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Abstract 

In the design of new materials, “smart polymers”, polymers whose properties 

change in response to a single or multiple triggers, have imposed themselves as a 

unique platform to either introduce new functions or to control existing functions. 

The main goal of this thesis is to harness the potential of smart-responsive polymer 

to enhance the performance of functional polymer and polymer nanocolloids.   

For example, responsive polymers can be used as a smart “on-off” switch, which 

creates the potential of “on-demand”. In section 3.1, a dual temperature/light 

response is designed by combining in one copolymer N-isopropylacrylamide and a 

reversible spiropyrane-based photoacid monomer. The resulting thermoresponsive 

polyphotoacid is responsive to light irradiation at λ = 460 nm and can release one 

proton for each spiropyrane unit and is, therefore, able to acidify the solution. The 

opposite effect, the removal of protons and corresponding pH increase, can be 

observed either when keeping the polyphotoacid in the dark for several minutes or 

more quickly by the irradiation of UV-light. Increasing the temperature above the 

lower critical solution temperature (LCST) silences the photoacid behavior, and the 

irradiation of light at λ = 460 nm no longer leads to proton generation. Thus the 

activity of the thermoresponsive polyphotoacid can be finely tuned. 

Similarly, functional colloidal nanoparticles can be functionalized with 
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stimulus-responsive polymers. In section 3.2, a library of colloidal nanoparticles is 

prepared via polymerization induced self-assembly (PISA), sonication, and 

core-crosslinking. The external hydrophilic canopy is designed to be 

thermoresponsive. The aspect ratio and rigidity of colloidal nanoparticles are tuned 

by varying the reaction conditions. Also, those nanocolloids can form colloidal 

gels at high enough volume fraction. However, the controlled aggregation of the 

polymer nanocolloids can also be tuned by the thermoresponsive external canopy. 

The mechanical properties of the resulting colloidal gels are affected by the rigidity 

of the colloidal building blocks, their aspect ratio but also the mechanism of 

aggregation.  

Such anisotropic polymer nanocolloids are of high interest not only as rheology 

modifiers but also as drug carriers. The colloids developed in section 3.2 are then 

used in section 3.3 for the controlled release of a model payload. Those functional 

polymer colloids are a versatile delivery platform that can be used as an individual 

drug carrier or to build responsive drug depots.  

This work clearly demonstrates that the introduction of stimulus-responsive 

polymers in functional materials can be used to further tune and control the 

properties of the materials. 
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Zusammenfassung 

Bei der Entwicklung neuer Materialien haben sich "smarte" Polymere, d.h. 

Polymere, deren Eigenschaften sich als Reaktion auf einen oder mehrere Trigger 

ändern, als einzigartige Plattform erwiesen, um entweder neue Funktionen zu 

erzeugen oder bestehende Funktionen zu kontrollieren.  

Die vorrangige Zielsetzung dieser Dissertation ist es, sich das Potential 

intelligent-reagierender Polymere zu Nutze zu machen, um die Leistung 

funktioneller Polymere oder Polymer-Nanokolloide zu verbessern. 

Bedarfsgesteuerte Polymere können zum Beispiel als intelligente 

"An-Aus"-Schalter genutzt werden und so eine "On-demand "-Funktion erhalten. 

In Abschnitt 3.1 wird ein duales, Temperatur/Licht-empfindliches 

Ansprechverhalten entwickelt, indem ein Copolymer aus N-Isopropylacrylamid 

und einem reversiblen, Spiropyran-basierten "photoaziden" Monomer erzeugt wird, 

welches seinen pH-Wert durch Lichtabsorption ändert. Das resultierende 

thermoreaktive "photoazide" Polymer reagiert auf Bestrahlung mit einer 

Wellenlänge von  = 460 nm, woraufhin jede Spiropyran-Einheit ein Proton 

freisetzen kann und damit in der Lage ist, die Lösung anzusäuern. Der gegenteilige 

Effekt, die Entfernung von Protonen mit einem entsprechenden pH-Anstieg, wird 

entweder bei Lagerung des "photoaziden" Polymers für mehrere Minuten in 
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Dunkelheit oder schneller durch Bestrahlung mit UV-Licht erreicht. Bei 

Temperaturen oberhalb der unteren kritischen Lösungstemperatur (LCST) 

verschwindet das "photoazide" Verhalten und die Bestrahlung mit Licht einer 

Wellenlänge von  = 460nm setzt keine Protonen mehr frei. Auf diese Weise kann 

das Verhalten eines thermoreaktiven "photoaziden" Polymers präzise eingestellt 

werden.  

Ähnlich können kolloidale Nanopartikel mit einem Polymer funktionalisiert 

werden, welches auf einen externen Stimulus reagiert. In Abschnitt 3.2 wird eine 

Sammlung kolloidaler Nanopartikel durch Polymerisations-induzierte 

Selbstassemblierung (polymerization induced self-assembly "PISA"), Ultraschall 

und Kernvernetzung hergestellt. Die Systeme, auf deren Oberfläche sich 

hydrophile Polymerbürsten befinden, werden mit einer thermoreaktiven Funktion 

ausgestattet. Der Formfaktor und die Elastizität der kolloidalen Nanopartikel 

werden durch Variation der Reaktionsbedingungen eingestellt. Diese Nanokolloide 

können auch kolloidale Gele mit genügend hohem Volumenanteil ausbilden. Die 

Aggregation der polymeren Nanokolloide kann durch die thermo-reaktiven 

Polymerbürsten kontrolliert werden. Die mechanischen Eigenschaften der 

resultierenden kolloidalen Gele werden beeinflusst durch die Steifigkeit der 

kolloidalen Basiskomponenten, ihren Formfaktor aber auch vom 
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Aggregationsmechanismus.   

Solche anisotropen polymeren Nanokolloide sind nicht nur als Modifikatoren zur 

Beeinflussung des Fließverhaltens, sondern auch als Arzneimittelträger von hohem 

Interesse. In Abschnitt 3.3 werden die Kolloide, die in Abschnitt 3.2 entwickelt 

wurden, für die kontrollierte Freisetzung einer Modellladung genutzt. Diese 

funktionellen Polymerkolloide sind eine vielseitige Freisetzungs-Plattform und 

können für gezielte Pharmakotherapie genutzt werden oder um Stimulus-reaktive 

Medikamentendepots aufzubauen. Diese Arbeit zeigt deutlich, dass die Einführung 

Stimulus-reaktiver Polymere in funktionellen Materialien genutzt werden kann, um 

die Eigenschaften von Materialien einzustellen und zu kontrollieren. 
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Chapter 1. Introduction 

Polymers are ubiquitous in everyday life and even play a key role in human life. 

For ages, polymers have been used in many fields and have help to improve the 

performance of a variety of materials. However, even though polymers were 

already in use, it took some time, before they were accurately described by 

Staudinger 100 years ago as composition of many elementary units (monomers) 

covalently bound together; such initially non-conventional idea was soon after 

widely accepted.
1, 2

 Since then, many functional polymers have been designed, 

some of which, stimuli-responsive polymers, are able to respond to different 

physicochemical parameters by tuning the physical and/or chemical properties, 
3-5

 

including pH, 
6
 temperature, 

7
 mechanical force, 

8
 and light. 

9 
Those smart 

polymers have been developed in many applications, ranging from sensors,
10

 

chemo-mechanical actuators, 
11-13

 and for many other applications. 
14-16

 

Interestingly, instead of using a single polymer with a single function, endowing 

nanoparticles with one responsive property, new multi-responsive materials are 

built to simultaneously benefit from multiple functions and form complex 

materials that can be used in new functional devices. For example, 

electro-responsive and magneto-responsive colloidal nanoparticles have been used 

for the separation of proteins 
17, 18

 and the recovery of catalysts. 
19

 Moreover, 

https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#cit3
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colloidal nanoparticles with controllable size, shape, composition, structure, and 

crystallinity can be used to fine-tune their properties for a targeted application. 

Therefore, it is essential to develop materials that incorporate different 

stimuli-responsive polymer in order to have the desired properties and functions. 

The different strategies were used to create those smart responsive materials with 

various functions.
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Chapter 2. Literature Review  

2.1 Stimuli-Responsive polymers 

Stimuli-responsive polymers are involved in a broad array of research areas, 

including phase transition in polymer solutions or smart materials with shape 

memory or self-healing properties. Stimuli-responsive polymers have been used 

either in solution or to functionalize surface and interface or even to build more 

complex responsive-nanoparticles. In the last several decades, new 

stimuli-responsive polymers have been developed that respond to a variety of 

stimuli, ranging from chemical, physical to mechanical cues,
20-27

 such intelligent 

polymers have found many applications.
28-36 

2.1.1 Temperature-responsive polymers 

Temperature responsive polymers are an important class of materials, and those 

responsive polymers are studied due to their unique properties. Usually, in such 

polymers, a coil-to-globule transition occurs at a critical temperature. The 

conformation of the polymer chains shows flexible and expanded coil state either 

below or above a critical temperature, while the polymer chains experience a 

collapse to a globule structure either above or below that temperature (Figure 2.1).  

https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#cit20
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Figure 2.1. Coil-to-globule transition of poly(2-dimethylaminoethyl 

methacrylate) (PDMAEMA) in aqueous solution. Adapted from ref. 37 with 

copyright 2015 The Royal Society of Chemistry.  

Temperature responsive polymers can be divided into two types; polymer having a 

lower critical solution temperature (LCST) and those having an upper critical 

solution temperature (UCST). LCST and UCST are critical temperature points 

below or above which the polymer chains and solvent are completely miscible, as 

shown in Figure 2.2. When a polymer solution is below the LCST, it is a 

homogeneous solution. Once the temperature rises above LCST, the polymer 

solution becomes cloudy. The inverse occurs for a polymer displaying a UCST; the 

polymer is solvated at high temperature and collapses when the temperature is 

decreased. The reason is that the variation of temperature induces a change in the 

solvent-polymer, solvent-solvent and polymer-polymer interaction. In a system 

https://www.mdpi.com/2073-4360/3/3/1215/htm#fig_body_display_f1-polymers-03-01215
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displaying a LCST, the increase in temperature lead to an increase in the entropy of 

the solvent in the system and this increase in entropy is more than lost enthalpy of 

hydrogen bonds between the water molecules and the polymer. Hence the LCST is 

an entropically driven effect while the enthalpy of the system governs UCST. 
38

 

 

 Figure 2.2. Representation of the phase transition associated with the LCST 

and UCST. Adapted from ref. 39 with copyright 2015 The Royal Society of 

Chemistry.  

A well-known example of temperature-responsive polymer is 

poly(N-isopropylacrylamide) (PNIPAM). PNIPAM has a LCST at around 32 °C, 

which is close to physiological temperature, hence this polymer is very promising 

for drug delivery and an array of biologically driven applications. The 

conformation of poly(N-isopropylacrylamide) (PNIPAM) can be reversibly 

changed from coil to globule by altering the temperature. Thus, when using a 
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PNIPAM gel loaded with a payload to be released, the release can be trigger by an 

external change in temperature by triggering the system to go through this 

cole-to-globule transition. Additionally, for individual polymer chains, the LCST of 

the coil-to-globule transition can be tuned by adjusting the polymer composition, 

the LCST shifts to higher or lower temperature by the copolymerization of NIPAM 

with a hydrophilic or hydrophobic monomer, respectively. Many other 

temperature-responsive polymers have been studied, such as, 

poly[N-[2-(diethylamino)ethylacrylamide]],
39 

poly(N,N-dimethylaminoethyl-methacrylate),
39-41 

poly(N,N-diethylaminoethyl 

methacrylate),
42

 poly[oligo (ethyleneglycol) methacrylate]. 
43-45

 Such a range of 

temperature-responsive polymers offers various options for applications with 

different temperature response ranges. 

Temperature responsive polymers can be used to prepare nanocarrier for the 

controlled delivery of drugs. For example, using 

PLGA-block-(PEGMEMA-co-PPGMA) nanocarriers, it was shown that the 

encapsulated drugs were released below the thermal transition temperature, 

simultaneously the efficiency of the cellular uptake of those nanocarriers was 

enhanced by small increases in temperature because of the surface of the carrier 

became moderately hydrophobic above the LCST leading to an effective adhesion 

https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#cit36
https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#cit37
https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#cit40
https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#cit41
https://pubs.rsc.org/en/results?searchtext=Author:Cameron%20Alexander
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of the proteins of the serum which favored cellular uptake (Figure 2.3). 
46

 

 

Figure 2.3. Formulation of temperature-responsive polymer and the proposed 

enhancement in cellular uptake due to change in surface corona upon thermal 

triggering. Adapted from ref. 46 with copyright 2013 The Royal Society of 

Chemistry. 

2.1.2 pH-responsive polymers 

pH-responsive polymers can respond to changes in the pH value of the solution by 

undergoing structural and property changes such as charge, chain conformation, 

solubility, and configuration. The most direct method to form pH-responsive 

polymers is to synthesize polymers using ionizable or acid-cleavable monomers. 

Ionizable polymers have weak acids or bases that can be ionized by changing the 
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pH value of the solution, such as poly(carboxylic acid)s,
47

 poly(phosphonic acid)s,
48 

poly[(2-diethylamino)ethyl methacrylate],
49 

and poly[(2-diisopropylamino)ethyl 

methacrylate.
50

 Additionally, pH-responsive polymers can be synthesized from 

peptides, including (L-glutamic acid) (PLGA), poly(histidine) (PHIS), and 

poly(aspartic acid) (PASA), which are biocompatible and degradable. 
51-53  

Some of the most studied ionizable anionic polymers are polymerized using acrylic 

acid, methacrylic acid, boronic acid, and their derivatives.
54-57

 Ionizable anionic 

polymers will change their solvation state and conformation when the pH value of 

the environment is raised above the pKa of their monomer. For example, in Figure 

2.4, pH-responsive polymers can be used as pH sensors, Seo et al. reported that 

liquid crystal 4-cyano-4′-pentyl-biphenyl (5CB) molecules were encapsulated 

pH-responsive polymers (PAA-b-PCBOA) using spin-coating, and the order of the 

5CB domains was responding to the swelling of the (PAA-b-PCBOA) matrix itself 

responding to changes in the pH value of the environment. The shrinking and 

swelling mechanism of the PAA chains in the diblock copolymer layer changed the 

mechanical stress on the 5CB domains and influenced the LC order in those 

domains.  

https://pubs-rsc-org.ejp.mpip-mainz.mpg.de/en/content/articlelanding/2019/mh/c9mh00490d#cit78
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Figure 2.4. Formulation of temperature-responsive polymer and the proposed 

enhancement in cellular uptake due to change in surface corona with thermal 

response. Adapted from ref. 58 with copyright 2016 American Chemical Society. 

pH-responsive polymers can be synthesized from acid-cleavable polymers and 

have attracted attention for applications in drug delivery. The pH gradient existing 

between the normal and tumor tissue can induce the cleavage of acid-cleavable 

polymers, resulting in the release of the cargoes.
59-61 For example, an 

acid-cleavable polymer PCL21-b-P(a-OEGMA)11 was used to prepare responsive 

polymer-carriers. In those carriers, the drug release in vitro was significantly 

promoted at pH 5.0 in comparison to pH 7.4 due to the acid-cleavable linkages in 

the polymer (Figure 2.5).  
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Figure 2.5.  Mechanism of acid-cleavable nanocarriers and cargoes release at acid 

pH. Adapted from ref. 62 with copyright 2018 American Chemical Society. 

