A and B domains that have narrow 
interfaces of aχ-1/2 width. The contacts between A and B blocks are localized in 
these interfaces, and the system tries to minimize the contact area to achieve the 
smallest possible interaction energy. This, however, results in an entropic penalty 
of extended polymer chain configurations leading to microdomain periods that 
scale as D ~ aN2/3χ1/6. The phase-separated structures achieved in this thesis locate 
in the regime of strong segregation due to the large N and mutual repulsion of the 
used block copolymers.  
 
2.2 Self-assembly within different spatial constraints 
 
Methods to create different phase-separated block copolymeric structures are 
depicted in Figure 2.2. Bulk structures can be prepared by heating polymers above 
Tg. Evaporation of solvent from a copolymeric solution leads to thin films or bulk 
structures, depending on the amount of copolymer. Thin films can also be prepared 
by spin coating. Micelles and vesicles can be prepared in solution as the 
concentration of the copolymer exceeds critical micelle concentration (CMC). The 
CMC can be lowered by adding a non-solvent to the solution. Nanoparticles can be 
prepared in emulsion or using aerosol methods. Phase-separation of block 
copolymers has been widely studied in solution [56], bulk [56-58], thin films [59-
64], micelles [15-17], and vesicles [65, 66]. Obtaining structural consistency with 
as few defects as possible in block copolymeric bulk or thin film assemblies often 
requires lengthy treatments of annealing in a molten state [67] or in solvent vapor 
[68, 69].  
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Figure 2.2. Phase-separated structures can be created either by heating block copolymers 

above Tg or dissolving and then evaporating the solvent. Often, however, both 
methods are combined. 

 
Self-assembly in bulk can be assumed to take place without any constraints other 
than the entropic and enthalpic phenomena described previously. However, casting 
thin films presents two new constraints: the substrate supporting the film, and the 
interface between the film and the gas or vapor above. Often the preferences 
between blocks toward the substrate and the atmosphere differ [59]. For example, 
in the case of a cylinder-forming block copolymer, the cylinders of the minority 
component can stand vertically between substrate and atmosphere or run laterally 
in the surrounding majority component, see Figure 2.3 [63]. Thus, space related 
constraints can guide self-assembly into desired structures. Different polymers also 
have different solubility parameters. By choosing a solvent that prefers either block 
over the other can affect self-assembly due to preferential swelling. 
 

 
Figure 2.3. When confined to a thin film, the orientation of block copolymer domains with 

respect to the substrate surface is crucial for many applications. (A) Lamellae 
lying parallel to the substrate, (B) lamellae aligned perpendicular, (C) 
cylinders lying parallel, (D) cylinders perpendicular, and (E) spheres. In the 
case of lamellae in the perpendicular orientation and cylinders in parallel, lines 
can be patterned if the persistence length of the structure can be controlled. In 
the case of upright cylinders and spheres, the grain size and perfection of the 
hexagonal array is of primary importance. Reprinted with permission from ref. 
[63]. Copyright 2007 American Chemical Society. 
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Research of self-assembly of block copolymers in nano-sized particles has recently 
attracted interest. Downsizing particles to nanoscopic scale results in nearly 
instantaneous heat and mass transfer. This leads to accelerated kinetics of 
molecular arrangements altering material properties that can manifest in, for 
instance, lowered melting temperature [70-72] and improved solubility [73-75]. 
Computational simulations of block copolymers in spherical spaces have predicted 
self-assembled structures that are unencountered in bulk or thin films (see Figure 
2.4 for a study of symmetric diblock copolymer) [76-81]. Spherical spaces affect 
the self-assembly through the ratio of the confining diameter to the period of the 
phase-segregated structure (D/L0), the attraction between the blocks and the 
material surrounding the spherical space, and the curvature of the surface. 
 

 
Figure 2.4. (a) Self-assembled morphologies for symmetric diblock copolymers confined 

in spherical pores as functions of the particle diameter to the bulk period 
length ratio D/L0 and the surface preference α, where for each concentric-
spherical lamellar morphology, only a cross-section view is given and the 
boundary of the concentric-spherical lamellae is given with two identical 
structures at each D/L0 value. (b) Some complex structures in Figure 2.4a, 
where the structure of A-domains, and the structure of B-domains or a cross-
section view are also shown. In each figure, the morphologies correspond to 
the lower α coordinate for D/L0 ≤ 3.8, and correspond to the upper α 
coordinate for D/L0 >3.8. Reprinted with permission from [78]. Copyright 
2007 American Chemical Society. 

 
Three-dimensional self-assembly has also been demonstrated experimentally in 
cylindrically confined spaces [82]. Interesting studies of the influence of 
unconventional geometry in confining space, for instance, were conducted by 
Arsenault and Rider et al. as they prepared a template of hexagonally arranged 
silica colloidal crystals and its inversion, subsequently etching the template such 
that there were either spherical cavities within silica or cavities between silica 
spheres [83, 84]. The cavities were filled with lamellar- or cylinder-forming 
polystyrene-b-poly(ferrocenylethylmethylsilane), where the self-assembly 
structures depended on wetting preferences, relative block lengths, the geometry of 
the confining cavity, and stress on curved domains. 
  

a) b)
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2.3 Block copolymer nanoparticles 
 
The first report of dry block copolymer nanoparticles was accomplished by 
Thomas et al. as they studied how the degree of polymerization affects the self-
assembly of symmetric poly(styrene-block-butadiene) (PS-b-PB) and PS 
homopolymer with PS-b-PB in aerosol nanoparticles observing several different 
morphologies [85]. Dry block copolymer nanoparticles have also been prepared in 
emulsions. Shimomura and Higuchi et al. have experimentally prepared block 
copolymer nanoparticles using the emulsion method, named self-organized 
precipitation (SORP), finding several exotic morphologies not found in bulk or thin 
films. This method is based on dissolving the block copolymers in a good solvent, 
adding a poor solvent while stirring, and subsequently evaporating the good 
solvent, leaving a colloidal system of nanoparticles in the poor solvent [86-91]. 
The same method was used by Huh et al. as they prepared nanoparticles from end-
modified homopolymers, which ionically connected during the process to form a 
block copolymer [92]. Furthermore, Jeon et al. blended block copolymers with 
homopolymers to create nanoparticles with interesting inner morphologies [93, 94]. 
 
Self-assembled block copolymer nanoparticles have also been demonstrated as 
templates to structures, such as disks [95], nanowires [95], and porous 
nanoparticles [96-100]. These structures can be produced by cross-linking one 
block and dissolving or calcinating the other block. Brinker et al. utilized the 
aerosol method, in a process they named evaporation induced self-assembly 
(EISA), to prepare inorganic porous nanoparticles by block copolymer templating 
[18, 96]. This method has since been used in several publications [97, 98, 101-
103]. The self-assembly is mainly guided by the block copolymer; however, the 
inorganic species, such as silica or silver, also influence the process. Subsequently, 
the nanoparticles are calcined to remove the organic material, resulting in highly 
porous dry inorganic nanoparticles. Zhang et al. used the same method to prepare 
inorganic nano-plates and -cylinders [104] and showed that gold nanoparticles 
aggregate in poly(2-vinylpyridine) (P2VP) blocks during the aerosol process when 
using poly(3-(triethoxysilyl)propyl methacrylate)-b-poly(2-vinylpyridine) [105] 
(PTEPM-b-P2VP) or PTEPM-b-PS-b-P2VP [106] as the block copolymer. 
 
2.4 Block copolymer advances in drug delivery systems 
 
One of the most exciting prospects with block copolymers is that they can be 
specifically produced to respond to different stimuli, such as temperature [107-
110], pH [111-114], magnetic [115] or electric fields [116], ionic strength [117, 
118], added saccharides [119, 120], antigen binding [121], or light [122, 123]. 
These responsivities can also be combined into multifunctional copolymers [124-
128]. Naturally, these responsive copolymers, if they are capable of forming 
micelles, vesicles, or dry nanoparticles, are very attractive research candidates in 
controlled drug release [24, 35]. They could be designed to target a specific cell or 
an area by passive targeting, for example having a certain diameter, or by active 
targeting, when the nanoparticle has a surface modification that recognizes and 
attaches to a specific cell membrane [129-131]. The common drug release 
mechanisms from nanoparticles are a) adsorption and desorption of drugs on 
nanoparticle surfaces, b) release by diffusion, and c) degradation of matrix material 
or collaborative process of degradation and diffusion [132]. Also concerning the 
nano-scopic scale, reducing the formulations below the micronrange enhances the 
dissolution rate and bioavailability of poorly soluble drugs [73, 132] and promotes 
intracellular uptake [133].  
 