2.1.3 Light-responsive polymers 

Light is an interesting cue to control the properties of materials, including 

conformation, polarity, amphiphilicity, optical chirality, conjugation and so on. One 

of the main upsides of using light is that it can be switched on/off with a high 

spatial and temporal precision resulting in the control of the material properties 

with a high spatio-temporal resolution (Figure 2.6).
63

 Light responsive polymers 

possess advantages in comparison to other stimuli-responsive polymers, the cue 

can be applied locally in a non-contact and remote-controlled manner, the light 

intensity can easily be tuned to control the time and position of the response 

accurately. The light-responsive polymers are commonly prepared by polymerizing 

light-responsive segments into copolymers. 
64

 The response of the polymer to light 

https://www.sciencedirect.com/topics/materials-science/chirality
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can either result from a reversible or irreversible transformation.  

 

Figure 2.6. Effect of the photo-responsive moieties onto the behavior of micelles in 

solution under irradiation Adapted from ref. 65 with copyright 2018 American 

Chemical Society. 

Light responsive molecules undergoing reversible photoisomerization upon 

irradiation include chemical compounds like azobenzene (AZO), 
66-68

 spiropyran 

(SP) 
69-72

 and so on. For example, Schenning and co-workers reported that 

light-responsive soft actuator prepared using monomer ortho-fluoroazobenzene 

and three nematic monomers (Figure 2.7). The resulting films were self-oscillating 

because of the trans→cis and cis→trans isomerization of the AZO groups initiated 

by green and blue light, respectively. The film showed an unprecedented 

continuous chaotic oscillating motion upon exposure to non-concentrated sunlight 

and was reproduced by exposure to the combined light of blue and green LEDs. 

https://www.nature.com/articles/ncomms11975#auth-9
https://www.nature.com/articles/ncomms11975#Fig1
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Figure 2.7. a) Chemical structures of components used to prepare the nematic 

liquid crystalline network. b) Photograph of splay-oriented film after removal from 

the cell under ambient interior light (homeotropic side on top) and c) schematic of 

the LC splay aligned film (grey) containing F-azo molecules (orange). Adapted 

from ref. 73 with copyright 2016 Nature. 

An irreversible light-responsive behavior can be developed in polymers containing 

photo-cleavage units. One example is the o-nitrobenzyl ester (ONB) an important 

chromophores featuring irreversible light-responsive behavior. For example, Meier 

and coworkers prepared photo-triggerable nanocarriers by the self-assembly of a 

photocleavable amphiphilic block copolymer (PMCL-ONB-PAA). They 

encapsulated payloads, including dye and proteins, yielded a versatile carrier 

system for many therapeutic applications. The payloads of the nanocarriers were 

released upon the reorganization of the polymer chains, and the release rates of the 
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cargoes depended on UV intensity. Hence the release behavior of cargo occurred in 

a controlled manner (Figure 2.8). 
74

  

 

Figure 2.8. Schematic view of the amphiphilic photocleavable block copolymer, 

chemical structure of the poly(methyl caprolactone)-ONB-poly(acrylic acid) 

diblock copolymer, and its degradation products upon UV irradiation. Adapted 

from ref. 74 with copyright 2011 The Royal Society of Chemistry. 

Amongst light-responsive switches, spiropyrans are extraordinarily attractive. They 

find application as smart-switch module in the desing of reversible photoacid, 

which can be used to tune the pH of aqueous solutions. Specifically, the 

spiropyrans-based photoacid can be used not only to transforms into a strong acid 

with light but also to stop or reverse it by turning off the light. Many studies have 

focused on the smart switches based on light-responsive materials, which can be 

either immobilized on the surface or incorporated in substrates, 
75-77

 hence tune the 

properties of materials. One case is water soluble alkyl-sulfonate spiropyran has a 

MEH structure, which is stable in both aqueous and organic media without the 



Chapter 2. Literature Review 

19 
 

addition of an external acid (Figure 2.9). The absorption of MEH decreased at 420 

nm when shining the light, a new absorption peak at 300 nm appeared, which 

belongs to the SP, resulting in the increased acidity because of MEH-to-SP 

transformation. In the dark, the absorption intensity of MEH went back to the 

starting acidity within 5 min. The mechanism is based on the light induces trans-cis 

isomerization of MEH, followed by the release of protons as cis-MEH become 

cis-ME, then, a nucleophilic ring-closing reaction to yield SP. The process is 

reversible, and SP can revert back to MEH in the dark.  

 

Figure 2.9. Photoreaction of photoacid, UV-vis absorption of a solution 

of photoacid before irradiation, 10 s after irradiation for 3 min, and kept in the dark 

for 10 min after irradiation (lower left), and the pH under cycles of irradiation and 
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darkness (lower right). Adapted from ref. 78 with copyright 2011 American 

Chemical Society. 

Most of the works reported so far on photoacid materials have focused on solutions 

of small-molecules photoacid. However, embedding such smart switches in solid 

photoacid materials is of great interest. For example, either the photoacid 

molecules are copolymerized with other functional monomers, or biomolecules can 

be covalently linked with photoacids. Such photoacid polymers can potentially 

improve solubility and compatibility of photoacid molecules in different media and 

can avoid leakage problems. Functional materials covalently carrying photoacids 

do not require a solution of photoacids to alter their properties under light and are 

capable of producing a localized proton concentration inside and around the 

materials. The cellular pH dramatically influences the activity of many enzymes, 

which is related to many diseases; therefore, solid photoacid materials photoacids 

have great potential for biomedical applications, either the effects of local pH on 

cell growth and cell communication or photocontrolled drug delivery. For these 

purposes, effective methods to link photoacids to polymers and other functional 

materials are highly desirable. 
79

 

2.1.4 Redox-responsive polymer 

Redox-responsive polymers have potential in drug delivery due to the existence of 
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different redox potential within different cells. Many studies have been constructed 

around the use of glutathione, which is found to have a much higher concentration 

in tumor tissues in comparison to the extracellular fluid, and thus creates a high 

intracellular redox potential.
80 

Redox-responsive polymer creates the opportunity to 

benefit from this difference and encapsulate cargoes that could be specifically 

released in the tumor tissues. Functional linkages like disulfide or diselenides are 

sensitive to such differences in the redox-potential of the environment. 

For example, Meng and coworkers prepared nanocarriers using the disulfide-linked 

dextran-b-poly(ε-caprolactone) amphiphilic block copolymer (Figure 2.10). The 

micelles released their cargo, doxorubicin an anti-cancer drug, within 10 h after the 

addition of 10 mM dithiothreitol. Confocal laser scanning microscopy images 

demonstrated that drug-loaded nanocarriers significantly inhibited RAW 264.7 cell 

reproduction. 
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Figure 2.10. Schematic presentation of redox-responsive Dex-SS-PCL micelles and 

the intracellular release of DOX. Adapted from ref. 81 with copyright 2010 

American Chemical Society. 

In another case, reduction-responsive polymers, the diselenide-containing 

polyurethane triblock copolymer PEG-PUSeSe-PEG, was used to prepare 

nanocarriers. The Se-Se bonds were cleaved and oxidized to seleninic acid in the 

presence of oxidants and reduced to selenol in a reducing environment. Rhodamine 

B encapsulated in such polymer was released within 5 h after the addition of 0.01 

M gluthathione (Figure 2.11). 

 

Figure 2.11. Redox-responsive diselenide-containing PEG-PUSeSe-PEG block 

copolymers. Adapted from ref. 82 with copyright 2010 American Chemical 

Society. 
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2.2 Synthesis of Colloidal Polymer Particles 

Polymer particles have been studied for many years in materials science, either as 

final material in application like drug delivery or as building blocks to make more 

complex structures such as colloidal crystals used as sensors.
83-89

 One of the 

reasons for the wide range of potential applications of polymer nanoparticles is that 

their properties can be tuned by the composition of the polymers, as well as by the 

shape and the size of the nanoparticles. Furthermore, the surface of the polymer 

particles can be modified with functional molecules during preparation or 

post-modification. A number of techniques exist to produce such multifunctional 

polymer particles, including self-assembly,
90

 emulsion polymerization,
91

 

miniemulsion polymerization.
92

 

2.2.1 Emulsion polymerization  

Emulsion polymerization is one of the most common methods to prepare a wide 

range of polymer particles. Emulsion polymerization is a unique process where 

insoluble monomers are dispersed in a solution of surfactant. The monomer forms 

large monomer droplets in the continuous phase. Additionally, the concentration of 

the surfactant required in emulsion polymerization needs to be sufficiently high so 

that micelles can be formed in the continuous phase. The monomers are mostly 

stabilized in large droplets and more marginally within surfactant micelles (Figure 
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2.12). The mechanism of emulsion polymerization is summarized through three 

different intervals.
93

 In the first interval, the initiator is introduced into the 

continuous phase where the radicals diffuse to monomer micelles, while in the 

continuous phase, the radical can react with monomer molecules also dissolved in 

the continuous phase; once the radical reach the micelles it can initiate the 

polymerization of the monomer-swelled micelles. The total surface area of the 

micelles is much larger than the total surface area of the monomer droplets; 

therefore, the initiator typically reacts in the micelles, not with the large reservoir 

droplets. In the second interval, the polymerization reaction quickly proceeds 

within the micelles. As the monomer conversion increase within the micelle, more 

monomer from the droplets will diffuse to the growing particle. In the third interval, 

all the free monomer reservoirs disappear and all remaining monomers are located 

in the particles.  

 

Figure 2.12. Schematic representation of emulsion polymerization.Adapted from 
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ref. 94 with copyright 2014 The Royal Society of Chemistry. 

There are many monomers used for the emulsion polymerization including: 

acrylates, methacrylates, styrene, vinyl acetate, isoprene, and so on. These 

emulsion polymers have been developed a wide range of applications such as 

synthetic plastic pigments coatings, adhesives, rubbers, thermoplastics, rheological 

modifiers.
95- 97

  

2.2.2 Polymer nanoparticles from miniemulsion polymerization 

Miniemulsion polymerization is a very useful technique to produce high solid 

content polymer nanoparticles with a size between 50 and 500 nm. Many different 

monomers such as acrylates, methacrylates, fluoroacrylates, and acrylamides have 

been use to make nanoparticles via miniemulsion polymerization.
98-102 

 

In general, miniemulsions are typically formed by a mixture of a solvent forming 

the continuous phase containing a surfactant, and the monomer mixture forming 

dispersed phase under containing a costabilizer. This biphasic mixture is subjected 

to high power forces using ultrasound or homogenizers to break the dispersed 

phase in nanometer-size nanodroplets (Figure 2.13).
103

 The surfactants are 

compounds that lower the interfacial tension between the solvent and the monomer 

droplets to prevent coalescence of the droplets. The costabilizer can create an 

osmotic pressure in the droplets to counteract the Ostwald ripening; the reason is 

https://en.wikipedia.org/wiki/Ultrasound


Chapter 2. Literature Review 

26 
 

that costabilizer is soluble in dispersed phase, but insoluble in continuous phase, 

resulting in an increasing stability of emulsion by preventing the diffusion of 

monomer molecules from droplet to droplet.
104

 This is essential because as 

opposed to emulsion polymerization, each droplet in a miniemulsion can be 

considered as an independent reactor.  

 

Figure 2.13. Production of polymer nanoparticles by miniemulsion process. 

Adapted from ref. 105 with 2017 copyright Elsevier 

Polymerization in miniemulsions droplets have been used to prepare homogeneous 

nanoparticles by many methods, including radical, anionic, cationic, catalytic, 

ring-opening metathesis acyclic diene metathesis polymerization (Figure 

2.14).
106-108
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Figure 2.14. Images of a) polyisoprene nanoparticles as obtained by radical 

polymerization (adapted from ref. 109 with copyright 2009 John Wiley and Sons); b) 

poly(butyl cyanoacrylate) nanoparticles as obtained by anionic polymerization 

(adapted from ref. 110 with copyright 2007 American Chemical Society); c) protein 

nanocapsules produced by interfacial polyaddition polymerization (adapted from ref. 

111 with copyright 2015 American Chemical Society); d) polyolefin nanoparticles 

as obtained by catalytic polymerizations (adapted from ref. 112 with copyright 

2002 American Chemical Society); and e) Nanoparticles as obtained by 

ring-opening metathesis polymerization (adapted from ref. 113 with copyright 2007 

American Chemical Society).   

Miniemulsion polymerization is an excellent method to prepare nanoparticles 

requiring some shape-controlled, like polymer capsules. Such nanoparticles with a 

more complex structure are finding increasing applications in a variety of fields 
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like encapsulation, release and delivery of drugs. For example, protein 

nanocapsules can be synthesized by an interfacial polyaddition reaction occurring 

at the interface of protein-containing nanodroplets in water-in-oil miniemulsions 

(Figure 2.15). In such case, a protein like bovine serum albumin, a payload like a 

fluorescent dye and sodium salt is dissolved in the water phase, the sodium salt act 

as a Laplace pressure agent and is used to suppress the Ostwald ripening. The 

non-aqueous phase is composed of a water-immiscible solvent (cyclohexane) and a 

nonionic surfactant. Such a biphasic system is used to make a miniemulsion using 

ultrasonication, then a the crosslinker, such as 2,4-toluene diisocyanate (TDI), can 

be added dropwise to the continuous non-aqueous phase to react with the 

nucleophilic groups of the protein (hydroxyls and amines), resulting in the 

formation of water-insoluble nanocontainers with a dense and crosslinked 

polypeptide shell.
114
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Figure 2.15. Synthetic procedure for protein nanocontainers via a miniemulsion 

process. Adapted from ref. 114 with copyright 2015 American Chemical Society. 

Although miniemulsion-based techniques are almost a universal method to produce 

polymer nanoparticles, the prepared polymer nanoparticles from miniemulsion 

technique are usually spherical particles, it is challenging to prepare the particles 

with shape-anisotropy. 

2.2.3 Self-assembly of block copolymers in solution 

Block copolymer are polymers where two or more polymer segments of different 

chemical composition are linked together.
115

 When the different polymer segments 

in the block copolymer have different solubility, block copolymers can use 

versatile polymer chains to create diverse polymer structures in suspension.
116, 117 

When the different polymer blocks are incompatible, the block copolymer will 

self-assembly into a variety of objects,
118 

including spheres, cylinders, bicontinuous 

structures, lamellae, vesicles, and many other complexes or hierarchical assemblies 

(Figure 2.16), the driving factors for the formation of different structures are the 

balance of compatibility/incompatibility of the blocks with the environment and 

the size of the blocks.
119-121
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Figure 2.16. TEM images and corresponding schematic diagrams of various 

morphologies formed by amphiphilic PSm-b-PAAn copolymers( m and n denote 

the degrees of polymerization of PS and PAA, respectively): (a) spherical micelles; 

(b) rods; (c) bicontinuous rods; (d) small lamellae; (e) large lamellae; (f) vesicles; 

(g) hexagonally packed hollow hoops; (h) large compound micelles. Adapted from 

ref. 122 with copyright 2012 The Royal Society of Chemistry. 

The most common and extensively studied block copolymers are amphiphilic 

block copolymers consisting of two blocks. When one block can be dissolved in a 

solvent, but the other block is not miscible in that solvent, the copolymer chains 

can reversibly self-assemble to micelles. Usually, the micelle can be prepared using 

the solvent exchange method. For example, the most common method consists to 

first dissolve the diblock copolymer in a good solvent for both blocks, such as in 

N,N’-dimethylformamide (DMF), tetrahydrofuran (THF), or dioxane, afterward, 
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the micelle can be obtained using dialysis against water or a selective solvent for 

one of the block. The resulting micelles have a more or less unswollen immiscible 

core surrounded by a shell of flexible swollen polymer chains at the surface of 

micelles.
123, 124

  

The morphology of the polymer micelle is determined by the nature of the block 

copolymer used and the conditions of the self-assembly. The packing parameter (p) 

defined in equation (1): 

 p = v / a0 lc  (eq 1) 

where v is the volume of the hydrophobic chain, a0 is the optimal area of the head 

group, lc is the length of the hydrophobic tail. Generally, when p ≤ 1/3, spherical 

micelles can be made, cylindrical micelle are obtained when 1/3 ≤ p ≥ 1/2, and 

vesicles when 1/2 ≤ p ≥ 1 (Figure 2.17).
125
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Figure 2.17. The types of formed nanostructures of amphiphilic diblock 

copolymers due to the inherent curvature of the polymer, as estimated by chain 

packing parameter. Adapted from ref. 126 with copyright 2017 The Royal Society 

of Chemistry. 

In practice, it is extremely difficult to calculate the packing parameter (p). 

Therefore the volume occupied by both blocks is first determined by the degree of 

polymerization for each block, which is the more commonly considered 

parameters.
127

 Furthermore, the volume of the hydrophobic chain changes when 

they have different architectures, e.g. polymer containing branched side chains 

usually occupy a larger volume than their linear counterpart at the same degree of 

polymerization. Moreover, altering the solvent interaction of one block will also 

change the volume of this chain, for example, a polymer in a good solvent will be 

more swollen and occupied a larger volume, and in contrast, the same chain will 

occupy a smaller volume in a poor solvent. 

However, the traditional method of self-assembly of block copolymers always 

faces some obstacles, which hinder the applications. Usually, the controlled 

self-assembly of block copolymers is performed in very dilute solution, and this 

method can only with difficulty be used to prepare micelles at a large scale. 

Moreover, the packing parameter is challenging to calculate so that the shape of 
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micelles cannot be precisely controlled or predicted. Hence it can be very 

time-consuming to tune all the parameters involved in the self-assembly, including 

the degree of polymerization of each block and solvent interaction.  

2.2.4 Polymerization induced self-assembly 

Polymerization induced self-assembly (PISA) is an attractive and promising 

method that prepares micelle in a one-pot process. The basic principle of PISA is 

that a monomer, an initiator, and a macromolecular stabilizer acting as the site of 

reaction are initially soluble in the reaction medium, afterward, upon 

polymerization, the block copolymer chains formed by the addition of the 

monomers on the macromolecular stabilizer precipitate once a critical chain length 

is reached, leading to the formation of a particle (Figure 2.18). PISA has been 

studied for many years, and can be performed using controlled/living radical 

polymerization such as nitroxide-mediated radical polymerization (NMP), 

atom-transfer radical-polymerization (ATRP), reversible addition-fragmentation 

chain-transfer polymerization (RAFT), and iodine-transfer polymerization 

(ITP).
128-132

 Among those methods, ATRP and RAFT polymerization are the two 

most versatile ways to prepare nanoparticle in a large scale. 
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Figure 2.18. Production of polymer nanoparticles by dispersion polymerization. 

PISA proceeds through a mechanism similar to the formation of polymer 

nanoparticles by precipitation polymerization. The main exception is that the 

stabilizer is tethered to the aggregate after polymerization. Using controlled 

polymerization mechanism like RAFT or ATRP it is possible to immobilize the site 

of reaction (ATRP initiator, RAFT chain transfer agent) to a macrostabilizer that 

would remain swollen in the reaction solvent in the course of the reaction and 

provide the required colloidal stability to the growing polymer chains (Figure 

2.19).
133
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Figure 2.19. Polymer particles obtained through the ATRP polymerization of 

styrene in ethanol. Adapted from ref. 133 with copyright 2007 American Chemical 

Society. 

Additionally, there are some studies used thermal-dependent monomers to prepare 

the colloidal nanoaparticles using PISA. For example, ATRP polymerization of 

N-isopropylacrylamide (NIPAM) in water using poly(ethylene glycol) methyl ether 

(PEG) as a macro-initiation was carried out. Since the LCST of PEG-b-PNIPAM 

was 38 °C, the block copolymer acted as a surfactant above this temperature. When 

the polymerization temperature was run at 25 °C, the block copolymer was soluble 

and a homogeneous solution was obtained, but phase-separation of ATRP 

polymerization formed micelles occurred when the polymerization temperature 

was raised to 50 °C. Finally, using the same strategy, stable hydrogel nanoparticles 

can be formed in water by the addition of a small amount of N, 

N’-ethylenebisacrylamide as a crosslinker to the reaction.
134  

ATRP polymerization provides many choices for the selection of initiator and 

catalyst complex, but the selection the appropriate initiator, catalyst and reaction 

conditions need to be carefully considered because the activation rate constants of 

each composition are significantly different.
135, 136

 Moreover, for normal ATRP, the 

amount of oxygen in the system is the main problem since oxygen can oxidized 
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the metal complex use as the catalyst to a metal with a higher oxidation state that 

would not undergo any polymerization.
137, 138

 Additionally, monomers typically 

used in ATRP are molecules with substituents that can stabilize the propagating 

radicals, such as styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile, 

hence the type of polymerizable monomer also influence their application.
139 

Finally, 

the polymers prepared from normal ATRP polymerization always contain traces of 

the metal catalyst, which is not desirable for final applications, such as in the food 

industry or for biomedicine. Therefore, additional steps are needed to remove the 

metal from the final product.  

Polymerization induced self-assembly using RAFT polymerization is a metal-free 

method which can be used in various solvents, a wide temperature range, and has a 

high functional group tolerance. Hence RAFT dispersion polymerization is a 

versatile method to prepare the polymer nanoparticles.
140 

The reaction system 

needed to performed RAFT-PISA includes a macro-CTA, monomer, initiator and 

solvent. The critical step is the selection of the monomers and solvent. The 

monomer for the second block should be miscible in the chosen polymerization 

solvent so that the polymerization reaction starts in a homogeneous system, but the 

growing second block becomes solvophobic at some critical average degree of 

polymerization of the second block. Then, a transition from a homogeneous to 
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heterogeneous polymerization process occurs, which results in the in situ 

self-assembly (Figure 2.20). The morphologies of the micelle can be tuned by 

varying the solid content and the degree of polymerization.
124-127

 

 

Figure 2.20. Block copolymer formation with RAFT dispersion polymerization. 

Adapted from ref. 140 with copyright 2016 Elsevier. 

For example, RAFT alcoholic dispersion polymerization has been used to prepare 

nanoparticles at relatively large solid content, consisting of a variety of monomers 

such as poly(2-hydroxyethyl methacrylate-b-benzyl methacrylate) 

(PHEMAn-PBzMAm) and poly(2-hydroxypropyl methacrylate-b-benzyl 

methacrylate) (PHPMAn-PBzMAm).
141-145 

Both the micelles composition and the 

reaction conditions, ranging from the solvent selection, the total solids content to 
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the degree of polymerization of the core-forming PBzMA chains and macro-CTA 

were shown to influence the resulting micellar structures obtained (Figure 2.21).  

 

Figure 2.21. Representative phase diagram demonstrating the evolution of particle 

morphologies during the polymerization. Adapted from ref. 145 Copyright 2013 

American Chemical Society. 

In addition to the control of the original morphologies of micelles, 

thermo-responsive system can be prepared using RAFT-PISA. For example, 

thermo-responsive nanoparticles were prepared by the polymerization of a 

water-insoluble PNIPAm block forming the hydrophobic core of the micelles 

during polymerization at 70 °C. Such micelles can be crosslinked to form 

responsive nanoparticles (Figure 2. 22).
146
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Figure 2.22. RAFT polymerization chain-extension of a hydrophilic macro chain 

transfer agent at 70 °C resulted in different self-assembled polymeric nanoparticle 

morphologies that were subsequently crosslinked. Adapted from ref. 146 Copyright 

2015 The Royal Society of Chemistry. 

In summary, the polymerization induced self-assembly (PISA) clearly offers a 

remarkably broad platform for the rational design of block copolymer nano-objects. 

Indeed, given its efficiency, versatility, and potential scalability, this approach may 

well ultimately prove to be the preferred synthetic route for the preparation of 

many vinyl-based amphiphilic diblock copolymers for commercial applications. 

2.3 Application of Smart Polymer Nanoparticles 

Smart polymer nanoparticles are usually formed using stimuli-responsive polymers. 

The smart polymer nanoparticles undergo structural changes upon exposure to 

external or internal stimuli, such as temperature, voltage, light, pH or mechanical 

loading,
147

 which can tailor the nanoparticle properties and assemblies. Polymer 

nanoparticles have attracted considerable attention because of their broad 
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applications, such as rheology modifiers,
148

 controlled drug-delivery and release 

systems,
149-151

 coatings that are able to interact with and respond to their 

environment,
152-154 

 mimic the action of muscles
155

 and sensor.
156-158 

2.3.1 Rheology modifier 

Rheology modifiers are used to control the rheological properties of liquids and 

gels and influence their flow, leveling, and final appearance. Usually, the rheology 

is studied based on the viscosity under different shear rates. Rheology modifiers 

are mainly used to tune the stabilization of complex suspensions, for example, to 

prevent flocculation and coalescence during transport and storage while still 

allowing the product to flow during application. 

The most common rheology modifiers are natural or synthetic polymers, which are 

often water-soluble polymers dispersed in a suspension. They can swell and take 

up space in the flow, such as carboxymethyl cellulose (CMC),
159

 polyanionic 

cellulose (PAC),
160

 polyacrylamide,
161

 and polyacrylates,
162

 which tune the 

viscosity of suspensions. 

Polymer nanoparticles are the next industrial generation of rheology modifiers. The 

polymer nanoparticles possess an extra-large surface area to volume ratio, resulting 

in superior or even unexpected performances in flow.
163

 Many studies have 

demonstrated that superior rheological properties were obtained by using very low 
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concentration of nanoparticles (usually <1.0 wt %). Moreover, it has been reported 

that the viscoplastic solid formed with nanoparticles, like colloidal gel have a more 

tunable structure (pore size) than viscoplastic solid made of polymer chains.
164

 

Additionally, the rheological modifiers based on polymer nanoparticles can be used 

to tune the viscosity of suspension using different properties, ranging from the 

rigidity of core, length of brush and aspect ratio of polymer nanoparticles.
165-168

  

For example, the rheological and filtration performances of bentonite water-based 

drilling fluids could be tuned using microfibrillated cellulose and cellulose 

nanocrystals. The cellulose nanocrystals as rheology modifier showed several 

advantages comparing to microfibrillated cellulose, such as much smaller 

dimensions, more negative surface charge, higher stability in aqueous solutions, 

lower viscosity, and less evident shear thinning behavior, which influenced their 

behavior as water-based drilling fluids (Figure 2.23). 
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Figure 2.23. Schematic illustration of the interaction of cellulose nanocrystals and 

bentonite water-based drilling fluids. Adapted from ref. 168 Copyright (2015) 

American Chemical Society. 

2.3.2 Corrosion protection 

Studies report that the corrosion of material is a critical issue that has a globally 

massive effect on safety and on the economy. So far, organic coatings are one of 

the most common and used methods which control the corrosion of metallic 

materials. The mechanism of action of such organic coatings is to prevent the 

corrosion by creating a passive barrier on the surface of the metal, resulting in a 

decreased contact between the metal and an aggressive surrounding media. 

However, such passive barrier can become inefficient when damages in the coating 

occur, or when its properties are modified by weathering action, generating pores 

and microcracks. The damages, pores, and microcracks allow the contact of 

corrosive species with the metal surface, and the corrosion process is then 

initiated.
169

  

In order to optimize the performance of the coating, the use of active protection 

coatings has been developed using responsive polymer nanoparticles in the last 

decade.
170, 171 

In such “smart coatings”, the active agents is contained in polymer 

nanoparticles that are encapsulated into the coating matrix, afterwards, the release 

https://www-sciencedirect-com.ejp.mpip-mainz.mpg.de/topics/materials-science/organic-coating
https://www-sciencedirect-com.ejp.mpip-mainz.mpg.de/topics/materials-science/corrosion-protection
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of active agents occurs in specific sites because of the actuation of corrosion 

processes related to trigger mechanisms. The triggers include pH,
172

 ionic strength 

and temperature,
173

 mechanical stimuli, 
174, 175

 and others. Smart coatings loaded 

with pH-responsive nanocontainers have also been reported. For example, a double 

stimuli-responsive microcapsule that contains the healing agent linseed oil and the 

corrosion inhibitor benzotriazole has been reported. In this system, pH stimulus is 

to control the release of benzotriazole and prevent the electrochemical corrosion 

reactions. Moreover, the mechanical stimulus as a switch is used to release of 

linseed oil, providing self-healing ability (Figure 2.24).  

 

Figure 2.24. Schematic illustration of double stimuli-responsive microcapsule for 

coating. Adapted from ref. 176 with copyright 2018 Elsevier. 

2.3.3 Drug delivery 

In the last decades, polymer nanoparticles have been extensively studied as drug 

delivery because of their unique properties, such as easy design, preparation and 

functionalization, biocompatibility, broad structures variety. Drug delivery systems 



Chapter 2. Literature Review 

44 
 

based on polymer nanoparticles have been used to deliver drugs and 

biomacromolecules, such as peptides, proteins, plasma DNA and synthetic 

oligodeoxynucleotides.
177-179

 Among many drug delivery systems, 

stimuli-responsive polymers have shown their unique properties. For example, 

there are many different microenvironments in the human body which can react to 

external stimuli by responding and adapting to changing external conditions.
180

 

Hence scientists have been trying to create drug delivery systems using 

stimuli-responsive polymer 

In one example, a physiologically self-degradable microneedle patch was 

developed to deliver antibodies for cancer immunotherapy. The delivery device 

used biocompatible hyaluronic acid as microneedle patch, which were integrated 

with pH-sensitive dextran nanoparticles. Furthermore, antibodies and glucose 

oxidase (GOx) were encapsulated in the dextran nanoparticles. The design of the 

microneedle patches is shown in (Figure 2.25). GOx was used to convert blood 

glucose to gluconic acid in the presence of oxygen, which generated an acidic 

environment and resulted in the self-dissociation of pH-sensitive dextran 

nanoparticles and subsequently substantial release of the antibodies.  

https://pubs.rsc.org/en/content/articlelanding/2017/py/c6py01585a#fig9
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. 

Figure 2.25. Schematic of the microneedle patch-assisted delivery of aPD1 for the 

skin cancer treatment. Adapted from ref. 181 with copyright 2016 American 

Chemical Society. 

Light-responsive polymer nanoparticles have also been widely utilized in drug 

delivery material. For example, light-responsive polymersomes prepared using 

poly(ethylene oxide)-b-PSPA (PEO-b-PSPA) diblock copolymers,
182

 where the 

SPA is a spiropyrane-based molecules and the SPA-containing segment was 

light-responsive . The resulting polymersomes possessed many properties, 

including photoswitchable and reversible bilayer permeability (Figure 2.26). Upon 

self-assembly into polymersomes, the SPA units underwent a reversible 

isomerization with light irradiation. Light was used to shift the structure from the 

hydrophobic spiropyran (SP) to the hydrophilic zwitterionic merocyanine (MC). 

The polymersome contaioning SP or MC SPA units kept their microstructures in 
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absence of light due to multiple cooperative noncovalent interactions, including 

hydrophobic, hydrogen bonding, π-π stacking, and paired electrostatic interactions. 

Afterward, they found that reversible phototriggered SP-to-MC polymersome 

transition was accompanied by changes in the membrane polarity and permeability 

switching from being nonimpermeable to selectively permeable toward noncharged, 

charged, and zwitterionic small molecule species below critical molar masses. This 

phenomenon was used to trigger the photoswitchable spatiotemporal release of 

4′,6-diamidino-2-phenylindole within living HeLa cells. 

 

 Figure 2.26. Photochromic polymersomes exhibiting photoswitchable and 

reversible bilayer permeability. Adapted from ref. 182 Copyright 2015, American 

Chemical Society. 
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In addition to pH and light, other stimuli can be used in the design of responsive 

nanoparticle. For example, redox-responsive nanocapsule can be prepared by the 

formation of a polytriazole shell synthesized from azide-functionalized hyaluronic 

acid and disulfide 1,6-hexanediol dipropiolate.
183 

The addition of glutathione to a 

suspension of such nanoparticles was used to the encapsulated fluorescent dye after 

cleavage of the nanocapsules shell ( Figure 2.27).  