Naturally, copolymers used in pharmaceutical applications should be 
biodegradable or otherwise biocompatible, and many copolymers fulfilling these 
requirements have already been synthesized [134, 135]. Most of the demonstrated 
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biodegradable drug carrier applications are based on micelles or implant systems, 
which often require complex fabrication processes that involve organic solvents, 
which may pose problems in loading protein drugs that may denaturate in the 
presence of organic solvents, for example [136-138]. Furthermore, maintaining 
micelle stability in blood circulation, where concentration drops upon drug 
injection, may be a problem [16]. These challenges could be resolved with solid 
aerosol nanoparticles, where for instance a drug’s ability to load is not reliant on 
the solvent used. Also, different phase-separated structures inside the nanoparticles 
(i.e. lamellar, spheres, or cylinders) may allow for different release profiles, such as 
delayed or step-wise, from individual nanoparticles. 
 
2.5 Aim of the thesis 
 
Self-assembled nanoparticles may have potential use in drug delivery. To date, no 
research on the topic has been conducted. This thesis has three aims to explore the 
self-assembly in nanoparticles produced in the aerosol flow reactor and the 
applicability of nanoparticles in drug delivery, listed below. 
 
 To study the factors for the self-assembling of selected copolymers in the 

preparation of nanoparticles by the aerosol flow reactor method 
 
The purpose is to understand a structure-related correlation of phase-separation 
with all the experimental parameters and to establish guidelines for preparing 
the desired organized structure in the nanoparticles. The studied topics are 
comprised of solvent composition, copolymer composition, annealing 
temperature, and the obtained self-assembled nanostructures inside the aerosol 
nanoparticles. 
 

 To study the incorporation of drug molecules to self-assembled structures and 
their release kinetics from the nanoparticles 
 
The purpose is to understand the commitment of a drug to the studied delivery 
platforms. The studied topics are the effect of the drug material on self-
assembly, the localization of drug materials in organized structures and drug 
release from the nanoparticles. 
 

 To study the self-assembling of biomolecules in the nanoparticles and their 
delivery properties. 
 
The purpose is to have a deeper understanding of the organization process of 
biomolecules and use this knowledge to formulate self-assembled 
bionanoparticles. Studied topics are the interactions in biomolecules and their 
preferential order (which drive self-assembly), and using this knowledge to 
prepare bionanoparticles by the aerosol flow reactor method. 
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3. Materials and methods 
 
3.1 Block copolymers 
 
3.1.1 PS-b-P4VP and PS-b-P4VP(CholHS) 
 
Poly(styrene-block-4-vinylpyridine) (PS-b-P4VP), see Figure 3.1, is a diblock 
copolymer that has been widely studied due to its strong phase separation and ease 
of staining for characterization. The glass transition temperatures (Tg) are ~100 °C 
for PS and ~140 °C for P4VP. Clarke et al. used three different methods to resolve 
the interfacial width of PS-b-P4VP to obtain Flory-Huggins interaction parameter 
between 1.0 and 7.5 [139]. Furthermore, the nitrogen atom in the vinylpyridine 
allows to attach molecules such as cholesteryl hemisuccinate (CholHS) or 3-n-
pentadecylphenol (PDP) to the copolymer via hydrogen bonding, coordination 
interaction, or ionic interaction [140]. For instance, PDP has been previously 
grafted into P4VP-blocks of PS-b-P4VP via hydrogen bonding to prepare hollow 
self-assembled nanoparticles [141] and thin films [142]. For those reasons, it was 
selected as preliminary block copolymer to investigate how the self-assembly can 
be controlled via the aerosol process. The selected copolymers in bulk adopt 
lamellar and P4VP cylinder phases with three different lattice sizes, see Table 3.1. 
 

 
Figure 3.1. Chemical formulas for PS-b-P4VP, where m and n represent the number of 

repeating units, and CholHS. 

 
Table 3.1 The table shows the used PS-b-P4VP block copolymers, which were prepared 

by Polymer Source Inc. (Montreal, Quebec, Canada) using living anionic 
polymerization. The PS(32k)-b-P4VP(13k) copolymer was modified with 
cholesteryl hemisuccinate and reported in publication II. The repeating units of 
PS and P4VP are denoted by m and n, respectively, and pdi is the 
polydispersity index. 

Polymer MPS  
(g mol-1) 

MP4VP  
(g mol-1) m n pdi P4VP 

wt% 

Lattice 
vector 
(nm) 

Bulk 
morphology 

PS(33k)-b-
P4VP(8k) 

32 900 8 080 316 77 1.06 20 33.8 Cylinder 

PS(48k)-b-
P4VP(21k) 

47 600 20 900 458 199 1.14 31 54.7 Cylinder 

PS(20k)-b-
P4VP(19k) 

20 000 19 000 192 181 1.09 49 42.8 Lamellar 

PS(32k)-b-
P4VP(13k) 

31 900 13 200 307 126 1.08 29 37.4 Cylinder 
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3.1.2 PS-b-PNIPAm-b-PS 
 
Poly(styrene-b-N-isopropylacrylamide-b-styrene) (PS-b-PNIPAm-b-PS, see Figure 
3.2 for the chemical formula) is a triblock copolymer, where PNIPAm is a 
temperature responsive block and PS is a hydrophobic block acting as a physical 
cross-link [143]. In water, PNIPAm has a lower critical solution temperature-type 
(LCST) cloud point temperature (CPT) of ~32 °C. Below the CPT PNIPAm is 
hydrophilic, swelling from surrounding water molecules, whereas above this 
temperature it becomes increasingly hydrophobic [38]. However, the thermal 
properties of PNIPAm can be tuned by copolymerization with hydrophilic or 
hydrophobic polymers. Below the CPT water molecules hydrogen bond with the 
polar groups of PNIPAm which leads to dissolution of the polymer. The entropy 
decreases upon mixing as the water molecules incapable of hydrogen bonding 
reorient themselves around the nonpolar regions of PNIPAm [144, 145]. Above the 
CPT the entropy term dominates over the exothermic enthalpy of hydrogen 
bonding. This leads to the free energy change of mixing becoming positive and 
precipitation of PNIPAm, as the isopropyl groups associate with the polymer 
backbone [146].  
 
PNIPAm may be proposed for several potential applications as a hydrogel in drug 
delivery systems [147, 148]. PS-b-PNIPAm has been previously studied, for 
example, as a temperature-responsive micellar drug carrier [15] and microgel thin 
film [109]. Three triblock copolymers of different compositions were selected; 
PN77.118K forms spheres of PS inside PNIPAm matrix, PN61.106K gyroidic PS 
in PNIPAm matrix, and PN43.65K is a lamellar polymer, see Table 3.2 for details. 
 

 
Figure 3.2. Chemical formula of PS-b-PNIPAm-b-PS prepared by reversible addition-

fragmentation chain-transfer polymerization in the laboratory of Polymer 
Chemistry, Department of Chemistry, University of Helsinki. Repeating units 
for the PNIPAm and PS blocks are denoted by m and n, respectively. 

 
Table 3.2. The relevant data of the PS-b-PNIPAm-b-PS triblock copolymers used in the 

thesis. Abbreviations m and n denote to the amount of repeating units of 
PNIPAm and PS, respectively, while pdi is the polydispersity index. 

Polymer MPS  
(g mol-1) 

MPNIPAm  
(g mol-1) m n pdi PNIPAm 

w-% 
Bulk 
morphology 

PN77.118K 27 100 90 900 804 65 1.51 77 Spherical 

PN61.106K 41 300 64 700 573 100 1.52 61 Gyroidal 

PN43.65K 37 100 28 000 248 89 1.27 43 Lamellar 
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3.1.3 PLL(DBSA) 
 
The polypeptide poly-L-lysine (PLL, see Figure 3.3 a) is an interesting material for 
aerosol nanoparticle research due to its biocompatibility and ability to take 
different secondary-, tertiary, and quaternary structures. Secondary structure 
conformations, such as random coil, α-helix and β-sheet (see Figure 3.3 a) may 
allow the tuning of macromolecular self-assemblies. The amino groups in the 
lysine residues are protonated in water, which allows interacting with anionic, H-
bonding, and coordination molecules. Modifying the chemical and physical 
properties of the polypeptide have already been demonstrated with increased 
transfection capability [31, 149-152], i.e. introducing nucleic acids into cells, and 
with attached targeting ligands [153-156].  
 
Dodecylbenzenesulfonic acid (DBSA, see Figure 3.3 a) is an anionic surfactant 
often found in laundry detergents and it can ionically bond with protonated PLL. 
PLL(DBSA) complexes have advantages over pure PLL as they are soluble in 
many organic solvents. This allows creating drug delivery systems for poorly 
soluble drugs. Furthermore, the PLL(DBSA) complexes allow the creation of 
hierarchical structures as PLL retains its ability to take secondary structures, see 
Figure 3.3 b-c) [157, 158]. The used PLL had an average molar mass of 
23 000 g mol-1. 
 