 

Figure 2.27. Schematic illustration of redox triggered fluorescent dye release from 

nanocapsule. Adapted from ref. 183 Copyright 2016, American Chemical Society.  

2.3.4 Tissue engineering 

Advances in tissue engineering require the development of functional materials 

that can be used as substitutes for damaged tissue.
184

 The majority of tissue 

substitutes are based on the use of hydrogels, which can provide a 

three-dimensional porous matrix or scaffold.
185

 Hydrogels have been widely used 

as injectable or moldable systems in which cells can adhere and proliferate in the 

substrate. Moreover, bioactive agents or cells can be readily incorporated into the 

polymer system and be delivered to the damaged tissue. Commonly the scaffolds 
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need to be biocompatible, controlled degradation and tunable mechanical 

properties, non-cytotoxic, and highly porous. 

Polymer colloidal gel is a class of materials consisting of a percolating network of 

attractive colloidal particles. The use of polymer particles gives many advantages 

in the design of new materials for tissue engineering, including the formation of 

larger pores, 
186

 independently tunable mechanical properties and microstructural 

morphology of the colloidal gels. For example, colloidal gel can be designed as a 

tissue scaffold using oppositely charged PLGA nanoparticles through electrostatic 

force.
187

 Such colloidal gel can be easily molded to the desired shape. Colloidal gel 

often possesses shear-thinning behavior because the particle network can be 

disrupted with limited shear force, but upon removal of shear, the particle networks 

recovered quickly and returned to the gel state. This reversibility makes colloidal 

gels an excellent class of material for molding, extrusion, or injection of the tissue 

scaffold (Figure 2.28). 
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Figure 2.28. Schematic illustration of colloidal gel preparation using oppositely 

charged PLGA nanoparticles through electrostatic force. Adapted from ref. 187 

Copyright 2008, Wiley-VCH. 

Another approach in the design of colloidal material for tissue engineering consists 

in the use of smart and responsive material. This would mimic the composition and 

structural characteristics of natural organs using the principles of biomimetics, 

nano-assembly technology and additive manufacturing techniques. For example, 

temperature-responsive nanofibrillar hydrogels were prepared using rod-shaped 

cellulose nanocrystals functionalized with copolymers of N-isopropylacrylamide 

and N,N′-dimethylaminoethyl methacrylate.
188 

Such nanofibrillar hydrogel were 

stable in cell culture medium at 37 °C, but gel dissociation happened upon cooling 

to room temperature and cells can be grown in the hydrogel template and then 

released from the gel by decreasing temperature, and hence the release of cells 

following their culture in the hydrogels would enable to develop a potential 

substitute for damaged tissue (Figure 2.29). 
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Figure 2.29. Schematics of the formation of thermoresponsive nanofibrillar 

cell-laden gel from copolymer-modified CNC building blocks. Adapted from ref. 

188 Copyright 2016, American Chemical Society. 

2.3.5 Sensors 

In the past several decades, many small molecule-based sensors have been 

developed to detect various signals,
189

 such as pH,
190

 temperature,
191 

and 

mechanical forces.
192

 However, some obstacles hinder the application of small 

molecule sensors, such as water solubility, low structural stability, and difficulty in 

further functionalization.
193

 Therefore, these small-molecule probes are integrated 

into polymer particles, which provide a versatile method to optimize the 

performance of the sensor.
194

 Following this method, a variety of sensor devices, 

such as gas sensors, pH sensors, humidity sensors, and ion-selective sensors based 
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on polymer nanoparticle have been reported.
195

 

One notable example are thermoresponsive energy transfer sensors (Figure 

2.30).
196

 The thermoresponsive PNIPAM chains were grafted on the surface of 

silica nanoparticles, where the thermoresponsive brushes were labeled with 

fluorescence resonance energy transfer donors, 4-(2-acryloyloxyethylamino)- 

7-nitro-2,1,3-benzoxadiazole, and photoswitchable acceptors, 

1′-(2-methacryloxyethyl)-3′,3′-dimethyl-6-nitro-spiro(2H-1-benzo-pyran-2,2′-indo 

line) (SPMA). Under visible light, nonfluorescent spiropyran (SP) form 

transformed to the fluorescent merocyanine (MC) form, leading to the occurrence 

of a FRET process between the active residues. Upon heating, the FRET efficiency 

was tuned easily via the thermo-induced collapse of PNIPAM brush. The reason 

was that spatial distances between fluorescent donors and acceptors were 

controlled when decrease or increase the temperature. 
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Figure 2.30. Schematic illustration for the construction of polymeric 

micelles-based reversible three-state switchable multicolor luminescent system. 

Adapted from ref. 196 Copyright 2009, Wiley-VCH. 

A similar approach was used to prepare gas sensors. For example, CO2 can be 

generated from many environments (Figure 2.31). For example, abnormal 

concentrations of CO2 have been associated with metabolism-related diseases and 

the development of sensitive CO2 sensors is essential. In such sensors, an initiator 

containing a gas-responsive moiety, 2,2′-azobis[2-(2-imidazolin-2-yl)propane], was 

used to prepared gas-stimuli responsive particles. The imidazoline groups were 

reacted with CO2 dissolved in water, forming their bicarbonate salt, and their 

reverse reaction happened by introducing N2 gas, hence the state of nanoparticle 

was controlled via the introduction of CO2 and N2, respectively. This method 
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shows dramatic improvement in the sensitivity and convenience of sample 

preparation compared with the previously reported gas sensor. 

 

Figure 2.31. Gas-responsive core-shell MIP particles having a molecularly 

imprinted polymer shell layer. Adapted from ref. 197 Copyright 2018, The Royal 

Society of Chemistry
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Chapter 3. Results and Discussion 

The development and application of stimuli-responsive polymer materials are 

playing an essential role in the design of smart functional materials and have led to 

new and enhanced applications in many fields. One of the most commonly 

employed classes of smart polymers is thermo-responsive polymers, especially 

those who can reversibly undergo phase transition when the temperature is 

changed. Recently, stimuli-responsive polymers materials have been used to 

incorporate a stimuli-responsive “on-off” switch to other materials by the addition 

of responsive segments, and thus combining multiple properties in one system. 

Here, the “on-demand” control provided by thermoresponsive polymers was used 

to silence the intrinsic properties of the polymer material (section 3.1) or to endow 

nanoparticles with thermo-responsive colloidal stabilization (section 3.2). 

Moreover, those functionalized nanoparticles could find potential applications as 

delivery systems (section 3.3) where the release is controlled by the combined 

effect of temperature and oxydo-reductive stress.  

First, the thermal on-demand control was used to regulate the activity of a 

light-responsive polymer. A dual temperature/light-responsive polymer was 

designed (section 3.1). A copolymer composed of N-isopropylacrylamide and a 

reversible spiropyrane-based photoacid was synthesized. The resulting 
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polyphotoacid was responsive to light irradiation at λ = 460 nm and released one 

proton for each spiropyrane unit but only when below the lower critical solution 

temperature (LCST). Increasing the temperature above the LCST induced the 

aggregation of the polymer and silenced the photoacid behavior. Hence, the 

temperature-induced phase transition of the polyphotoacid acted as a thermal 

on/off switch for the photoacid function. 

Then, a library of nanoparticles stabilized with thermo-responsive polymer chains 

(Section 3.2). In this case, the thermal on-demand control was used to regulate the 

activity of a state of the nanoparticle suspension. Increasing the temperature above 

the LCST of the segments ensuring the colloidal stability led to the formation of 

well-controlled colloidal gels. The effect of the rigidity and the aspect ratio of the 

nanoparticles on the properties of the resulting fibrillar gels was also studied. 

In addition, such nanoparticles and colloidal gels provide a new type of delivery 

system. Here the particles developed were used as a delivery system able to 

respond to temperature changes and oxydo-reductive stress in suspension (section 

3.3).
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3.1  A Reversible Light-Responsive Proton-Generator with on/off 

Thermoswitch

 

The design of multi-responsive materials is a necessary step toward the design of 

smart materials. An interesting class of molecules is photoacid material. Such 

photoacids have great potential for biomedical applications because they can be 

used to control the pH locally and thus affect complex phenomena like cell growth 

and cell communication or even be used to trigger photocontrolled drug delivery. 

However, the introduction of the photoacid in a polymer can improve the solubility 

and compatibility of the photoacid in different media and can avoid leakage 

problems. Furthermore, it provides the opportunity to combine multiple functions 

in one polymer 

In this section, a polymer-based photoacid that also has a thermal on/off switch 

around the physiological temperature was synthesized. The dual temperature/light 

response was realized by designing a copolymer composed of  
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N-isopropylacrylamide and a reversible spiropyrane-based photoacid (Figure 3.1.1). 

The polyphotoacid was responsive to light irradiation at λ = 460 nm and released 

one proton for each spiropyrane unit and was, therefore, able to acidify the solution. 

The opposite effect, the removal of protons and corresponding pH increase, was 

observed when either keeping the polyphotoacid in the dark for several minutes or 

more quickly by the irradiation of UV-light. Increasing the temperature above the 

lower critical solution temperature (LCST) silenced the photoacid behavior. Hence, 

the temperature-induced phase transition of the polyphotoacid acted as a thermal 

on/off switch for the photoacid function. This coupling of temperature- and 

light-responsive units in the polymer yielded a “thermophotoacid”, a polymer that 

can adjust the pH value of the environment but only in a given temperature range. 

3.1.1 Introduction 

The pH-value is one of the most crucial parameters in nature, and it can regulate 

enzyme activity
198-202

 and chemical reactivity.
203-207

 Adjusting the pH value through 

light irradiation with photoacids enables control over the pH without any material 

transfer to/from the medium.
208-212

 Thus, photoacids can be used for light-mediated 

spatiotemporal control of the pH-value. Recently, photoacid molecules have found 

applications in photodynamic therapy,
213

 as modulators for enzymatic activity,
214 

and regulators of chemical reactions.
215

 However, the majority of the photoacid 
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molecules reported so far undergo irreversible proton dissociation. These 

photoacids can acidify the environment only once, which makes a reversible 

adjustment to the original pH not possible.  

To reversibly adjust the pH value, switchable photoacids have been developed that 

can release and take-up protons in cycles.
216-218

 In comparison to irreversible 

photoacid generators, these switchable photoacids can regulate the environmental 

pH value to higher or lower values upon ON/OFF switch of light or by changing 

the wavelength of irradiation. Reversible photoacids are compounds which have 

two photoisomeric states and for which the conversion from one state to the other 

can be reversibly triggered by light irradiation.  

The spiropyran/merocyanide equilibrium represents one of the first long-lived 

reversible photoacids.
219 

This family of molecules can be switched between a 

spiropyrane (neutral) and a merocyanine (charged/zwitterionic) form and can 

achieve a photo-induced pH-jump of several pH-units in an aqueous medium.
214

 

Based on this photo-reversible equilibrium between the spiropyrane and 

merocyanine forms, bond-breaking reactions,
209-223

 molecular motors,
223-226

 

responsive hydrogels,
227

 and inhibition of bacterial growth have been reported.
228

 

Most of the works on photoacids presented so far are based on dissolved 

small-molecules photoacids in solution.
228-232

 However, the challenging 
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immobilization of photoacid molecules into polymer supports, inorganic scaffolds, 

or biomolecules would open up novel possibilities. Firstly, the immobilization of 

the photoacid will allow for a light-mediated spatiotemporal control of the pH 

value since the photoacid would not diffuse as easily as a single small molecule. 

Additionally, the immobilization of photoacids can improve their compatibility 

with different media.
233

 Moreover, the coupling of photoacids with other materials 

can create novel materials with switchable functions and properties. Of special 

interest would be the integration of photoacids into responsive polymer materials. 

The responsive polymer material can then alter and further control the photoacid 

functionality.  

Here, a polymer-based photoacid has a thermal on/off switch around the 

physiological temperature. The dual temperature/light response was realized by 

designing a copolymer composed of N-isopropylacrylamide and a reversible 

spiropyrane-based photoacid (Figure 3.1.1). The polyphotoacid was responsive to 

light irradiation at λ = 460 nm and released one proton for each spiropyrane unit 

and was, therefore, able to acidify the solution. The opposite effect, the removal of 

protons and corresponding pH increase, was observed when either keeping the 

polyphotoacid in the dark for several minutes or more quickly by the irradiation of 

UV-light. Increasing the temperature above the lower critical solution temperature 
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(LCST) silenced the photoacid behavior and the irradiation of light at λ = 460 nm 

did not lead anymore to proton generation. Hence, the temperature-induced phase 

transition of the polyphotoacid acted as a thermal on/off switch for the photoacid 

function. This coupling of temperature- and light-responsive units in the polymer 

yielded a “thermophotoacid”, a polymer that can adjust the pH value of the 

environment but only in a given temperature range. 

 

Figure 3. 1. 1. Temperature and light controlled proton generation in water 

mediated by a thermophotoacid. Irradiation at λ = 460 nm of a solution at 25 °C 

leads to the photoswitching of the photoacid and the subsequent acidification of the 

solution. When the irradiation is stopped, the pH value goes back to a neutral value. 
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Increasing the temperature above the LCST of the polymer deactivates the 

photoacid and no pH switch is observed. Hence, the temperature can be used as an 

on/off-switch for the photoacid. 

3.1.2 Experimental part 

Materials 

N-Isopropylacrylamide (NIPAM, Sigma, 97%) was purified by recrystallization 

from toluene/hexane followed by drying under a vacuum and was stored at -20 °C. 

2,2′-Azobis(2-methylpropionitrile) (AIBN, Sigma, 98%) was recrystallized twice 

from methanol. Tetrahydrofuran (THF, Sigma, anhydrous, ≥99.9%), methacryloyl 

chloride (Sigma, 97%), 2,4-dihydroxybenzaldehyde (Sigma, 98%), 

2,3,3-trimethylindolenine (Sigma, 98%), 1,3-propanesultone (Sigma, ≥99.9%), 

N,N-dimethylformamide (DMF, Sigma, anhydrous, 99.8%), triethylamine (TEA, 

Sigma, anhydrous, ≥99.9%) were used as received. 

Instrumentation and Characterization 

The number average molecular weight (Mn) and molecular weight distribution 

(dispersity index, Ð) of polymers were measured by size exclusion 

chromatography (SEC) in DMF (1 g L
-1

 LiBr added) at 60 °C and a flow rate of 1 

mL min
-1

 with a PSS SECcurity as an integrated instrument, including a PSS 
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GRAM 100-1000 column and a refractive index (RI) detector. All NMR 

experiments were recorded on a Bruker AV300. The light scattering measurements 

were performed on an ALV spectrometer consisting of a goniometer and an 

ALV-5004 multiple-tau full-digital correlator (320 channels), which allows 

measurements over an angular range from 30° to 150. A He-Ne laser (wavelength 

of 632.8 nm) is used as a light source. For temperature-controlled measurements, 

the light scattering instrument was equipped with a thermostat from Julabo and the 

experiments were performed at a 90° angle and the temperature varied from 25 °C 

to 40 °C. FT-IR spectra were carried out on a Varian 1000 FT-IR spectrometer. 

UV-Vis spectrophotometer studies were recorded on a Perkin Elmer Lambda 100 

spectrophotometer at room temperature. The photo-isomerization reactions were 

performed on a blue LED with an emission wavelength of 460 nm. A METTLER 

TOLEDO S20 Seven Easy™ pH-meter was used.  
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Figure 3.1.2. Synthesis of the thermoresponsive photoacid polymer. (A) Synthesis 

of the precursor aldehyde-monomer. (B) Free-radical copolymerization of NIPAM 

and aldehyde-monomer. (C) Postpolymerization functionalization of the 

aldehyde-units to form the thermo-responsive photoacid polymer. 