 
Figure 3.3. a) PLL can adopt α-helix and β-sheet secondary structures. b) PLL can form an 

ionic complex with DBSA. c) PLL(DBSA) complex retains the ability of PLL 
to self-assemble in hierarchical hexagonally arranged α-helical cylinders and 
lamellar structures composed of folded β-sheets. Parts of the figure reprinted 
with permission from ref [158]. Copyright 2008 American Chemical Society 
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3.2 Aerosol flow reactor method 
 
3.2.1 Aerosol flow reactor 
 
The aerosol flow reactor method has been used to produce particles, whose size 
can be tuned from a few tens of nanometers up to ten micrometers [18, 159-163]. 
In this thesis the aerosol flow reactor (see Figure 3.4) comprises of a Collison-type 
atomizer (TSI type 3067, TSI Inc.) which generates droplets (average droplet size 
~300 nm with pure water), a heated tubular vertical laminar flow reactor, and a 
dilution stage. In the atomizer a jet of nitrogen carrier gas emerges through the 
critical orifice atomizing the precursor solution, which contains the dissolved 
materials that form the nanoparticles. The solution is drawn by underpressure 
generated by nitrogen gas jet, according to the Bernoulli principle. 
 
The aerosols flow upwards at 1.5 or 2.5 L min-1 against gravity into the heated tube 
for drying of droplets and their optional thermal annealing. The droplets were dried 
at different temperatures from 20 to 250 °C with a residence time ranging from 12 
to 6.5 s, respectively. Four separate heating blocks were used to ensure a constant 
temperature along the reactor tube. Downstream of the reactor, the aerosol flow 
was diluted with a large volume (30 L min-1) of nitrogen gas at room temperature. 
The cooling gas was introduced using a sintered metal porous tube with the length 
of 200 mm, an inner diameter of 12.7 mm and the pore size 20 μm. In the turbulent 
flow of the diluter the nanoparticles cool to avoid wall deposition. In the outlet of 
the reactor, the aerosols can be collected on electron microscopy grids by a point-
to-plane electrostatic precipitator (ESP, In-Tox products) and by a size-separating 
Berner-type low-pressure impactor (BLPI) [164] as well as for online size-
measurement in a scanning mobility particle sizer comprising of a differential 
mobility analyzer (DMA, TSI type 3071, TSI Inc.) and a condensation particle 
counter (CPC, TSI type 3776, TSI Inc.). 
 
The precursor solutions were prepared by dissolving approximately 1 weight-% of 
copolymer in a solvent. Additional tertiary materials such as drugs and fluorescent 
molecules (5-10 w-% in respect to copolymer) were then dissolved in the solution. 
The used solvents were dimethylformamide (DMF) and chloroform (CHCl3) in 
publication I, DMF in publications II-IV, and CHCl3 and 1-propanol in publication 
V. The selected solvents were good solvents for the given copolymers and tertiary 
molecules. However, during complexation the PLL(DBSA) adopted a poorly 
soluble β-sheet conformation, which had to be converted to α-helix using 
trifluoroacetic acid (TFA) (publication V). 
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Figure 3.4. The aerosol flow reactor. 

 
3.2.2 Droplet-to-particle conversion 
 
The reactor tube is 900 mm long and its inner diameter is 26 mm. The used flow 
rate was 1.5-2.5 L min-1. With these dimensions and flow rate the Reynold’s 
number for the flow is ~22 for nitrogen’s kinematic viscosity of 1.4×10-5 m2 s-1 at 
room temperature. The used temperatures ranged from 20 to 250 °C. The residence 
times in the reactor ranged from 6.5 to 11.6 s at 250 and 20 °C, respectively. 
Immediately after the atomization the solvent in the liquid aerosol droplets starts to 
evaporate. The drying time of one droplet can be solved from equation [165] 
 

 (3) 

 
where dp is the diameter of the droplet, t is time, Dv is the vapor diffusion 
coefficient of the solvent, M is the molar mass of the solvent, R the gas constant, ρp 
the density of the solvent, p∞ the partial pressure of the solvent vapor far from the 
droplet, pd the partial pressure of the solvent vapor on the droplet surface, T∞ 
temperature far from the droplet, and Td temperature of the droplet. The Fuchs 
correction 
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 (4) 

 
applies to droplets smaller than 1 μm diameter. It slightly slows the evaporation of 
the droplet, however, it is neglected to simplify the calculation. Solving the integral 
 

 (5) 

 
for time yields  
 

 
(6) 

 
where p∞ is approximated to 0 as the nitrogen flowing in the reactor is dry. 
Inserting the values for dimethylformamide Dv = 0.0097 cm2 s-1, dp = 300 nm, ρp = 
0.948 g ml-1, pd = 379.2 Pa at 20 °C yields a drying time of approximately 0.2 ms 
for a 300 nm droplet. Note that this calculation does not take into account of the 
copolymer molecules inside the droplet. 
 
Figure 3.5 shows schematically the droplet-to-particle conversion. During the 
solvent evaporation, the concentration of the block copolymers increases steadily 
and the blocks start to phase-segregate. The conversion from droplet to dry particle 
is complete before the heated section of the reactor. Self-assembly within the 
nanoparticles takes place in this section. 
 

 
Figure 3.5 The precursor solution is atomized into aerosol droplets. In the aerosol flow 

reactor the solvent evaporates from the droplets which converse into solid 
nanoparticles. The increasing concentration results in the self-assembly of the 
block copolymers used in this thesis. 
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3.3 Characterization 
 
The nanoparticles were collected directly on holey carbon grids from gas phase for 
transmission electron microscopy (TEM) imaging using a point-to-plate 
electrostatic precipitator (ESP). Furthermore, nanoparticles were collected on 
aluminum sheets from gas phase using a size-classifying Berner-type low-pressure 
impactor (BLPI) [164] for scanning electron microscopy (SEM) imaging and drug 
release experiments. See Table 3.3 for the cut-off diameters (D50) of the BLPI 
stages with the used 80 mbar outlet pressure. 
 
Table 3.3 The table gives the cut-off diameters (D50) for the different stages of the 

Berner-type low-pressure impactor used in this thesis [164]. 

   
Stage 1 2 3 4 5 6 7 8 9 

D50 (nm) 32 62 90 173 337 535 973 1980 3770 
 
Nanoparticle surface morphology was studied using field emission-SEM (FE-SEM, 
Publications II-V, JEOL JSM-7500FA). The dry nanoparticle samples were 
sputter-coated (Emitech K950X) with a gold or gold-palladium layer of ~2 nm 
thickness for increased nanoparticle stability under the electron beam. The inner 
structures of the nanoparticles were studied using TEM (Publications I-V, FEI 
Tecnai 12 and JEOL JEM-3200FSC). The dry nanoparticle samples were stained in 
iodine vapor to distinguish different phases (Publications I-IV). Iodine physically 
absorbs into P4VP and PNIPAm domains [166] providing enhanced electron 
contrast versus PS domains. The dynamic light scattering (DLS) measurements 
(publication IV) were carried out using a Malvern Instrument ZetaSizer Nano-ZS 
equipped with a 4 mW HeNe laser operating at 633 nm at the temperature range 
from 15 to 66 °C and using square quartz cuvette. The hydrodynamic diameter of 
the particles in aqueous media was measured at the scattering angle of 173°. The 
secondary structure of PLL(DBSA) samples was measured using Fourier-transform 
infrared spectroscopy (FT-IR) with the attenuated total reflectance technique 
(Publication V). The measurement focused on the range of 1450-1700 cm-1, which 
includes the amide I band (C=O stretching in the PLL backbone, ~1600-1700 cm-1) 
and the amide II band (C-N NH deformation in the PLL backbone, ~1500-1550 
cm-1). 
 
Drug release experiments (Publications IV-V) were performed in a cuvette 
assembly, where a semi-permeable membrane (ZelluTrans, Carl Roth GmbH, 
Karlsruhe, Germany) divided the cuvette in two chambers, see Figure 3.6. The 
upper donor chamber contained the nanoparticle sample and the drug release was 
measured in the lower acceptor chamber. The membrane allowed small molecular 
weight materials (cut-off 12-14 kDa) pass to the acceptor chamber while blocking 
the nanoparticles and polymers. The release experiments of 1-anilinonaphthalene-
8-sulfonic acid (1,8-ANS) fluorescence probe reported in Publication IV were 
conducted using fluorescence spectroscopy. In these experiments the acceptor 
chamber was filled with aqueous solution of 3μM bovine serum albumin protein 
(BSA). 1,8-ANS, which bound to BSA upon emerging across the membrane, had 
emission peak at ~479 nm using the set excitation wavelength of 372 nm. The 
emission was measured at 400-600 nm. In Publication V the release experiments of 
ketoprofen and budesonide were conducted using UV-visible spectroscopy. 
Absorbances were measured at the budesonide absorbance maximum of 246 nm 
and the ketoprofen absorbance maximum of 261 nm. 
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Figure 3.6. The structure of the cuvette assembly for release experiments used in 
publications IV and V. 
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4. Results and discussion 
 
Publications I-II cover the self-assembly of PS-b-P4VP, which was studied for 
self-assembly upon the aerosol process, both with and without molecular 
modifications. The next topic is hydrogel nanoparticles composed of PS-b-
PNIPAm-b-PS triblock copolymer. Publication III studies the performance of these 
hydrogel nanoparticles in water. In publication IV these hydrogel nanoparticles 
were carrying 1,8-ANS fluorescence molecules. Publication V reported the 
preparation of nanoparticles composed of poly-L-lysine ionically grafted with 
dodecylbenzenesulfonic acid and studied how added poorly water-soluble drug 
molecules affect the secondary structures adopted by the complex in the 
nanoparticles and how the secondary structure affect drug release. 
 
4.1 PS-b-P4VP and PS-b-P4VP(CholHS) 
 
4.1.1 Solvent and temperature guided self-assembly 
 
Figure 4.1 shows the SAXS patterns and the self-assembled morphologies of the 
bulk structures for the cylinder-forming PS(33k)-b-P4VP(8k) and PS(48k)-b-
P4VP(21k) as well as the lamellar PS(20k)-b-P4VP(19k) block copolymers used in 
this section.  
 

 
Figure 4.1. SAXS analysis for morphologies and lattice vectors of a) PS(33k)-b-

P4VP(8k), c) PS(48k)-b-P4VP(21k), and e) PS(20k)-b-P4VP(19k), and TEM 
micrographs of the corresponding bulk samples b), d), and f), respectively. 
Reproduced from the publication I by permission of The Royal Society of 
Chemistry. 

 
Figure 4.2 shows the TEM micrographs of the obtained inner morphologies at 
different temperatures and solvent compositions. Differences in the 
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phase-segregation of block copolymers inside the nanoparticles were anticipated 
due to different solvents and annealing temperatures. The solvents were selected 
according to their different vapor pressures of 0.3 kPa for DMF at 20 °C and 
21.2 kPa for CHCl3 at 20 °C [167]. The temperature of the aerosol flow reactor was 
set at 50, 150, and 250 °C. PS has glass transition temperature (Tg) at ~100 °C and 
P4VP at ~140 °C. The choice of solvent determines the diffusion of polymer 
segments within the nanoparticles at temperatures below the Tg of the polymers, 
whereas at high temperatures the block segregation results solely from polymer 
chain diffusion in the molten state. Solvent evaporation kinetics dominate over 
preferential swelling in the aerosol process when the annealing temperature is 
below or at the Tg. According to Hansen solubility parameters [167], DMF (24.8 
MPa½) is a better solvent for P4VP (21.9 MPa½) than CHCl3 (18.8 MPa½) and vice 
versa for PS (19.0 MPa½). This would result in larger domains of P4VP using DMF 
as a solvent and might cause a shift from the cylinder phase to the transition 
boundary of cylinder and lamellar phases [68, 91, 168]. However, CHCl3 as the 
solvent results in larger domains of P4VP than with DMF, compare Figure 4.2 
A1-3 to A6-9 and B1-3 to B6-9. This is understood by fast evaporation of CHCl3 
from the aerosol droplets thus freezing the polymer coils into their solvent 
preferred extended state. The slower evaporation of DMF allows the polymers to 
undergo a coil-to-globule transformation leading to smaller domain size, see Figure 
4.2 A6-9 and B6-9. In the solvent mixture, the aerosol droplets are saturated with 
DMF due to the faster evaporation of CHCl3. Hence, the polymer chains are 
predominantly swollen by DMF, which is why the domain sizes of the PS(33k)-b-
P4VP(8k) and PS(48k)-b-P4VP(21k) particles from the solvent mixture resemble 
more of those obtained with pure DMF, see Figure 4.2 A4-6 and B4-6. 
 
A major difference as compared to single solvents appeared with the lamellae-
forming PS(20k)-b-P4VP(19k) nanoparticles prepared from the 50/50 mixed 
solvents. In Figure 4.2 C4-5, below and at the Tg of P4VP, the aerosol process 
resulted in prolate spheroid-like nanoparticles with alternating lamellae of PS and 
P4VP aligned perpendicularly to the major axis. Faster evaporation of CHCl3 
momentarily resulted in DMF-swollen nanoparticles floating in CHCl3 vapor to 
cause stacked lamellar nanoparticles. This mechanism is based on both the blocks 
having intermolecular attraction to the CHCl3 vapor. The mechanism is line with 
the results reported earlier, where the surrounding medium was water as a poor 
solvent, but with which both their blocks (PS and polyisoprene) had similar 
interaction [90]. 
 
Annealing temperatures higher than the glass transition temperatures removed the 
history of solvent choices, see Figure 4.2 A3,6,9, B3,6,9, and C3,6,9. This effect 
results from a melt-like behavior allowing the blocks to diffuse into equilibrium 
domains, where the characteristic domain sizes resemble the ones found in bulk. 
Cooling in the dilution stage of the aerosol reactor then freezes the 
phase-segregated domains in the nanoparticles. In most cases (pure DMF or pure 
CHCl3), the surface layer consist of PS. The preference for the surface 
accumulation of PS is assumed to result from the minimization of the surface 
energy by the contact of PS and nitrogen gas.  
 
Figure 4.3 shows schematically the particle assemblies of the lamellae-forming 
PS(20k)-b-P4VP(19k) nanoparticles. In step A, the copolymers self-assemble at a 
certain threshold concentration in a droplet after the partial removal of the solvent. 
In this stage, the polymer chains are swollen by the solvent. In step B, the drying 
microphase segregated domains collapse and their conformation ‘freezes’ upon the 
complete removal of the solvent below the Tg. At this stage, the extension of the 
collapse depends on the solvent medium used. In the optional thermal annealing 
step C, the solvent has  
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Figure 4.2. TEM images showing nanoparticles of a) PS(33k)-b-P4VP(8k), b) PS(48k)-b-

P4VP(21k), and c) PS(20k)-b-P4VP(19k), prepared at different temperatures 
and solvent compositions. P4VP domains are stained with iodine and appear 
dark. The nanoparticles are cast on a holey carbon film that may be visible on 
the background. Adapted from publication I by permission of The Royal 
Society of Chemistry. 
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evaporated and the polymers are molten and fluid-like well above the Tg of P4VP, 
and thus have freedom to expand to the equilibrium state. It is believed that 
different block dimensions are determined by the projection plane of polymer 
chains which are demonstrated in Figure 4.3. This projection area increases when 
the polymer chains collapse upon solvent evaporation, whereas the area decreases 
as the coils extend due to added freedom upon thermal annealing resulting in the 
chains protruding for a closer packing with adjacent polymer chains. This variation 
of the projection plane does not alter the density or total volume of the domains, 
but allows the adoption of different domain thicknesses. In the molten state, the 
block copolymers are able to reorganize due to diffusion of the polymer chains as 
the increased kinetic energy allows the blocks to attain their equilibrium phase. 
This is manifested in the P4VP domains having approximately the same diameters 
and lamella widths as those calculated from the bulk periods. 
 

 
Figure 4.3. Illustration of the self-assemblies of the block copolymer PS(20k)-b-

P4VP(19k) in aerosol nanoparticles from a solution droplet to a solid 
nanoparticle. Step A: initially the block copolymers self-assemble once the 
concentration has increased sufficiently for strong segregation due to partial 
solvent evaporation. Step B: once the solvent has evaporated the block 
copolymers collapse to a shrunken and ‘frozen’ state below the Tg. The two 
assembly options depend on whether a solvent mixture or pure solvent was 
used. Step C: annealing above the Tg allows the block copolymers to self-
assemble into the equilibrium phase. Adapted with permission from 
publication I. Copyright Royal Society of Chemistry 2013. 
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4.1.2 The effect of tertiary CholHS hydrogen bonded to P4VP 
 
As shown in Figure 4.4a, cholesteryl hemisuccinate (CholHS) was used as side-
chains bonded to nitrogen atoms of P4VP of a cylinder-forming block copolymer 
PS(32k)-b-P4VP(13k). This was achieved by hydrogen bonding cholesteryl 
hemisuccinate (CholHS) into the nitrogen atoms of the P4VP block with varying 
repeating unit ratios. The samples were named P-00, P-25, P50, and P-75 
according to the CholHS to P4VP repeating unit percentages from 0% to 75%. 
Figure 4.4b shows the packing of the copolymers and TEM images of the 
corresponding bulk samples. The pure PS-b-P4VP sample P-00 consisted of P4VP 
cylinders hexagonally ordered in the PS matrix. Attaching CholHS side chains to 
the P4VP blocks increases the volume fraction of P4VP(CholHS) which results in 
hierarchical lamellar morphologies with different P4VP(CholHS) chain packing 
depending on the CholHS/P4VP repeat unit ratio. In the sample P-25, the CholHS 
side chains microphase separated into a single layer sandwiched between P4VP-
rich domains. A higher amount of CholHS led to a gradual change to smectic 
packing: in P-50, the single layered and smectic packing coexisted while the 
packing was exclusively smectic in P-75.  
 