3.1.3 Results and discussion  

Synthesis hydroxyl methacryloyloxybenzaldehyde 

The aldehyde monomer was prepared according to the previously reported 

procedure.
234

 Briefly, methacryloyl chloride (5.0 g, 0.048 mol) in 10 mL of 

chloroform was added dropwise to a mixture of 2, 4-dihydroxybenzaldehyde (8.0 g, 

0.058mol) and triethylamine (4.9 g, 0.048 mol) in 40 mL of chloroform over a 30 

min-interval in an ice-water bath. After stirring for 1 h, the mixture was washed 
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with water and then concentrated under reduced pressure. The colorless solid 

obtained was purified by column chromatography over silica gel (gradient ethyl 

acetate: n-hexane from 1.2:1 to 1: 1 v/v), followed by recrystallization from 

ethanol to give the aldehyde monomer. 

Synthesis of the thermoresponsive aldehyde-containing copolymer 

The aldehyde copolymer was synthesized in dry THF by free-radical 

polymerization with AIBN as an initiator. NIPAM (2.24 g, 18.0 mmol), 

formyl-hydroxyphenyl methacrylate (400 mg, 2.0 mmol), and AIBN (32.8 mg, 0.2 

mmol) were dissolved in dry THF (10 mL). After the mixture was degassed by 

three freeze-pump-thaw cycles, the solution was polymerized at 60 °C for 12 h. 

The polymer was precipitated in diethyl ether, collected by filtration and dried 

under a vacuum to yield a white powder. 
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Figure 3.1.3. 
1
H NMR spectra of aldehyde copolymer in CDCl3, 

Synthesis of the thermoresponsive polyphotoacid 

The photoacid copolymer was prepared via two steps: First, 2, 3, 

3-trimethyl-1-(3-sulfonatepropyl)-3H-indolium was synthesized according to 

literature.
235

 Briefly, 2, 3, 3-trimethylindolenine (1.65 g, 0.01 mmol, Aldrich) was 

added to propane sulfone (1.26 g, 0.01 mmol, TCI). The mixture was stirred at 

90 °C for 4 h under N2. The purple solid was collected by filtration, washed with 

cold diethyl ether, and dried in vacuum. 

Secondly, the 2, 3, 3-trimethyl-1-(3-sulfonatepropyl)-3H-indolium (560 mg, 2.0 

mmol) was reacted with the aldehyde copolymer in anhydrous ethanol (20 mL). 

The mixture was refluxed overnight. The polymer was purified by dialysis in water 
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for 3 days to remove any residual byproducts. After freeze-drying, a dark-red solid 

was obtained. 

 

Figure 3.1.4. 
1
H NMR spectra of Photoacid copolymer in DMSO. 

 

Figure 3.1.5. A) FT-IR spectra of aldehyde copolymer (black curve) and photoacid 

copolymer (red curve); B) Elugrams of the aldehyde copolymer (black curve) and 

of the photoacid copolymer (red curve) in DMF. 
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Table 3. 1. 1. Characterization of aldehyde copolymer and photoacid copolymer  

Polymer NIPAM mol%
a
 Mn

b
 Ð 

Aldehyde 

copolymer 

90 12200 1.45 

Photoacid 

copolymer 

90
c
 14700 1.55 

a
 Calculated by 

1
H NMR spectroscopy. 

b
 Measured by GPC using polystyrene 

standards in DMF. 

The thermo-reversible photoacid polymer (TPA) was composed of two functional 

parts used as orthogonal switches for the control of the pH value in solution. The 

photoacid functionality was provided by the photoisomerization of the 

merocyanine side groups, which can adopt a spiropyran (SP) or the merocyanine 

(MC) form depending on the illumination conditions (Figure 3.1.1). When an 

aqueous solution of the copolymer was kept in the dark, the photochromic side 

groups were predominantly in the open-ring form, as indicated by the intense 

absorption signal at 460 nm in the UV-Vis spectrum (Figure 3.1.6. A, black trace). 

The close-ring, acidic SP isomer, was formed upon exposure of the TPA solution to 

blue light (460 nm, 0.16 W·cm
-2

), as indicated by the reduction of the MC signal 

intensity at 460 nm and the increase of absorbance of the SP peak at 310 nm.  

To test the effect of the MC/SP photo-isomerization on the pH-value in solution, a 

0.12 wt % photoacid polymer aqueous solution with a pH value of 5.0 was 

prepared. After irradiation with blue light (Figure 3.1.6. B), the pH value dropped 
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to 4.1, giving a difference in pH value (∆pH) of 0.9 pH units. When the light was 

turned off, the pH value gradually returned to its original value and leveled off at a 

pH value of 5.0 in 3 min. Only a ∆pH of 0.9 units was observed, probably because 

the initial pH value of the polymer aqueous solution was acidic, which strongly 

prevented the ring-closing reaction. 
236

 When the initial pH value was adjusted to 

7.2 by the addition of ca. 200 µL 0.5 mM sodium hydroxide solution, the ∆pH 

observed when the polymer solution was irradiated with blue light was 2.4 

pH-units (Figure 3.1.6 C). The photo-induced proton transfer was repeated over 

multiple cycles by switching the light “ON” and “OFF” (Figure 3.1.6 D). 

 

Figure 3. 1. 6. Influence of light irradiation on the properties of aqueous solutions 

of photoacid polymer. A) UV-Vis absorption spectra of photoacid polymer solution 
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in water. Photoacidity of an aqueous solution at room temperature and an initial pH 

value of 5.0 (B), and of 7.2 (C). D) Reversibility of the photoacid over multiple 

cycles under the same conditions as in C. All samples were measured at 

λ = 460 nm and 0.12 wt %. 

To further understand the proton generation/capture of the poly(photoacid), the 

∆pHs of the poly(photoacid) at different concentrations were measured. Figure 3.1. 

7. A shows the ∆pH of different concentrations that were stored in the dark before 

they were irradiated with light at 460 nm. The experimental results displayed a 

gradual decrease in ΔpH as the concentration of photoacid polymer decreased. The 

experimental results suggested that the pKa of the poly(photoacid) was inferior to 

the pKa measured for small molecules analog in water (pKa = 4.3±0.3).
237

 The 

dissociation constants of acidic or basic monomers decrease after 

polymerization.
221 

The increased charge and the charge distribution within the 

polymer chains lead to a decrease of the dissociation constant of the monomer 

units with an increasing degree of ionization in the polymer.
239

 Nonetheless, at 

every concentration, the photoacid units in the polymer contributed to a significant 

∆pH after irradiation with blue light. 
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Figure 3.1.7. Concentration- and temperature-dependent photoacidity. A) Variation 

of pH value after irradiation. The red line represents the expected pH value 

variation created by the addition of a weak acid (pKa = 4.3) in a water solution 

with an initial pH value of 7.2. B) Temperature-dependent light scattering 

measurement of a photoacid polymer solution. Below 30 °C the poly(photoacid) is 

dissolved. An increase in the temperature leads to the desolvation of the polymer 

and yields micron-sized colloids. C) Photoacidity switch of a photoacid polymer 

solution at 25 °C and 40 °C. D) Comparison of photoacidity of thermoresponsive 

and non-thermoresponsive photoacid polymers. Results were measured at 
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λ = 460 nm and 0.12 wt %. 

Figure 3.1.7.B shows the thermal behavior of aqueous solutions of the 

poly(photoacid) prepared with NIPAM as a comonomer. The hydrodynamic radius 

of the polymer in solution was measured by dynamic light scattering (DLS) while 

systematically increasing the temperature between 25 to 40 °C. Between 25 °C and 

30 °C, the sample was a clear aqueous solution. When the temperature was 

increased above 34 °C, a coil-to-globule transition was observed, and large 

aggregates with a hydrodynamic radius of approximately 750 nm were observed. 

When the temperature was increased further, coagulation and precipitation of the 

globules were observed. The lower critical solution temperature (LCST), defined 

as the midpoint of the size transition monitor by DLS, was 31 °C; similar to the 

LCST of PNIPAm homopolymers of 32 °C. 
240

 

In order to gain a closer insight into the thermo-dependent proton generation and 

capture of the photoacid copolymer, the pH value was determined under light 

irradiation at room temperature and at 40 °C (Figure 3.1.7.C). When the 

temperature was below the LCST of the photoacid copolymer, the aqueous solution 

showed a strong photoacidity. However, when the temperature was increased 

above 40 °C, the photoacid copolymer showed a loss of the photoactivity, the ∆pH 

decreased from 2.4 units to 0.4 units. Turning off the irradiation of blue light 
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resulted in an increase of the pH value back to the initial value in both cases. 

In order to verify that the thermal on/off switch stemmed from the coil-to-globule 

transition of the NIPAM-containing copolymer, a reference copolymer was 

synthesized. This polymer contained the photoacid functionality, however, the 

NIPAM comonomer was replaced with oligo(ethylene glycol) methyl ether 

methacrylate (OEGMA). The OEGMA-containing copolymer did not have an 

LCST between 25 and 40 °C and therefore the temperature should not influence 

the photoacidity of the copolymer. As expected, there was no influence of the 

temperature on the ∆pH when the OEGMA-containing photoacid copolymer 

solution was irradiated with blue light at either 25 or 40 °C (Figure 3.1.7.D). 

3.1.4 Conclusions 

In summary, a novel copolymer composed of thermo-responsive units and 

light-responsive photoacid units was reported. The photoacid copolymer was able 

to release reversibly protons to acidify its environment. The combination of the 

photoresponsive spiropyrane photoacid units, with thermoresponsive 

N-isopropylacrylamide monomers, led to the formation of a photoacid that can be 

switched on/off by changing the temperature above the LCST. Below the LCST the 

copolymer was water soluble and the photoacid was active. When the temperature 

was increased above the LCST, the photoacid was deactivated. Thus, using this 
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dual-responsive copolymer, the pH value of the environment can be modulated by 

both light and temperature. The results demonstrated that the combinations of 

photoacids with responsive polymers can extent pH value regulation not only with 

light, but also with other stimuli.
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3.2  Colloidal Gels Made of Thermoresponsive Anisotropic Nanoparticles 

In the previous section, heating the polymer solution above the LCST resulted in 

the collapse of the polymer chains and the desolation of the chain, efficiently 

preventing the formation of protons by the light-responsive moieties. This is the 

typical behavior of a polymer displaying a LCST. The coil-to-globule transition 

occurring above LCST led to the desolvation of the polymer chains and is usually 

concluded by the precipitation of the desolvated globules. However, the tethering 

of the LCST-polymer to an NP hinders and limits the globule formation, and 

instead of a precipitated solid, the formation of an arrested network of NPs can be 

obtained.  

In this section, a library of colloidal polymer nanoparticles was functionalized with 

a thermoresponsive polymer. The core-shell NPs were prepared via polymerization 

induced self-assembly (PISA), sonication and core-crosslinking. In addition, and 

the aspect ratio and rigidity of colloidal nanoparticles were tuned by varying the 

reaction conditions. Colloidal gels were formed by the controlled aggregation of 

colloidal polymer nanoparticles in 3D into an interconnected network structure. 
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3.2.1 Introduction 

Colloidal gels are formed when concentrated suspensions of colloidal particles 

organize through interparticle interactions to form a transient but arrested 

network.
241, 242 

The transition between liquid-like colloidal suspension and the 

formation of colloidal gels depends on the volume fraction occupied by particles, 

the range and type of interaction between the particles, and the particle interaction 

potential.
243, 244

 Colloidal gels are progressively gaining prominence in applications 

such as colloidal crystals,
245, 246

 energy storage devices,
247

 advanced ceramic 

materials,
248

 and biomaterial,
249, 250

 due to their unique structure, elasticity and 

mechanical stability. Harnessing the interplay between physico-chemical design of 

the nanocolloids and the properties of the resulting colloidal gels is consequently 

increasingly important.  

The mechanisms leading to the formation of colloidal gels are complex. When the 

constituting building blocks are simple unfunctionalized rigid spherical particles, 

the gel formation is only driven by the volume fraction occupied by the particles 

and hard sphere interactions. However, when the colloids are functionalized with 

polymer chains, the situation is more complex because interdigitation and 

entanglement between the coronas of adjacent particles also need to be taken into 

account. 
251

 Furthermore, when the building blocks are anisotropic and flexible like 
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worm-like micelles, the entanglements between the colloids also plays a role in the 

final properties of the colloidal gels.
252

  

Understanding and controlling the structure and the mechanical properties of the 

colloidal gels is crucial to develop materials for specific applications, e. g. 

photocatalysis,
253 

sensors for chemical detection,
254, 255

 tissue engineering.
256

 This is 

mostly in the case of colloidal gels formed with anisotropic colloidal particles, 

which can be used to form fibrillar gels. Such gels are attracting interest since they 

have a fibrous structure reminiscent of the structure of the extracellular matrix, but 

also, the anisotropic colloids can be functionalizable and tunable in terms of 

composition, size, shape and rigidity.
257

 Moreover, anisotropic colloids have a 

lower percolation threshold in comparison to their spherical counterpart, and hence 

fibrillar gels can be formed at low solid content or volume fraction.
258

 

The mechanical behavior of colloidal suspensions and gels is influenced by 

multiple factors, such as size, shape, surface functionalization and softness of the 

nanoparticles. 
259, 260

 Soft colloids like microgels are known to interact with each 

other more strongly than hard colloids and lead to the formation of strong colloidal 

gels. 
261 

The colloid-colloid interaction is a critical parameter which is also 

influenced by the surface-functionalization of the colloids. For example, when the 

colloids are functionalized with end-tethered polymer chains, interpenetration and 
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interaction between the grafted polymer layer dictate the mechanical properties of 

the resulting colloidal gels. Moreover, colloids functionalized with limited chain 

grafting density and same chain length experience a more efficient interpenetration 

between the brush layer of adjacent colloids leading to stronger and more robust 

gels. 
262, 263

 In the case of anisotropic colloids, their mechanical properties are also 

influenced by their surface functionalization and the softness of the nanoparticles, 

but also affected by their aspect ratio and their orientation.
264 

Therefore, in this 

work, we study how the physical properties of anisotropic nanoparticles with same 

surface chemistry and chemical composition but having different aspect ratio and 

rigidity influence the global properties of the colloidal gel so that develop the 

fibrillar gels for potential applications. 

3.2.2 Experimental part 

Materials 

The monomers 2-(dimethylamino)ethylmethacrylate (99%, DMAEMA), benzyl 

methacrylate (98%, BzMA) and 2-(methacryloyloxy)ethyl acetoacetate (95%, 

AAEM) were purchased from Sigma-Aldrich and purified on an alumina oxide 

column. 4-Cyano-4-(2-phenylethanesulfanylthiocarbonyl) sulfanylpentanoic acid 

was synthesized as previously reported. 
265

 4, 4’-Azobis(4-cyanovaleric acid) 

(ACVA)) or 2,2’-azobis(isobutyronitrile) (AIBN) were recrystallized twice before 
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use. 

1
H NMR Spectroscopy 

All NMR spectra were recorded on a Bruker Avance 300 MHz. 

Dynamic Light Scattering (DLS) 

Dynamic light scattering measurements were performed using a Malvern Zetasizer 

Nano S90 using a He-Ne laser (633 nm) and analysis angle of 90°. The 

hydrodynamic diameter of the polymer structures was measured in water.  

Transmission Electron Microscopy (TEM) 

The nanostructures were analyzed using a JEOL-1400 transmission electron 

microscope at an accelerating voltage of 120 kV. Typically, TEM grid preparation 

was as follows: the samples were diluted with Milli-Q water to approximately 0.05 

wt %. The TEM grid was dipped in the diluted solution, the excess solution was 

blotted with a filter paper, and the grid was then dried at room temperature. To 

stain the deposited nanoparticles, a 0.4% w/w aqueous solution of uranyl acetate 

was placed via micropipette on the grid for 20 s and then carefully blotted to 

remove excess stain.  