 
Figure 4.4. a) The molecular formula with ionically bonded CholHS and b) bulk samples 

with supporting schematic of the self-assembled structures adopted by PS-b-
P4VP(CholHS). The P4VP domains appear dark after staining with iodine 
vapor. In the sample names the numbers give the CholHS to P4VP bonding 
ratio. Adapted with permission from publication II. Copyright American 
Chemical Society 2012. 

 
See Figure 4.5 for schematic illustration of the obtained hierarchical structures 
inside the aerosol nanoparticles. In the nanoparticles the control over the phase-
segregated morphology was achieved both in precursor solution and with reactor 
temperature selection. The hydrogen bonding to repeating unit ratios determined 
the hierarchical structures upon the aerosol process, where the selected annealing 
temperatures of 160 and 200 °C resulted in different structures depending on the 
hydrogen bonding to repeating unit ratio. 
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Figure 4.5. A schematic of the different hierarchical structures found in PS-b-

P4VP(CholHS) as a function of CholHS content and aerosol processing 
temperature. Adapted with permission from publication II. Copyright 
American Chemical Society 2012. 

 
Figure 4.6 shows the TEM micrographs of the inner structures of PS-b-
P4VP(CholHS) produced at 160 °C. The pure P-00 (Figure 4.6a) nanoparticles had 
worm-like domains of P4VP. The repeating unit ratio of 25% (Figure 4.6b) 
resulted in nanoparticles that consist of concentric alternating PS lamellae and 
P4VP(CholHS) lamellae where a single CholHS layer is packed within the P4VP-
rich domains. On the contrary to the onion-like nanoparticles prepared from non-
modified PS-b-P4VP, the CholHS modification lowered the surface energy of 
P4VP blocks, which formed the outer shells of the nanoparticles. In a lamellar 
A−B diblock copolymer, if the A blocks concentrated on a surface, the sequence of 
the layers from inside of the material to the surface would be A-BB-AA-BB-A. In 
Figure 4.6b-c the outermost PS shell is approximately of the same thickness as the 
inner PS shell which indicates that the surface layer must be of P4VP(CholHS). 
Raising the annealing temperature to 200 °C induced a change where the 
morphology resembled more of those of the pure PS(32k)-b-P4VP(13k) with 
worm-like cylinders. In P-50 the packing of the P4VP(CholHS) changed from 
lamella-within-lamella to smectic lamellar layers. Here the lamella itself consists of 
alternating domains of P4VP and CholHS perpendicular to the lamella direction. 
Despite of the clear change in morphology, the transformation was not complete, 
since a large number of nanoparticles also had lamella-within-lamella or a mix of 
lamella-within-lamella and smectic lamellar structures. The increase to 75% repeat 
unit ratio resulted in a new hierarchical structure, where the P4VP(CholHS) 
domains orient perpendicularly to the surface of the nanoparticle (Figure 4.6d). The 
small radius of curvature in the onion-like P4VP(CholHS) domains increases the 
splay deformation energy of the smectic CholHS domains. As the CholHS content 
increases, it becomes energetically favourable to break the onion-like morphology 
and minimize the splay deformation energy by straightening the stiff 
P4VP(CholHS) domains. 
 
At 200 °C, see Figure 4.7, the microphase-separated structures in the P-00 (Figure 
4.7a) and P-50 (Figure 4.7c) particles were similar to the ones produced at 160 °C. 
However, at 200 °C the morphology of P-25 particles changed to cylindrical 
(Figure 4.7b). CholHS molecules partially swell into the PS domains, changing the 
relative volume fractions of the polymer blocks and consequently the overall 
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morphology. While at 160 °C the P4VP domains oriented perpendicularly to the 
surface inside the P-75 nanoparticles, at 200 °C the morphology changed back to 
the onion-like lamellae of P4VP(CholHS) (Figure 4.7d). This change may be 
attributed to the combined effect of CholHS becoming partly melded into the PS 
domain and the isotropization of the smectic CholHS [169], which reduces the 
stiffness of P4VP(CholHS) lamellae. 
 

 
Figure 4.6. TEM micrographs show nanoparticles of a) P-00, b) P-25, c) P-50, and d) P-

75, all produced at 160 °C. The obtained hierarchical inner structures depend 
on the CholHS to P4VP repeat unit ratio, which is given in the sample names. 
Iodine staining renders P4VP domains dark, while PS and CholHS domains 
appear lighter. Parts of the figure reproduced with permission from publication 
II. Copyright American Chemical Society 2012. 

a b

c d
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Figure 4.7. TEM micrographs show nanoparticles of a) P-00, b) P-25, c) P-50, and d) P-75 

produced at 200 °C. Iodine staining renders P4VP domains dark, while PS and 
CholHS domains appear lighter. Parts of the figure reproduced with 
permission from publication II. Copyright American Chemical Society 2012. 

 
4.2 PS-b-PNIPAm-b-PS 
 
4.2.1 Self-assembly and behavior in water 
 
Figure 4.8 shows three different block copolymers of polystyrene-block-poly(N-
isopropylacrylamide)-block-polystyrene (PS-b-PNIPAm-b-PS) in bulk having 
spherical (PN77.118K), gyroidic (PN61.106K), and lamellar (PN43.65K) 
morphologies. Figure 4.9 shows corresponding nanoparticles prepared in the 
aerosol flow reactor at 180 °C. 
 

 
Figure 4.8. TEM micrographs of PS-b-PNIPAM-b-PS triblock copolymers in bulk:  (a) 

PN77.118K is spherical, (b) PN61.106K (61 wt % PNIPAM) is gyroid, and 
(C) PN43.65K is lamellar. PNIPAm domains appear dark in the micrographs 
due to selective staining with iodine. Adapted with permission from [22]. 
Copyright American Chemical Society 2007. 

 

a) b)

c) d)
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Figure 4.9. TEM micrographs of aerosol polymer particles with spherical, gyroid-like and 

onion-like morphologies from samples PN77.118K (A), PN61.106K (B), and 
PN43.65K (C), respectively. Samples were stained with iodine, which 
selectively stains the PNIPAm domains appearing darker in the micrographs. 
Adapted with permission from publication III. Copyright American Chemical 
Society 2012. 

 
The nanoparticle samples were maintained in water at 20 and 40 °C for 5-10 
minutes before flash-freezing by plunging them into a 1:1 mixture of liquid ethane 
and liquid propane below -175 °C. TEM micrographs in Figure 4.10 show the 
sphere-forming PN77.118K, the gyroid-forming PN61.106K, and the lamellar 
PN43.65 after water immersion at 20 °C. The micrographs show the PS spheres, 
PS worm-like gyroid, and the lamellae with a red dashed circle indicating the 
swollen PNIPAm corona. The internal structures after water immersion revealed 
that the nanoparticles of spherical (Figure 4.10A) and gyroidal (Figure 4.10B) 
inner morphology swell below the CPT of PNIPAm as expected, since PNIPAm is 
water soluble in those conditions. Furthermore, inspection into the lamellar 
PN43.65K (Figure 4.9C) shows that water is able to penetrate the PS and PNIPAm 
shells, since different layers are observable without iodine staining. Non-swollen 
particles do not show contrast without staining. 
 
Figure 4.11 and 4.12 show micrographs of the nanoparticles with and without 
water treatment at 20 and 40 °C, respectively. The nanoparticles were immersed in 
water at 20 and 40 °C for one minute or four hours after which they were freeze-
dried by first casting them in 1:1 mixture of liquid ethane and liquid propane, and 
then maintaining them in vacuum for 10 hours to sublimate ice away from the 
samples. After water treatment the sphere-forming PN77.118K nanoparticles 
became wrinkled while the gyroidal PN61.106K swelled with water to form a 
sponge-like scaffold. The lamellar PN43.65K nanoparticles maintained a solid 
form. 

 
Figure 4.10 Cryo-TEM micrographs of polymer particles with spherical, gyroid-like, and 

onion-like morphologies vitrified from T = 20 °C, when the PNIPAM block is 
in the hydrophilic state. Micrographs are from samples PN77.118K (A), 
PN61.106K (B), and PN43.65K (C). The darker domain consists of 
polystyrene. In (C) the PNIPAM corona has been highlighted by a red dashed 
line. The samples were equilibrated in water for 5–10 min before vitrification. 
No staining was used. Adapted with permission from publication III. 
Copyright American Chemical Society 2012. 
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Figure 4.11. SEM micrographs comparing the samples without any water treatment, (A), 

(B), and (C), to the samples after being 4 h in water at T = 20 °C and 
subsequent freeze-drying, (D), (E), and (F), respectively. Micrographs are 
from samples PN77.118K (A, D), PN61.106K (B, E), and PN43.65K (C, F). 
Adapted with permission from publication III. Copyright American Chemical 
Society 2012. 

 

 
Figure 4.12. Cryo-TEM micrographs of polymer particles with spherical, gyroid-like, and 

onion-like morphologies vitrified after being 5–10 min in water at T = 40 °C, 
when the PNIPAM block is in the hydrophobic state. The cryo-TEM 
micrographs are from samples PN77.118K (A), PN61.106K (B), and 
PN43.65K (C). SEM micrographs of PN77.118K (D), PN61.106K (E), and 
PN43.65K (F) show the particles freeze-dried after being 4 h in water at T = 
40 °C. Adapted with permission from publication III. Copyright American 
Chemical Society 2012. 

After the treatment in water at 40 °C the inner structures of the gyroidal 
PN61.106K and lamellar PN43.65K nanoparticles were not resolvable by TEM, 
see Figure 4.12 A-C. This was due to water, which did not penetrate into the 
nanoparticles resulting in low electron contrast between the PS and PNIPAm 
domains. However, the outermost shells were slightly deformed and the 
nanoparticles had a tendency to aggregate in order to minimize surface contact 
with water. Comparing the nanoparticles that had been immersed in water at 20 °C, 
the sphere-forming nanoparticles did not have any difference after immersion in 
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water at 40 °C. The SEM-micrographs indicate that water did not penetrate into 
any of the nanoparticles, see Figure 4.12 D-F.  
 
The SEM micrographs were used to compare statistically the diameters of the 
immersed nanoparticles to the non-immersed nanoparticles. The diameters change 
for polymers PN77.118K, PN61.106K, and PN43.65K were 18±5%, 72±5%, and 
-21±2%, respectively, at 20 °C indicating a significant swelling effect in the 
nanoparticles prepared from the gyroidal PN61.106K block copolymer. 
Unexpectedly, the lamellar nanoparticles had a negative effect. At 40 °C the 
corresponding results were 6±4%, -16±2%, and 2±3%. Here, the gyroidal 
nanoparticles shrank compared to the non-immersed nanoparticles, whereas a 
slight swelling was seen with the sphere-forming and lamellar nanoparticles. The 
shrinkage of the nanoparticles was deemed to be caused by block copolymers 
detaching from the surface of the nanoparticles. The evidence for this behavior 
were micelles and vesicles found in TEM and SEM micrographs around the 
nanoparticles of gyroidal and lamellar morphology, see Figure 4.10.  
 
4.2.2 PS-b-PNIPAm-b-PS nanoparticles as probe carriers 
 
The PS-b-PNIPAm-b-PS block copolymers were studied as carriers of water-
soluble 1,8-ANS fluorescence probe. The aerosol nanoparticles were prepared at 
180 °C with DMF as the solvent. The precursor solution contained 1 w-% 
copolymer and 0.1 w-% 1,8-ANS content. 1,8-ANS within the nanoparticles 
prevented using TEM to observe phase-separation due to lack of contrast. Thus, we 
studied the structures of the 1,8-ANS-carrying aerosol nanoparticles by SEM after 
immersing the samples in water at 20 or 40 °C for 1 minute followed by freeze-
drying. 
 
At 20 °C the sphere-forming PN77.118K nanoparticles adopted a netlike porous 
morphology with a loose internal structure. At 40 °C these nanoparticles had a 
compact globular morphology due to the collapse of the PNIPAm segments, see 
Figure 4.13 a-b. The gyroid-forming PN61.106K nanoparticles formed a sponge-
like morphology below and above the CPT of PNIPAm, see Figure 4.13c-d. Above 
the CPT, the nanoparticle structure seemed to be more globular than that below the 
CPT. The lamellar PN43.65K nanoparticles maintained their intact spherical form 
in water regardless of the applied temperature, see Figure 4.13 e-f. Below the CPT 
of PNIPAm these nanoparticles had a wrinkled surface texture which could be 
caused by the swelling of PNIPAm at nanoparticle surface. 
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Figure 4.13. SEM micrographs show the morphologies of the nanoparticles in water after 1 

minute of immersion. The sphere-forming PN77.118K has a netlike porous 
morphology a) below CPT at 20 °C and a globular structure b) above the CPT 
at 40 °C. The gyroid-forming PN61.106K is sponge-like both at c) 20 °C and 
d) 40 °C, while the lamellar PN43.65K forms aggregates at e) 20 °C and f) 
40 °C. 

 
Thermal behaviour of the nanoparticles dispersed in water was studied using DLS 
as a function of increasing temperature. Figure 4.14 shows the hydrodynamic 
diameters and intensities of the scattered light. The scattering intensities of the 
sphere-forming PN77.118K and gyroidal PN61.106K nanoparticles increased 
abruptly at 32-34 ºC indicating a strong densification of the particles due to the 
collapse of PNIPAm segments at its CPT. The PN77.118K particles showed 
slightly decreasing intensity upon temperature raise but showed a moderate 
increase at 30-34 ºC owing to the collapse of PNIPAm at its CPT. The 
hydrodynamic diameter of the PN77.118K particles gradually decreased from 340 
nm with increased temperature to level off to 190 nm at 33 ºC. The size of the 
PN61.106K nanoparticles remained the same of ~200 nm at the whole temperature 
range. A sudden increase in the size at the vicinity of the CPT was caused by 
strong inter-particle interactions and resulted in a bimodal size distribution. This 
bimodality points to an intermediate stage where two simultaneous particle 
populations occur: shrinking of individual particles and the formation of 
aggregates, which further shrink upon heating. Between 32-40 ºC, all particles 
were aggregated and their size decreased to ~200 nm. The size of the PN43.65K 

a) b)

c) d)

1 μm

f)e)

1 μm
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particles slightly decreased along temperature raise being above 600 nm below the 
CPT and below 600 nm above the CPT. DLS shows that particles of PN43.65K are 
larger than expected based on the SEM images. PN43.65K particles are rigid and 
rather hydrophobic due to high PS content. DLS suggests that PN43.65K particles 
are aggregated even in cold water. In hot water these “secondary” aggregates 
shrink to some extent. Knowing the actual lamellar structure of the PN43.65K 
particles one can expect water to be trapped within the particle and therefore 
temperature response is retarded in comparison to the PN77.118K and PN61.106K 
below and above the CPT, which can be understood as loose inner particle 
structure owing to the higher PNIPAM content. The lamellar PN43.65K 
nanoparticles showed many-fold higher scattering intensity than those of the other 
nanoparticles below the CPT, which results from a compact, densified particle 
structure.  
 

 
Figure 4.14. Mean hydrodynamic diameters (blue y-axis on the left) and scattering 

intensities (red y-axis on the right) of a) PN77.118K, b) PN61.106K, and c) 
PN43.65K.  
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In all the sample cases, the release of 1,8-ANS from the nanoparticles was faster at 
25 °C than at 45 °C, see Figure 4.15. Table 4.1 shows the main results upon the 
3.6 h release time where the rate of initial release is characterized within the first 
30 min of the experiment, where the release is linear with time. As one can note, 
the nanoparticle samples PN77.118K and PN61.106K showed a delayed release of 
~10 min at 25 °C. The initial release rates for these samples at 25 ºC were 
calculated starting at the time the release began. At 45 °C, the release of 1,8-ANS 
from all the samples started readily when inserted. The gyroidal PN61.106K 
nanoparticles showed the largest release of 1,8-ANS (15.7±1.1% at 25 ºC; 
8.1±2.6% at 45 °C) at 3.6 h below and above the CPT whereas that of the sphere-
forming PN77.118K nanoparticles was the lowest (10.6±0.2% at 25 °C; 4.3±0.2% 
at 45 °C). The release from the PN61.106K nanoparticles at 25 °C was not only the 
largest, but the initial release rate of 1,8-ANS was clearly faster (9.6 %/h) than 
those of the other nanoparticles.  
 

 
Figure 4.15. Release of 1,8-ANS from the sphere-forming PN77.118K on the top, gyroidal 

PN61.106K on the middle, and lamellar PN43.65K on the bottom. Error bars 
are shown every tenth measurement point. 

 
Table 4.1. Initial release rates within the first 30 min and total release at 3.6 hours of 1,8-

ANS from different nanoparticles below and above the CPT of PNIPAm. 