Rheological Measurements 

Rheological measurements were carried out on Bohlin Gemini rheometers 
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equipped either with coaxial cylinder geometry with a measuring bob radius of 25 

mm, a measuring cup radius of 27.5 mm and 13.0 mL sample volume or a cone and 

plate geometry (1° cone angle and 40 mm diameter with a truncation gap of 500 

μm). For the dynamical measurements, about 5 mL of gel was loaded onto the 

plate, and the cone was lowered to minimize the truncation gap, and the excess of 

gel was removed. Before experiments, samples were equilibrated within the 

geometry for 10 min. Oscillatory strain sweep measurements were run from 0.01 to 

500% deformation at a fixed frequency of 1 rad/s. Oscillatory frequency sweep 

measurements were performed at different temperatures at a frequency of 1 rad/s, 

with a constant strain of 1%, which is within the linear viscoelastic regime of the 

hydrogels. Temperature for the frequency step was maintained from 25 to 45 °C for 

each frequency sweep.  
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Figure 3.2.1. Synthesis of core cross-linked stable block copolymer nanoparticles. 

Synthesis of Poly(2-(dimethylamino)ethyl methacrylate) PDMAEMA31-CTAs 

The chain transfer agent 4-cyano-4-(2-phenylethanesulfanylthiocarbonyl) 

sulfanylpentanoic acid (0.432 g, 1.27 mmol), the monomer DMAEMA (10.0 g, 63 

mmol) were added to THF (10 g) with ACVA (36 mg, 0.127 mmol), the solution 

was degassed with argon in a ice bath for 0.5 h and then immersed into an oil bath 

at 70 °C. After 6.5 h the polymerization was quenched using an ice bath. The 

monomer conversion was analyzed by 
1
H NMR spectroscopy. PDMAEMA was 

purified by precipitation into cold hexane three times and dried under vacuum to 

yield a yellow product.  

Synthesis of micelles (PDMAEMA31-b-PBzMAx) via Dispersion Polymerization in 

Ethanol 

A typical RAFT dispersion polymerization was conducted at a concentration 15% 

w/w total solid fraction. First, PDMAEMA31-CTA (144 mg, 0.028 mmol), BzMA 

(1.5 g, 8.4 mmol), and AIBN (0.90 mg, 0.006 mmol) were dissolved in ethanol 

(9.32 g), the reaction mixture was degassed with argon in an ice/water bath for 20 

min, and then placed in a preheated oil bath at 70 °C for 24 h. According to 
1
H 

NMR spectroscopy analysis, the final conversion of BzMA was above 99%. The 
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resulting polymers were analyzed by 
1
H NMR spectroscopy and GPC.  

During the following PDMA-PBzMA diblock copolymer syntheses, the degree of 

polymerization of the PBzMA block was systematically varied, which allowed to 

tune the morphology of the micelles. 

Synthesis of Cross-linkable micelles (PDMAEMA31-b-PBxMA35-co-AAEM5) 

The synthesis of cross-linkable block copolymer was performed similarly to the 

synthesis of PDMAEMA31-b-PBzMAx with a mixture PDMAEMA31 (0.144 g, 

0.028 mmol), BzMA (0.0184 g, 1.04 mmol), 2-(methacryloyloxy) ethyl 

acetoacetate (AAEM) (0.001 g, 4.67 umol) and AIBN (0.90 mg, 0.006 mmol ) in 

EtOH (1.05 g). The reaction mixture was degassed with argon in an ice/water bath 

for 30 min, and then placed in a preheated oil bath at 70 °C for 24 h.  

In order to control the density of cross-linking, the DP of AAEM of 

PDMAEMA31-b-PBxMAx-co-AAEMy was varied at 5 and 10, respectively.  

Controlling the length of the micelles   

A total of 1.0 g of the worm micelles was diluted to 3.25 wt% by the addition of 

ethanol. An ultrasound probe was then placed in the worm solution kept in an 

ice-bath and the worms were cut to smaller rods at different sonication time. The 

sonication was applied with pulses of 3 seconds on and 2 seconds off with a 
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Branson sonoprobe for certain time (90 s or 5 min) 35% amplitude (3 mm Tapered 

Micro Tip). After ultrasound cutting, the rod-like micelles were characterized by 

TEM. 

Covalent crosslinking of the core of the polymer micelles 

1,3-diaminopropane can react with the acetoacetate of the AAEM, located in the 

core of the micelles, via nucleophilic substitution to form an imine, resulting in the 

covalent stabilization of the micelles. The cross-linking reactions were conducted 

at 25 °C using 1,3-diaminopropane. The resulting cross-linked micelles were 

purified by dialysis against ethanol. The final suspensions were prepared by the 

redispersion of different concentration of worms and rod shape particle dispersions 

were prepared after removing ethanol and transferring particles in water.  

3.2.3 Results and discussion 

The first living soluble block PDMA macro-CTA was synthesized by solution 

polymerization in THF at 70 °C (Figure 3.2.1). After purification by precipitation 

into excess petroleum ether, The mean DP was determined to be 31 as judged 

by 
1
H NMR spectroscopy (Figure 3.2.2), while THF GPC analysis indicated a final 

polydispersity of 1.22. 
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Figure 3.2.2. 
1
H NMR spectra of Poly(2-(dimethylamino)ethyl methacrylate) in 

CDCl3. 

This PDMA31 macro-CTA was then chain-extended with BzMA via RAFT 

dispersion polymerization in ethanol at 70 °C to produce a series of 

PDMA31-PBzMAx diblock copolymers. Since the PBzMA chains are insoluble in 

ethanol, a range of copolymer morphologies can be generated via in 

situ self-assembly by varying the DP of the PBzMA chains. The control over the 

micellar structure was achieved by tuning the polymerization conditions for the 

synthesis of the second block and either spherical micelles (SM), long worm-like 

micelles (LWM) or vesicles were obtained.(Figure 3.2.3), 
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Figure 3.2.3. TEM images obtained for PDMA31-b-PBzMAx diblock copolymer 

micelless synthesized at a total solids concentration of 15% via RAFT dispersion 

polymerization in ethanol. (a) Spheres (x = 40); (b) worms (x = 75) and (b) 

vesicles (x = 300) 

To control the length of the worm-like micelle, the long worm micelle (LWM0, 

PDMA31-PBzMA75) synthesized were subjected to ultrasound. The high local shear 

stress induced in the suspension during sonication can be used to efficiently cut the 

micelles as demonstrated with other block copolymer worm-like micelles. 
266 

The 

sonication of the long worm-like micelles resulted in a decrease of the average 

length of the micelles (Figure 3.2.4) while the diameter remained constant and the 

average aspect ratio of the micelles decreased from 65 to 24 and 9 after 90 s and 

300 s of sonication, respectively (Table 3.2.1). 
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Figure 3.2.4. TEM images obtained for long worm micelles in ethanol. A) Before 

sonication, B) After 90s sonication, C) After 5min sonication. 

In order to prepare the corresponding particles via the core-crosslinking of the 

micelles, a second monomer 2-(methacryloyloxy) ethyl acetoacetate, AAEM) was 

added to the hydrophobic block to allow for the post-polymerization crosslinking. 

AAEM can react with diamine to produce a crosslinked network and stabilized the 

micelles via the covalent cross-linking of the core. Hence the macro-RAFT agent, 

poly(2-(dimethylamino)ethyl methacrylate) (PDMA) with a fixed average degree 

of polymerization (N=31) was used to polymerized a monomer mixture composed 

of benzyl methacrylate (BzMA) and 2-(methacryloyloxy)ethyl acetoacetate 

(AAEM).  
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Table 3.2.1. Characterization of the nanoparticles prepared 

NPX  Composition Length (nm) 
a
 PDI 

a
 Aspect ratio 

SMNCC PDMA31-PBzMA40 25 0.03 1 

SWMNCC  

PDMA31-PBzMA75 

220 0.12 9 

MWMNCC 590 0.25 24 

LWMNCC 1700 0.06 69 

SMLCC PDMA31-PBzMA35-co-PAAEM5 22 0.03 1 

SWMLCC  

PDMA31-PBzMA70-co-PAAEM5 

230 0.11 9 

MWMLCC 590 0.31 24 

LWMLCC 1670 0.07 68 

SMHCC PDMA31-PBzMA30-co-PAAEM10 26 0.22 1 

SWMHCC  

PDMA31-PBzMA65-co-PAAEM10 

260 0.22 11 

MWMHCC 550 0.29 19 

LWMHCC 1700 0.11 70 

X was the density of core of micelle, where 0 wt% at X= Non-core cross linking 

(NCC), 0.607 wt% at X= low core cross linking (LCC), 1.12 wt% at X= high core 

cross linking (HCC). 
a 

Calculated from the log-normal distribution of the size 

measured by TEM for N>75. 
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In order to tune the rigidity of micelle core, the concentration of AAEM in the feed 

during the synthesis of the micelle core was increased from 0 to 0.69 and 1.38 wt%. 

The acetoacetate groups of the AAEM can rapidly react with amine under mild 

conditions to form imines.
267 

Therefore, using a diamine such as diaminopropane it 

was possible to cross-link the hydrophobic segments in the core of the micelles. 

The reaction in the core of micelles using diaminopropane yielded the 

corresponding nanoparticles in ethanol. The reaction between AAEM and 

diaminopropane was almost quantitative as followed by NMR spectroscopy and 

the resulting nanostructures were stabilized by the covalent cross-linking imine 

network at low core cross-linking (0.607 wt%, LCC) and high core cross-linking 

(1.12 wt%, HCC). These nanoparticles were transferred to water phase after core 

cross-linking; afterwards, the morphologies were measured using TEM as shown 

in Figure 3.2.5. 
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Figure 3.2.5. TEM images obtained for polymer nanoparticles after core cross 

linking in aqueous solution. A) SPLCC, B) SWP LCC, C) MWP LCC, D) LWP LCC, E) SP HCC, 

F) SWP HCC, G) MWP HCC, H) LWP HCC,  

The core crosslinking of the micelles was used to stabilize the colloids but also 

tune the stiffness of the particles. To evaluate the stiffness of the colloids, the 

persistence length (P) of MWM and LWM having a length between 300 and 1000 

nm was calculated using the decay of the orientation correlation within the worm 

micelle: 
268

  

          
  

                           1 

Where θ is the angle between the tangent of two points of the micelle separated by 

a contour segment of length l as described in Figure 3.2.6 and s a structure 
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parameter set to 2 for object equilibrated on a 2D substrate. The persistence length 

increased from 128 ± 3 nm for uncrosslinked micelles to 253 ± 4 nm LWMLCC 

crosslinked micelles and 331 ± 6 nm for the LWMHCC micelles. Given that the 

persistence length is directly proportional to the bending stiffness, the result 

suggested that the moderately crosslinked worm-like micelles were twice as stiff as 

the uncrosslinked micelles and the heavily crosslinked micelles were 2.5 times 

more rigid than the uncrosslinked micelles respectively 0.5 nN·nm
2
 for 

uncrosslinked micelles, 1.0 nN·nm
2
 for moderately crosslinked micelles and 1.3 

nN·nm
2
 for heavily crosslinked micelles. 

 

Figure 3.2.6. Persistence length of the micelles and crosslinked particles. A) 

Parameter for the determination of the persistence length. B) Decay of the 

tangent-tangent correlation for LWMNCC (black), LWMLCC (red), LWMHCC (blue). The 

lines represent fits to equation 1. 
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The rheological properties of the LWMNCC colloidal suspensions were studied at 

increasing solid content in water under steady shear conditions (Figure 3.2.7 A). 

The viscosity displayed two distinct regimes of shear-dependent behavior. At low 

concentration, the viscosity of the suspension increased moderately with the 

colloid concentration and displayed a Newtonian behavior, while at higher 

concentration the viscosity of the suspension increased more steeply with 

increasing concentration and the suspension displayed a shear-thinning behavior. 

This transition between the dilute and semi-dilute regime occurred at a critical 

concentration C’ where the colloids started to interact with each other, whether 

through the interaction of the adjacent PDMA layer or colloid-colloid interaction. 

The critical concentration C’ was defined as the inflection point in the plot of the 

variation of the zero-shear viscosity with the particle concentration. 
269

 However, C’ 

was influenced by the aspect ratio and stiffness of the colloidal particles studied. 

For a given concentration, the viscosity of the suspension systematically decreased 

as the aspect ratio of the colloids decreased. Furthermore, the critical concentration 

C’ required to observed the transition between the dilute and semi-dilute regime 

increased when the aspect ratio of the micelle decreased. This behavior can be 

attributed to the fact that anisotropic nanoparticles have a larger surface area 

volume in comparison to sphere, which favors colloid-colloid interaction. 



Chapter 3.2 Colloidal Gels Made of Thermoresponsive Anisotropic Nanoparticles 

91 
 

Moreover, increasing the aspect ratio of the nanoparticle created the larger 

excluded volume resulting in a higher viscosity. 
270 

In addition, colloids with larger 

aspect ratio displayed a more pronounced shear thinning behavior, due to the 

alignment of the colloid in the direction of shear as the sample was subjected to 

shear. 

 

Figure 3.2.7. A) Dynamic viscosity of suspensions of LWMNCC at different 

concentration. The inset represents the increase in the zero-shear viscosity of the 

suspensions with the concentration of the nanoparticles. B) Influence of 

architecture and rigidity on the transition between the dilute and semi-dilute regime. 

Sphere (black); Short worm (red); Medium worm (green); Long worm (blue) 

In addition, the effects of the colloids rigidity on the viscosity of suspensions were 

investigated. As the stiffness of the colloid increased, the viscosity moderately 

decreased at a given concentration. In addition, as the stiffness of the colloid 

increased, the value of C’ increased. Those results indicated that as the colloid 
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became stiffer, the colloid-colloid interactions decreased. (Figure 3.2.7 B) 

The colloids in the suspensions effectively interacted, and likely interpenetrated 

and entangled at high concentrations (above C’) and resulted in a transition from a 

liquid-like to gel-like behavior. The gel-like behavior of the concentrated 

suspension was analyzed by dynamic rheology (Figure 3.2.8). At the same 

concentration of polymer micelles in suspension, 10 wt%, the SWMNCC, MWMNCC, 

and LWMNCC with different degree of crosslinking and rigidity formed gels, while 

the SM suspension displayed a liquid-like behavior (Figure 3.2.8 A).  

 

Figure 3.2.8. Viscoelastic behavior G' (filled symbols) and G'' (open symbol) of 10 

wt% suspensions of colloids in water. A)Effect of the aspect ratio of micelles, B) 

Effect of rigidity and aspect ratio for dynamic modulus (G*) of the colloids, and C) 

yield strain of the colloids. Sphere (Black); Short worm (red); Medium worm 

(green) and Long worm (blue).   

However, the inverse was observed for all WMNCC suspensions, which displayed a 
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linear-viscoelastic region with a higher elastic modulus than the viscous modulus 

at low deformation, the average complex modulus (G*) of the different gels 

increased as the aspect ratio of the colloidal building block increased. Given that 

the volume occupied by the different types of collloids was similar for all the 

colloids with different aspect ratios (at a given weight fraction), this increase in the 

colloid-colloid interactions cannot be directly ascribed to the interdigitation of the 

water-swelled PDMA canopy, rather the arrested gel-like behavior can only be 

ascribed to the geometry of the micellar core, and an increase in the aspect ratio of 

the micelles led to the formation of a more cohesive network, either because of the 

increased excluded volume of higher aspect ratio colloids or through 

colloid-colloid interaction. 
 

However, when the colloidal gels were prepared with colloids having the same 

shape but different stiffness, an increase in the complex modulus (G*) of the 

resulting gels was observed as the stiffness of the building block increased. 

Previous works also demonstrated that this is due to worm stiffening with the 

increase of core crosslinking density. 
271-273 

For example, the LWMNCC led to an 

increase in G* from 380 to 581 Pa at LWMLCC, 813 Pa at LWMHCC (Figure 3.2.8 

B). These results represented the direct comparison of the stiffness of nanoparticle 

with different rigidity.  
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In addition, the fragility of the colloidal gels defined by the yield strain ϒc. Figure 

3.2.8 C shows that the yield strain of the gels was affected by the aspect ratio and 

rigidity of nanoparticle. The suspensions of sphere did not form gels in the 

concentration range studied. WM was stiffer (higher G*) and more fragile (lower 

yield strain) with the increase of aspect ratio, moreover, for nanoparticle having 

different rigidity the formation of colloidal gels was observed for the three 

different core crosslinking density. The gels prepared with the higher crosslinking 

density was stiffest and the most fragile, the resulting colloidal gel showed the 

highest yield strain. Since the canopy of nanoparticle was always the same for all 

the nanoparticles, the nanoparticle with higher aspect ratio provided effective 

nanoparticles interactions because they were more flexible. When the the rigidity 

of the core of nanoparticle increased, the suspensions behaved in a more solid-like 

manner and these suspensions were tougher, with lower yield strain. 
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Figure 3.2.9. SEM images for gels made of SWMNCC A), MWMNCC B) and 

LWMNCC C) at 10 wt%, RT; SWMNCC D), MWMNCC E) and LWMNCC F) at 1.0 

wt%, RT; and SWMNCC D), MWMNCC E) and LWMNCC F) at 1.0 wt%, 45 ⁰ C. The 

scale bars are 100 nm. 

Scanning electron microscopy was used to image the microstructure of the 

colloidal gels. Figure 3.2.9 A), B) and C) show representative images of the 

nanofibrillar structure of the colloidal gels. The mean fiber diameter in the 

hydrogels formed by SWMNCC, MWMNCC, and LWMNCC, respectively. 

The state of the swollen PDMA canopy also had a critical influence on the 

rheological properties of the colloidal gels. Free PDMA chains in aqueous solution 
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displayed a typical coil-to-globule transition above its lower critical solution 

temperature (LCST) around 35 °C. Upon heating, the water-soluble hydrated 

chains of the PDMA collapse to form compact deswollen globules.
274, 275

 When the 

PDMA chains were immobilized at the surface of the nanoparticles, upon heating, 

the colloidal system displayed a critical aggregation temperature (CAT) in lieu of a 

LSCT. Above the CAT where the PDMA chains were unswollen, the colloids lost 

the source of their colloidal stability resulting in the aggregation of the colloidal 

system, which was demonstrated by DLS. As the suspensions of SM was heated 

from 25 °C to 40 °C the hydrodynamic sized measured increased from 23 nm to 

800 nm, and this thermal aggregation was reversible (Figure 3.2.10 A). For free 

PDMA chains, heating the solution above the LCST resulted in the precipitation of 

the polymer. However, in the case of the colloidal particles functionalized with the 

PDMA chains, heating the suspension above the CAT resulted in the formation of a 

gel even when using dilute suspension that only displayed a liquid-like behavior at 

room temperature. Furthermore, the aggregation was not accompanied by any 

gelation shrinkage and all the water present in the suspension was efficiently 

trapped in the colloidal gel.  

The gelation through colloidal aggregation resulted in a variation of the mechanical 

properties of the suspension. The mechanical properties of thermally responsive 
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sphere suspensions were investigated by dynamical rheology. At 25 °C, all the 1 wt% 

suspension of colloidal nanoparticles behaved like a liquid with a G'' larger than 

the G'. As the temperature of the suspension increased, gelation of the suspension 

occurred as characterized by the G' being larger than the G'', but their morphology 

did not change. The mechanical properties of the resulting colloidal gels were 

affected by the rigidity of the colloid and their aspect ratio. More rigid colloidal 

building block resulted in the formation of stiffer colloidal gels, and similarly the 

colloids with the highest aspect ratio also led to the formation of the stiffer 

colloidal gels (Figure 3.2.10 B). In addition, the transition between the liquid and 

the gel state was fully reversible (Figure 3.2.10 C). Moreover, the formation of all 

suspensions was summarized in Figure 3.2.10 D). Overall, during thermally 

induced gel formation gel, the nanocolloidal network became more persistent 

because of the stronger contacts between 'crowded' colloidal nanoparticles, hence 

providing an enhanced opportunity for inter-particle space jamming. Meanwhile, 

the interactions between PDMA and PDMA at the surface changed from repulsive 

to attractive above the LCST, which provided additional strength to the 

interparticle bonds. 
276
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Figure 3.2.10. A) Hydrodynamic diameter variation exhibited by a 0.01 wt % SM 

aqueous suspension submitted to 25 °C-45 °C-25 °C temperature cycles, B) G' and 

G'' plotted as a function of temperature for heating and cooling cycles for sphere 

suspension prepared using 1.0 wt %, heating C) Thermal cycling of SM 1.0 wt % 

using to demonstrate reversibility of the gelation process, D) Effect of the aspect 

ratio and rigidity of the colloids on the properties of the colloidal gels where G* at 

25 °C (solid symbol); G* at 45 °C (open symbol), Sphere (Black); Short worm 

(red); Medium worm (green); Long worm (blue). 

3.2.4 Conclusions 

The study of colloidal suspensions containing building blocks with the same 
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composition and occupying similar volume fraction but with distinct rigidity and 

aspect ratio reveal new insights in the formation of colloidal gels. Suspensions of 

all particles displayed a non-Newtonian behavior. The viscoelastic behavior of all 

suspensions depended upon the concentration of the particles and the rigidity of the 

particle and aspect ratio. The critical concentration shifted to a higher 

concentration with increasing rigidity and aspect ratio. As the concentration 

increased, the colloidal particles formed fibrillar gel because of the entanglement 

of particles. One the one hand, the key effect on the sol-gel transition was the 

aspect ratio of particles; on the other hand, the stiffness of the resulting gels was 

influenced by the rigidity of particles. The formation of fibrillar gel more easily 

occurred with nanocolloids having a large aspect ratio because of more 

particle-particle interactions. Meanwhile, it was found that the mechanical 

properties of the gels were affected by both the aspect ratio and rigidity of particle. 

The longer and rigid colloids displayed a higher G’ than the G’’ at low strain, but 

they process smaller deformation. Finally, the suspensions of these particles 

exhibited a heating-induced transition from a flowing liquid to a self-supporting 

gel at low concentration 1.0 wt %. The present fibrillar gels could potentially find 

applications in strengthening and guiding regeneration of load-bearing soft.
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3.3  Release From Thermo-responsive Anisotropic Nanocarriers 

In the previous section, temperature-responsive polymer nanoparticles with 

different rigidity and aspect ratio were prepared, and the resulting colloidal gel 

studied. Such systems are also of high interest in the delivery of bioactive 

molecules. On the one hand, in suspensions, anisotropic NPs have unconventional 

interaction with cells, and the uptake and circulation time have been reported to 

differ from that of their spherical counterpart. Furthermore, the colloidal gels can 

also as a solid depot for the delivery of active principles.  

To develop anisotopic multiresponsive delivery systems, the thermoresponsive NPs 

introduced in section 3.2 were modified in this section with redox-responsive 

moieties and use to study the release of model payload. 

3.3.1 Introduction 

Polymer nanoparticles have shown increasing success in drug delivery because of 

their properties, such as biocompatibility, permeability and retention effect, and 

targeting abilities against tumor tissue and cells. 
277--281 

More importantly, tuning 

the physico-chemical parameters of nanoparticles such as size, surface charge, 

surface functionalization, or stiffness can improve the delivery of active payloads. 

Most carriers studied are spherical particles, and in such systems, the effects of size 
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and chemical composition are well documented.
282-286

 However, recent data 

indicate that anisotropic particles display a distinct behavior in biological 

environments when compared to spherical analogs.
287

 For example, different 

proteins are adsorbing on rod–shape particles in comparison to spherical one; the 

structure influence the internalization by cells;
288, 289

 and anisotropic particles show 

longer circulation time. 
290 

Such a unique combination of properties is desirable for 

drug delivery.
 
For example, intravenously-injected filamentous micelles displayed 

in circulation about ten times longer than spherical nanoacrriers,
291

 and they 

undergo limited non-specific cell uptake making such particles interesting 

candidate for the sustained delivery of site-specific cargos. 
287

 
 

A lot of efforts have been devoted to understanding the effect of the nanocarrier 

shape on the cellular uptake, but there are conflicting reports on the effect of shape 

anisotropy on the particle/cell interactions. For example, reduced cell uptake of 

rod-like nanoparticles compared to sphere was found with gold nanoparticles and 

polymer nanoparticles,
292- 294

 but enhanced cell uptake was frequently reported 

using rod-like micelles in comparison with spherical micelles.
295-299

 This 

discrepancy might be the results of the hemodynamic forces exerted on particles 

during systemic circulation influenced by the aspect ratio and the stiffness of the 

particles, or the uptake rate and intracellular diffusion of the particles affected not 
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only by the size and aspect ratio but also by the surface chemistry. Additionally, the 

anisotropic nanocarriers can be functionalized with targeting ligands, which is 

another possible reason because the targeting ligands can direct bind between 

drugs and target sites, hence enhancing antitumor efficiency.
304

 

The stiffness of the anisotropic nanocarriers significantly affects their behavior in 

biologic media. To date, many nanocarriers with controlled stiffness have been 

reported from soft carrier like liposomes
300

 to solid nanoparticles.
301

 However, the 

reason why stiffness is a critical factor remains elusive,
302

 in part because it is 

challenging to quantify the rigidity of nanocarriers.
303

 
 

Due to the impact of the shape of the nanocarriers, many different approaches have 

been developed to create carriers with anisotropic shape, ranging from 

self-assembly of copolymer to lithography.
305-307

 The ideal carrier should possess 

features like easy preparation, tunable chemical composition and controlled 

dimension. While top-down methods like lithography or mechanical deformation 

are difficult to efficiently scale-up, bottom-up process like block copolymer 

self-assembly have other pitfalls. For example, block copolymers self-assemble 

into highly anisotropic polymer micelles with well-defined shape, but controlling 

the aspect ratio of the worm-like micelles has proven to be very challenging and 

can usually only be controlled in very dilute conditions. During the last few years, 
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many efforts have been devoted to forming the anisotropic micelle based on the 

PISA approach using RAFT polymerization,
308-310

 the formation of anisotropic 

micelles using PISA can possess the feature as a conventional method has, but also 

directly produce self-assembled morphologies at very high solids contents and with 

reduced experimental effort.  

Here, PISA was used to prepare worm-like micelle. Then using shearing forces,
311,  

312
 it was possible to tune the aspect ratio of the resulting particles. Finally, by the 

controlled crosslinking of the micelle core the stiffness of the particles was tuned. 

The resulting particles had different aspect ratios and rigidities, but the same 

diameter and surface chemistry. Additionally, give the presence of well-defined end 

groups generated by the combination of RAFT polymerization in the PISA process; 

it is possible to chemically functionalize the outer polymer layer.  
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Figure 3.3.1. Design of multifunctionalized anisotropic nanoparticles for dye 

release study. 
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3.3.2 Experimental part 

Materials 

The monomers 2-(dimethylamino)ethylmethacrylate (99%, DMAEMA), benzyl 

methacrylate (98%, BzMA) and 2-(methacryloyloxy)ethyl acetoacetate (95%, 

AAEM) boc-L-cysteine (98.5%, Boc-Cys-OH), 2,2’-dithiodipyridine (98%), folic 

acid (97%, FA), poly(ethylene glycol) 2-aminoethyl ether acetic acid 

(NH2-PEG-COOH, average Mn 5,000), methoxypolyethylene glycol 5,000 acetic 

acid N-succinimidyl ester (mPEG-NHS, average Mn 5,000), Rhodamine b (98.5%, 

RhB), were purchased from Sigma-Aldrich. Thiolated RhB was synthesized as 

previously reported.
313

 RhB-NH2 and H2N-RhB-NH2 were synthesized according 

to the literature.
314

 Folic acid-PEG-NHS was synthesized according to literature.
315

 

4, 4’-Azobis(4-cyanovaleric acid) (ACVA)) or 2,2’-azobis(isobutyronitrile) (AIBN) 

were recrystallized twice before use. 

Synthesis of Azide-CTAs 

 

Figure 3.3.2 Synthetic route of CTA-azide. 
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4-Cyano-4-(2-phenylethanesulfanyl-thiocarbonyl)sulfanylpentanoic acid 

(CTA-COOH) (2.52 g, 0.01 mol), DCC (4.12 g, 0.02 mol) and DMAP (0.112 g, 

9.18 x 10
-4

 mol) were dissolved in 50 mL of DCM, which was cooled to 0 °C with 

an ice bath and 3-azidopropanol (2.0 g, 0.011 mol) was added. The reaction 

mixture was warmed up to room temperature and then stirred for 24 h. DCM was 

removed by rotary evaporation. The residue was redispersed in diethyl ether and 

filtered. The filtrate was concentrated to a viscous residue and purified by silica 

column chromatography (1/4 petroleum ether/ethyl acetate) to give a yield of 80%.  

Synthesis of Poly(2-(dimethylamino)ethyl methacrylate) PDMAEMA31-CTAs 

 

Figure 3.3.3 Synthesis of micelle by RAFT alcoholic dispersion polymerization at 

70 °C via polymerization-induced self-assembly. 

The synthetic route for the polymer micelles was the same as described in section 
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3.2 but substituting the CTA with the azide-functionalized CTA agent, synthesized 

through modification of the carboxylic acid group on the 

4-cyano-4-(2-phenylethanesulfanyl-thiocarbonyl)sulfanylpentanoic acid. 

Controlling the length of the micelles   

The nanocarriers with different aspect ratio were prepared according to the section 

3.2. After the ultrasound cutting, the rod-like micelles were characterized by TEM. 

Labeling and crosslinking of the nanocarriers with dye 

Amine groups can react with the acetoacetate of the AAEM, located in the core of 

the micelles, to form an imine via nucleophilic substitution. The micelles were 

labeled by the addition of RhB-NH2 or H2N-RhB-NH2. The resulting strained 

nanocarriers were purified by dialysis against Milli-Q. 

For the core staining reaction of spherical micelles with RhB-NH2 7 mg spherical 

micelle was dispersed in 5.0 mL of ethanol. RhB-NH2 (5 mg, 9.63 x 10
-3

 μmol) 

was added to the dispersion. The mixture was kept for 24 h and then dialysis 

against Milli-Q water for at least three days, afterwards, the dispersion of spherical 

micelle was used to quantify the efficiency of the functionalization reaction. 

Synthesis of DBCO additive for nanocarrier functionalization 
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Figure 3.3.4 Synthesis of H2N-BDCO-S-S-RhB. 

The product 1 was synthesized according to the literature. 
316

 A solution of 

Boc-Cys-OH (0.221 g, 1 mmol) in EtOAc (10 mL) was added to 2, 

2'-dipyridyldisulfide (0.55 g, 2.5 mmol) in EtOAc (10 mL) in one portion. After 15 

min, 0.2 M Cu(NO3)2 (5 mL, 1 mmol) was added to the solution. The copper (Ⅱ) 

ion and 2-mercaptopyridine formed a blue precipitate, which was removed by 

filtration. After washing with water (once), the EtOAc solution was extracted with 

ice cold saturated Na2CO3 (15 mL, twice). The combined Na2CO3 solutions were 

extracted with ether (15 mL, once), and the ether solution was discarded. The 

aqueous solution was overlaid with EtOAc (15 mL) and acidified to pH 3.5 with 
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citric acid. The aqueous layer was extracted with EtOAc (twice), the combined 

EtOAc solutions were washed with water and brine and were then concentrated in 

vacuo to give a white solid. Recrystallization from EtOAc/ethyl ether (1:2) yielded 

a white powder (0.21 g, 0.65 mmol, 65%).  