Copolymer Temperature 
(°C) 

 Release at 3.6 h 
(%) 

Initial release 
rate (%/h) 

PN77.118K 25 10.6 ± 0.2 5.8 
45 4.3 ± 0.2 2.6 

PN61.106K 25 15.7 ± 1.1 9.6 
45 8.1 ± 2.6 4.0 

PN43.65K 25 13.1 ± 0.1 4.2 
45 4.7 ± 1.1 2.6 
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The SEM micrographs showed that the incorporation of 1,8-ANS did not 
drastically change the self-assembly within the nanoparticles when compared to 
our previous results without the probe. It is hypothesized that a large portion of 
1,8-ANS molecules, which has three phenyl rings, were located within the PS 
domains in the nanoparticles. This may explain relatively low release percentages 
for 1,8-ANS from the nanoparticles. 
 
Figure 4.16 schematically summarizes how the PS-b-PNIPAm-b-PS nanoparticle 
internal structures in water direct the release of 1,8-ANS. The scheme, which 
combines the DLS and the fluorescence release studies, shows roughly the basic 
differences between the nanoparticles. It appeared that PN77.108K nanoparticles 
dispersed as single particles in water and were colloidally stable within the studied 
time frame against aggregate formation below and above the CPT of PNIPAm. It 
also showed the largest particle swelling, that is, water absorption by PNIPAm 
below the CPT. The strongest aggregation even below the CPT was observed with 
the lamellar PN43.65K nanoparticles. This could be expected based on the SEM 
images where the nanoparticles appeared to be in a tightly packed form similar to 
freshly prepared aerosol nanoparticles. These particles needed to aggregate for the 
colloidal stability which was provided by PNIPAm chains at particle surfaces. The 
aggregates did not further aggregate but shrank ~10% upon heating.  
 
The gyroidal PN61.106K nanoparticles aggregated moderately at the vicinity of the 
CPT forming colloidally stable aggregates. The highest and fastest 1,8-ANS 
release can be explained by the fact that PS domains form random cylindrical 
tunnels throughout the PN61.106K particles, where some of the tunnels end at the 
particle surface. As it was hypothesized above, the probe located mainly in the PS 
part which squeezes in as the PNIPAm matrix collapses above the CPT. This 
compression pushes the probe out from the PS tunnels to the outer water. The same 
type of squeezing out the probe does not apply to the other nanoparticles: the PS 
domains are embedded inside the PNIPAm matrix in the case of the PN77.108K 
nanoparticles whereas PS domains form layers perpendicular to the surface with no 
exits in the case of the PN43.65K nanoparticles. The lamellar PN43.65K 
nanoparticles with 150-200 nm diameter have ~4-5 layers of PS. The outmost PS 
layer corresponds to ~50% of all the PS volume in a nanoparticle. However this PS 
layer is also covered by a ~5 nm thick surface layer of PNIPAm. Considering that 
most of the 1,8-ANS reside inside PS domains, a major proportion of 1,8-ANS in 
the lamellar nanoparticles have a close access to diffuse out from the outmost PS 
layer. The relatively constant release at 25 °C may be attributed to the sustained 
diffusion of 1,8-ANS from the outmost PS layer through the swollen PNIPAm 
surface. The diffusion is much slower at 45 °C when the PNIPAm surface has 
collapsed upon the PS layer. 
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Figure 4.16. Suggested schemes for 1,8-ANS releasing from aerosol hydrogel 

nanoparticles. With PN77.108K and PN61.106K at temperatures below CPT 
the hydrophilic PNIPAm domains swell with water and the drug release 
mechanism is diffusion. At temperatures above CPT the hydrophobic PNIPAm 
shrinks, and the drugs are effectively pushed outside from the PNIPAm matrix. 
The onion-like PN55.91K has PNIPAm corona, which should be the only layer 
capable of 1,8-ANS release as the first PS layer should shield the inner layers. 
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4.3 PLL(DBSA) 
 
To prepare the ionic complex, poly-L-lysine (PLL) hydrobromide and 
dodecylbenzenesulfonic acid (DBSA) sodium salt were separately dissolved in 
milli-Q water as 1.0 and 0.5 wt % solutions, respectively. The solutions were 
combined in a 1:1 molar ratio, producing a white precipitate, which was collected, 
washed with excess amounts of water, and dried in a vacuum. The resulting solid 
PLL(DBSA) precipitate is poorly soluble in many organic solvents due to the β-
sheet conformation of the PLL backbone. To open the conformation, a solvent 
mixture of chloroform with 3 vol % trifluoroacetic acid was used. After drying 
from CHCl3/TFA solution, PLL adopts the α-helical conformation which makes 
the ionic complex easily soluble in many organic solvents. The precursor solutions 
were prepared as 1 w-% to 1-propanol, CHCl3, and DMF. The nanoparticles were 
prepared between 20 °C and 240 °C. For comparison, pure PLLHBr nanoparticles 
were also prepared with milli-Q water as solvent. 
 
Figure 4.17 shows the FT-IR results for the PLL reference nanoparticles. The 
reference had pure α-helix below and at 150 °C while at and above 200 °C it had β-
sheet secondary structure. No recognizable self-assembled structures were 
distinguishable in TEM analysis. Prepared from CHCl3, the majority of the 
PLL(DBSA) particles organized into α-helix with a minor fraction of β-sheet at and 
below 80 °C, and into β-sheet with a minor fraction of α-helix at and above 100 °C, 
as can be seen from the FT-IR absorbance bands in Figure 4.18.  

 
Figure 4.17. The FT-IR spectra of PLLHBr nanoparticles prepared from water at different 

annealing temperatures. Reproduced with permission from publication V. 
Copyright American Chemical Society 2014. 
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Figure 4.18. FT-IR spectra of PLL(DBSA) aerosol nanoparticles prepared from CHCl3 at 
different annealing temperatures. Reproduced with permission from 
publication V. Copyright American Chemical Society 2014. 

 
The use of 1-propanol as the precursor solvent seemed to promote organization 
into β-sheet, as seen in Figure 4.19. At 20 and 100 °C PLL(DBSA) had a mixed 
conformation of α-helices and β-sheets. At 220 °C the conformation was clear β-
sheet with a small fraction of α-helix.  
 

 
Figure 4.19. FT-IR spectra of PLL(DBSA) nanoparticles prepared from 1-propanol at 

different annealing temperatures. Reproduced with permission from 
publication V. Copyright American Chemical Society 2014. 

 
DMF has low vapour pressure, which was seen as the nanoparticles prepared at 
20 °C were completely fused together indicating that they were still swollen with 
DMF after aerosol process. FT-IR, see Figure 4.20, could not distinguish DMF 
residual, since DMF has an overlapping peak with the amide I band at 1658 cm-1. 
FT-IR revealed a mixed conformation of α-helices and β-sheets including a peak at 
1675 cm-1, which was attributed to C=O residues in the β-turns not being hydrogen 
bonded [170]. At 220 and 240 °C the nanoparticles were solid, which confirmed 
complete evaporation of DMF. The absence of DMF at elevated temperatures was 
expected, since DMF has boiling point at ~150 °C. At 220 °C the conformation 
was still a mix of α-helices and β-sheets. At 240 °C PLL(DBSA) composed of 
mostly β-sheets, even though a minor peak at 1652 cm-1 showed a small α-helix 
component. 
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Figure 4.20. The FT-IR spectra of PLL(DBSA) aerosol nanoparticles prepared from DMF 

at different annealing temperatures. Reproduced with permission from 
publication V. Copyright American Chemical Society 2014. 

 
According to TEM micrographs the general structure of the nanoparticles at all the 
preparation conditions showed lamellar organization on the nanoparticle surfaces 
with a phase-segregated worm-like matrix, in the core, see Figure 4.21 for CHCl3, 
4.22 a-c) for 1-propanol, and 4.22 d-f) for DMF. However, the number of lamellar 
periods on the surface increased with increasing annealing temperature, see Table 
4.2. Also, DMF promoted the lamellar organization with 16 ± 4 lamellar periods at 
240 °C annealing temperature. The lamellae were oriented parallel to the surface 
and the lamellar period was very close to 3.6 nm seen in the bulk samples [158]. 
 

 
Figure 4.21. The TEM micrographs of PLL(DBSA) aerosol nanoparticles prepared at a) 20, 

b) 80, c) 100, and d) 240 °C from CHCl3. The insets show self-assembled 
periods measured from the light blue rectangular areas. Reproduced with 
permission from publication V. Copyright American Chemical Society 2014. 

 
The lamellae were hypothesized to compose of β-sheets and the worm-like matrix 
of α-helices. As with the previous cases of PS-b-P4VP and PS-b-PNIPAm-b-PS, 
the strongly curved surface of the nanoparticles minimizes the free energy by 
orienting the lamellae parallel to the surface. Solvent, which offers the longest time 
for the nanoparticles to stay swollen, leads to the most organized structure, i.e. 
lamellar onion-like morphology. Also, since the solvent must diffuse through the 
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surface to evaporate from the nanoparticle, the core will dry faster than the surface, 
promoting for the better organization on the surface. 
 
In an earlier study on bulk samples of PLL(DBSA) cast from CHCl3, PLL(DBSA) 
experienced a partial conversion from α-helix to β-sheet between 140 and 160 °C 
[158]. In spherically constrained nanoparticles this change takes place between 80 
and 100 °C. Here, the curved surface lowers the transition temperature. It has also 
been reported, that in small molecular weight alcohols the conformation of PLL 
depends on the concentration, where high concentrations induce α-helix and low 
concentrations promote β-sheet [171]. In aerosol nanoparticle process the 
concentration of solvent goes from high to low, i.e. from liquid aerosol droplet to 
dried solid nanoparticle. This naturally causes the final moments of the 
nanoparticle synthesis to favor β-sheet, which was strongly present in all the 
samples where the solvent was 1-propanol. As such, the solvent history plays a 
more dominant role when using 1-propanol, contrary to CHCl3, which allows 
temperature to control the secondary structure. 
 

 
Figure 4.22. On the left TEM micrographs of PLL(DBSA) aerosol nanoparticles prepared 

from 1-propanol at a) 20, b) 100, and c) 220 °C. On the right PLL(DBSA) 
aerosol nanoparticles prepared from DMF at d) 20, e) 220, and f) 240 °C. 
Reproduced with permission from publication V. Copyright American 
Chemical Society 2014. 
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Table 4.2. The amount of lamellar periods on the surface of the nanoparticles depended 

on temperature and solvent. 

Solvent Temperature 
°C 

Number of 
lamellae 

CHCl3 20 6 ± 3 
 80 4 ± 2 
 100 4 ± 2 
 240 7 ± 2 
1-propanol 20 6 ± 2 
 100 7 ± 2 
 220 10 ± 2 
DMF 20 6 ± 3 
 220 9 ± 3 
 240 16 ± 4 

 
Compared to the block copolymers used in this thesis, especially PS-P4VP with 
which low processing temperatures were not a problem, DMF is unusable at low 
annealing temperatures when used with PLL(DBSA). As the lowest volatile 
solvent, the PLL(DBSA) nanoparticles were strongly fused at 20 °C. However, 
with 240 °C the use of DMF resulted in well organized PLL(DBSA) lamellae. At 
lower temperatures, DMF had a tendency to disrupt H-bonding between peptide 
backbones, which was seen as a large peak in the amide I band indicating a 
multitude of β-turns. 
 
4.3.1 Drug release application 
 
PLL(DBSA) nanoparticles incorporating budesonide or ketoprofen were prepared 
from precursor solutions which contained 10 w-% drug in respect to copolymer. 
The budesonide-containing PLL(DBSA) nanoparticles were prepared from 
1-propanol at 100 °C and ketoprofen-containing PLL(DBSA) nanoparticles from 
CHCl3 at 20 °C. The reactor temperatures and solvents for the preparation of 
PLL(DBSA)−drug nanoparticles were selected according to the formation of the α-
helix or β-sheet morphology of PLL(DBSA) in the nanoparticles as was discussed 
above. Both the drug nanoparticle samples had a clear α-helix secondary structure, 
see Figure 4.23. The drug molecule budesonide showed to disturb the co-operative 
formation of secondary structures. The conversion from α-helix to β-sheet did not 
occur to such an extent, as was the case without budesonide. It is understood that 
β-sheet is an energetically favorable secondary structure only if PLL(DBSA) is 
able to aggregate. This explanation is supported by the fact that β-sheet is not 
soluble in any of the used solvents. The tertiary molecules could disturb this 
aggregation either by chemical bonding or simply by acting as a physical barrier 
between the complexes. Thus, the viability of the nanoparticle morphology (i.e., α-
helix or β-sheet) to control the drug release may be challenging, as the secondary 
structure is not able to alternate between the two states like in the pure 
PLL(DBSA) complexes. The internal assemblies of the nanoparticles look similar 
to the samples without the drugs as observed by TEM analysis. 
 
The drug release experiments were performed in milli-Q water buffered to pH 7.4 
at 37 °C. In a low concentration the drug molecules are expected to be in an 
amorphous state promoting the dissolution of drugs of low solubility (ketoprofen 
0.01 wt% [172, 173] and budesonide 0.002 wt% [174] in pH 7 water). However, 
ketoprofen released at a lower rate than budesonide from the nanoparticles, see 
Figure 4.24. In crystalline bulky reference samples the release rate was vice versa. 
As a small molecule and having a carboxylic acid group ketoprofen most probably 
resides in the PLL region that contains the polar groups. On the contrary, the larger 
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budesonide mainly locates in the DBSA region, where it is more accessible to 
water than ketoprofen, which is encapsulated in PLL cylinders. 

 
Figure 4.23. The FT-IR spectra of PLL(DBSA)-drug aerosol nanoparticles prepared from 

CHCl3 and 1-propanol at 20 °C and 100 °C. Reproduced with permission from 
publication V. Copyright American Chemical Society 2014. 

 

 
Figure 4.24. Drug release experiments were performed with budesonide loaded in 

PLL(DBSA) nanoparticles (NP) prepared from 1-propanol at 100 °C and 
ketoprofen loaded in PLL(DBSA) nanoparticles prepared from CHCl3 at 
20 °C. Reproduced with permission from publication V. Copyright American 
Chemical Society 2014. 
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5. Conclusions 
 
Phase-segregation in block copolymers occurs due to minimization of free energy 
associated in the components of the copolymer. In nanoparticles the surface-to-
volume relation is large, a fact which greatly increases the effect of the surface 
energy on the self-assembly. During the aerosol process the conversion from liquid 
droplets to solid nanoparticles is similar to conventional method of creating phase-
segregated block copolymers in that it takes place in a solution where the 
concentration of the copolymer components constantly increases up to the point, 
where no solvent is left. However, in the aerosol method, the drying of the droplet 
and the self-assembly takes place in the time scale on the order of seconds, whereas 
with bulk the drying has to be a weeklong process for any distinct phase-
segregation to happen. The spherical confinement within the nanoparticles also 
allows the surface curvature to affect the self-assembly. This allows more complex 
hierarchical structures than in bulk or thin film assemblies. 
 
Self-assembly within nanoparticles takes place during the drying of the droplet. 
The process can be solvent controlled, where the quick removal of the solvent 
often leaves the copolymers in frozen state. Subsequently, aerosol i.e. gas phase 
annealing occurs elevating the mobility of the copolymers and allowing them to 
reach thermal equilibrium. As mentioned above, the solvent-only controlled fast 
self-assembly leaves the copolymers in globule state, while thermal annealing 
above the glass transition with a quick cooling afterwards allows the copolymers 
maintain their preferred coil state. 
 
Application-wise, the aerosol method allows tertiary molecules to be added with 
ease. After the aerosol process these molecules are inside the nanoparticles 
regardless of the preferences of the molecules, i.e. whether the molecules prefer the 
solvent or mixing with the copolymer. These molecules can reside uniformly 
within the nanoparticle matrix, concentrated in one block domain, or it can make a 
complex with a block. This allows further tuning of the self-assembly, when 
individual component behavior can be controlled by temperature. 
 
Choosing the block copolymer is the basic way control the structure of the self-
assembly. Complexity can be added and the structure tuned in the aerosol method, 
where altering of the annealing temperature, adding extra interaction parameters 
with tertiary molecules or solvents, changing the block volumes, and manipulating 
the energies between the domains within the aerosol nanoparticle (i.e. curvature of 
cylinders) are all achieved with relative ease compared to other methods of 
preparing nanoparticles with inner phase-segregation. Drug dissolution of very 
poorly soluble molecules was enhanced with PLL(DBSA). Well soluble 1,8-ANS 
had a slow release, which increases the circulation time of these molecules. Also, a 
delayed response of ~10 minutes was demonstrated. 
 
For the future of research concerning gas-phase produced nanoparticles as drug 
carriers, it would be recommended to synthesize PNIPAm-based hydrogels where 
PS blocks have been replaced with e.g. polylactide (PLA). Contrary to PS, PLA 
has been established as biocompatible and biodegradable in addition to having high 
enough glass transition to prevent the nanoparticles from melting in room 
temperature. 
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Block and graft copolymers consist of two or 
more chemically different species of 
polymers that are covalently bound together. 
Mutual repulsion between the species drives 
self-assembly, which results in phase-
segregated structures at nanoscopic scale. 
  
In nanoparticles, copolymers self-assemble 
into different phase-segregated inner 
structures. These copolymeric 
nanoparticles have exciting prospects in 
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how the aerosol process results in 
hierarchical nanoparticles to function as 
drug delivery vehicles. 
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