The product 2 was prepared using the product 1 (50 mg, 0.16 mmol), the 

DBCO-NH2 (24 mg, 0.19 mmol), and DMF (1 mL) at 5 °C was added HBTU (86 

mg, 0.19 mmol) followed by DIEA (0.23 mL, 0.65 mmol). The reaction mixture 

was stirred at RT for 16 h. The reaction mixture was then diluted with EtOAc (25 

mL) and washed sequentially with 10% aq citric acid, sat aq NaHCO3 (10 mL), and 

brine (10 mL). The combined organic phases were dried (MgSO4) and 

concentrated in vacuo to give a gum. The resulting crude material was purified by 

column chromatography (30% DCM/EtOAc). 

The product Boc-HN-DBCO-S-S-RhB was prepared using product 2 (0.25mmol, 

122mg) dissolved in 5 mL methanol; afterwards, the thiolated RhB (0.3 mmol, 151 

mg) was added to the solution with acetic acid (0.5mmol, 30mg), The mixture was 

stirred at room temperature for 24h. The concentrated product was 

chromatographed on a silica gel column with Methanol/CH2Cl2 (1:9 by volume) as 

eluent. 

Boc-HN-DBCO-S-S-RhB (190 mg, 0.2 mmol) was dissolved in DCM (5 mL). TFA 
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(2.5 mL) was injected dropwise to this stirring solution and the reaction flask was 

wrapped with Al foil. The resultant solution was stirred at RT for 30 min. DCM 

and TFA were removed under high vacuum overnight to yield a red solid as the 

product in a quantitatively yield. 

 

Figure 3.3.5 Synthesis of mPEG-DBCO-S-S-RhB. 

36 mg of product H2N-BDCO-S-S-RhB (0.04 mmol) in 10 ml of pyridine was 

reacted with of NHS-mPEG (200 mg, 0.04 mmol) under nitrogen atmosphere at 

room temperature for 24 h. The resultant solution was diluted with a dialysis bag 

(MWCO, 1k Da) against deionized water three times and freeze-dried. 

Coupling of functionalized DCBO to the polymer micelles 

The click conjugation followed the standard protocols. Polymer micelles (7.2 x 

10
-5

 μmol) were dispersed in 5.0 mL of Milli-Q water. An excess of 

mPEG-DBCO-S-S-RhB (1.7 x 10
-4

 μmol) was added to the dispersion, then the 

reaction mixture was incubated the room temperature for 24 h. The reaction 

mixture was purified dialysis (MWCO, 14k Da) against deionized water for three 

days. 
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Dye loading and release experiment 

All nanocarriers were used to explore the release behavior. Briefly, 1 mL of the 

nanocarriers solution was transferred to a dialysis bag (MWCO, 14k Da) and then 

was placed in 5 mL of PBS (pH 7.4) with or without 10 mM DTT. The 

drug-release process was conducted in a constant temperature oscillator that 

maintained a temperature of 37 °C and a constant shanking speed of 300 rpm. At 

predetermined time intervals, 1 mL of the medium was withdrawn, and then the 

same volume of a fresh medium was replenished. The amount of the dye released 

in the withdrawn solution was analyzed by measuring the fluorescence of dye 

using plate-reader. 

3.3.3 Results and discussion 

The azide functionalized chain transfer agent used during the RAFT 

polymerization was synthesized through modification of the carboxylic acid group 

on the trithiolcarbonate RAFT agent. This N3-CTA was used to polymerized 

dimethylamino)ethylmethacrylate to form a macro-CTA. This 

PDMA31-macro-CTA was then chain-extended with a mixture of BzMA and 

AAEM via RAFT dispersion polymerization in ethanol at 70 °C to produce a series 

of PDMA31-PBzMAx diblock copolymers. The polymerization induced 

self-assembly (PISA) in alcoholic dispersion yielded spherical and worm-like 
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micelle, with the azide groups located at the end of the hydrophilic chains. The 

aspect ratio of the micelles was controlled by ultrasonication to break the long 

worm-like micelles following section 3.2. (Figure 3.3.6) 

 

Figure 3.3.6 Representative TEM images of nanoparticles after core staining with 

dye; A), B), C) and D) repented RhB-NH2 stained micelles; E), F), G) and H) 

repented H2N-RhB-NH2 stained particle. 

Moreover, in order to label the core of the micelles, the AAEM units were reacted 

with either RhB-NH2 or H2N-RhB-NH2. (Figure 3.3.6) The reaction between 

AAEM and H2N-RhB-NH2 simultaneously led to the labeling and the crosslinking 

of the micelles. The formation of the imine linkages was almost quantitative as 

quantified by fluorescence spectroscopy (Table 1). Based on the fluorescence of 
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free RhB(NH2)2 and composition and molecular weight of the block copolymers 

more than 90% of the AAEM groups have reacted with the RhB derivative. 

Table 3.3.1. Functionalization of the nanoparticle core with RhB(NH2)2.  

NP C
a
 (umol/mL) C

b 
(umol/mL)  Yield (%) 

LWM 0.961 0.9425 
98.1 

MWM 1.012 0.9746 
96.3 

SWM 1.075 1.0621 
98.8 

SM 0.631 0.6064 
96.1 

LWP 0.961 0.4355 
90.6 

MWP 1.012 0.4594 
90.8 

SWP 1.075 0.5138 
95.6 

SP 0.631 0.0588 93.4 

a 
Calculated from the solid content and composition of micelle, 

b 
Calculated from 

the calibration curves for the Rhodamine-based fluorescence detection. 

The resulting crosslinked nanoparticles were covered with a layer of hydrophilic 

poly(dimethyl amioethyl methacrylate) terminated with azide groups that can be 

functionalized using copper-free click chemistry based on the reaction of a 

cyclooctyne (DBCO) moiety with an azide-labeled nanoparticles, known as 
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strain-promoted alkyne azide cycloaddition (SPAAC). Cyclooctynes are 

thermostable with very narrow and specific reactivity toward azides, resulting in 

almost quantitative yields of stable triazoles. 
317

 Thus, to functionalize the 

hydrophilic layer tethered to the nanoparticles a multifunctional DBCO derivative 

was prepared. At the center of this difunctional DBCO derivative was a cysteine 

unit, the carboxylic acid of the cysteine was attached to DBCO-NH2, the amine of 

the cysteine was use to irreversibly attached a molecules here PEG-COOH was 

used, but alternatively targeting moieties like Folic acid could be inserted and 

finally, the thiol group of the cysteine was used to create a redox-responsive 

disulfide bridge that could be used for the controlled delivery of a payload. Here, 

as a model payload, rhodamine-SH was attached to the cysteine. The resulting 

DBCO-PEG-S-S-RhB was then tethered to the nanoparticles. The fluorescence of 

the Rhodamine was used to quantify the yield of the DBCO/azide conjugation. 

Based on a calibration realized with rhodamine-SH, the efficiency of the 

functionalization of the azides groups with the multifunctional DBCO was between 

73-75% (Table 2). Performing the chemistry on the nanoparticles did not influence 

the structure. The morphology of the particles remained the same after the reaction 

as before (Figure 3.3.7). 
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Table 3.3. 2. Click efficiency and dye loading on the surface of nanoparticle. 

NP C
a
 (umol/mL) C

c 
(umol/mL)  E (%) 

LWM 12.8×10
-3

 9.34×10
-3

 73 

MWM 13.4×10
-3

 10.1×10
-3

 75 

SWM 14.4×10
-3

 10.6×10
-3

 74 

SM 8.4×10
-3

 6.22×10
-3

 74 

a 
Calculated from the solid content and composition of nanoparticles, 

c 
Calculated 

from the calibration curves for the Rhodamine-based fluorescence detection.
 

 

Figure 3.3.7 Representative TEM images of nanoparticles after surface 

functionalization with mPEG-DBCO-S-S-RhB; A), B), C) and D) repented 
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RhB-NH2 stained micelles; E), F), G) and H) repented H2N-RhB-NH2  stained 

particle.  

Table 3.3.3. Characterization of the nanoparticle. 

NP Length (nm) 
a
 Aspect ratio ZP (mV) 

LWM 1700 69 14.0±3.65 

MWM 590 24 12.9±3.44 

SWM 220 9 13.1±3.17 

SM 25 1 10.9±4.23 

LWP 1670 68 13.0±4.12 

MWP 230 24 14.1±2.22 

SWP 590 9 12.3±4.32 

SP 1670 1 9.9±3.21 

a 
Calculated from the log-normal distribution of the size measured by TEM for 

N>75. 

The nanocarriers functionalized with multifunctional DBCO derivative were used 

to explore the redox release of the payload. The release study was performed in 

PBS with or without 10 mM DTT using the dialysis method. PBS solution with 10 

mM DTT has been widely use to simulate the high GSH level in the tumor 
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microenvironment.
318

 Under such conditions, both the crosslinked and the 

un-crosslinked particles of different aspect ratio displayed the same release 

behaviors which suggested that the aspect ratio and crosslinking did not alter the 

conformation of the PDMAEMA chains and the accessibility of the payload. 

Within the first 24 h, 80% of the payload was rapidly released into the medium, 

and the final cumulative release at 72 h reached 94%. However, even in the 

absence of DTT some release of the payload (7%) was also observed, which 

probably due to the presence of remaining untethered payload or due to the partial 

light sensitivity of the disulfide bond. 
319

 (Figure 3.3.8 A) and B)) 

Furthermore, when the concentration of nanoparticles in suspension is increased to 

1 wt%, colloidal gels can be obtained when the temperature of the suspension is 

increased. When the colloidal gel formed with the spherical micelle were 

immersed in a GSH solution, a sharp release of dye was observed within the first 

12 h and was followed by a gradual release of dye at 72 h. However, the 

nanofibrillar gels showed lower dye release 60% after 72 h (Figure 3.3.8 C). 

Moreover, the Figure 3.3.8 D) shows that with the increase of concentration of 

nanocarriers, the cumulative release decreased. The reason was that higher 

concentration led to a stronger colloidal network resulting in a lower dye release. 
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The diffusion and transport phenomenon in the solid depots for by the gelation of 

the colloids are likely the reason for the slower release observed.  

 

Figure 3.3.8 Dye-release profiles of A) Micelle, B) Particle at 0.5 wt% and RT, 

C) SM gel and LWM gel at 1.0 wt% and 45 °C, with or without 10 mM DTT 

and D) LWM at 0.5 wt % (Magenta, RT) , 1.0 wt% (Blue, 45 °C) and 1.0 wt% 

(Red, 45 °C) 

3.3.4 Conclusion 

In summary, we have demonstrated a technique to directly prepare nanoparticles 

with different aspect ratio and rigidity with a functional surface. A 

redox-responsive polymer nanoplatform was successfully developed. The payload 

release was evaluated by standard methods, which demonstrated the release 
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behaviors were not influenced by the aspect ratio and rigidity of nanoparticle. This 

methodology of producing multifunctional anisotropic nanoparticles will have 

utility in bio-applications in order to further study how the physical parameters 

influence the behavior of drug delivery. 
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Chapter 4. Summary and outlook 

The need for the development of new smart and responsive polymer systems led to 

the synthesis of multi-stimulus-responsive polymer with unique and controllable 

properties; novel anisotropic polymer nanoparticles used for the formation of 

colloidal gels and their use as nanocarriers.  

First, moities responding to light and temperature were combined in one single 

system. The dual temperature/light responsive was realized by designing a 

copolymer composed of N-isopropylacrylamide and a reversible spiropyrane-based 

photoacid. The polyphotoacid was responsive to light irradiation at λ = 460 nm and 

released one proton for each spiropyrane unit and was, therefore, able to acidify the 

solution. The opposite effect, the removal of protons and corresponding pH 

increase, was observed when either keeping the polyphotoacid in the dark for 

several minutes or more quickly by the irradiation of UV-light. Increasing the 

temperature above the lower critical solution temperature (LCST) silenced the 

photoacid behavior because of the formation of deswolen polymer nanostructures 

and the irradiation of light at λ = 460 nm did not lead anymore to proton generation. 

Hence, the temperature-induced phase transition of the polyphotoacid acted as a 

thermal on/off switch for the photoacid function. 
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Then, the microstructure and mechanical properties of colloidal gels were tune by 

changes in temperature but also by tuning the aspect ratio and the rigidity of the 

polymer nanoparticles. A library of nanoparticles with different aspect ratio and 

rigidity were prepared using polymerization induced self-assembly to prepare the 

micelles. The resulting micelles were composed of a reactive core and a 

temperature-responsive shell.  The aspect ratio of the worm-like micelles formed 

was tuned with shear forces generated by ultrasonication, while the rigidity of the 

particles was tune by the controlled crossliking of the reactive core. Finally, to 

address the effect of the colloid properties on the properties of the resulting 

colloidal gels, we study how the macroscopic behavior of colloidal gels composed 

of nanoparticles with same surface chemistry and chemical composition but having 

different aspect ratio and rigidity, and the influence of the colloid design on the 

formation of fibrillar gels. 

Then the thermos-responsive nanoparticles were functionalized with 

oxydo-reduction-responsive functionality and used as nanocarriers. 

Azide-functionalized anisotropic nanoparticles were formed using PISA. Those 

particles had a controlled composition, aspect ratio and rigidity. At a temperature 

below the critical aggregation of the nanoparticles, the reduction-triggered release 

of a payload was the same for the nanocarriers which ever their aspect ratio or 
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rigidity. However, an increase in temperature can be used to slow down the release 

of all nanoparticles. More interestingly, when the nanoparticles formed strong 

colloidal gels, the temperature increased led to an aspect ratio- and rigidity- 

dependent release.  

This thesis showed the promising perspectives and possibilities of smart materials 

to provide materials with precisely tunable functions. It explores the possibility of 

using such attractive functional materials in many applications such as coatings, 

smart switch, rheology modifier, and drug delivery. The materials presented here 

can be developed for targeted applications.  

Specifically, photoacid polymer (Chapter 3.1) can be developed further to broaden 

the scope of potential applications. The mechanisms of many enzymes are 

dramatically influenced by the cellular pH value, resulting in many diseases. Hence 

photoacids have great potential for biomedical applications by controlling the local 

pH so that the activities of enzyme. This may be achieved by linking photoacids to 

biomaterials or functionalizing them to target biomolecules, membranes, or 

organelles. Moreover, photocontrolled drug delivery is another possible 

application. 

In Chapter 3.2, in comparison with the hydrogels formed by molecules, 

nanofibrillar hydrogel possesses more advantages, including larger pore size, 
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higher stiffness, and interesting rheological properties. Therefore, nanofibrillar 

hydrogels are very promising materials for a broad range of applications requiring 

specific mechanical or transport properties. Nanofibrillar hydrogels can be used as 

injectable gels and as an artificial extracellular matrix for three-dimensional culture, 

which can create more complex biological structures.  

In Chapter 3.3, nanoparticles are widely investigated as therapeutic and contrast 

agent carriers because of their fundamental advantages over traditional methods. It 

is noticeable that most early nanocarriers studies focus on the spherical particles, 

but there has been increasing interest in non-spherical nanoparticles for 

nanomedicine as they were found to have superior properties, including circulation 

times, cell uptake, biodistribution and cellular internalization. To understand this, 

the wormlike nanoparticles with different aspect ratio and rigidity can be used to 

study how those parameters influence the behavior of delivery, which may lead to 

a better understanding of therapeutic. 
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