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List of abbreviations 

ABV    Adriamycin, bleomycin and vincristine 
Alx647   Alexa Fluor 647 azide 
13C NMR   Carbon-13 nuclear magnetic resonance 
CMC    Critical micelle concentration 
CHCl2    Dichloromethane 
CHCl3    Trichloromethane, chlorophorm 
cryo-TEM   Cryogenic transmission electron microscopy 
CTA    Chain transfer agent 
DCC    N,N′-Dicyclohexylcarbodiimide 
DDS    Drug delivery systems 
DDD    Drug delivery devices                                                          
DHAD    Dihydroxyanthracenedione 
DLD1    Colorectal adenocarcinoma 
DMAC   Dimethylacetamide 
DMAP    4-(Dimethylamino)pyridine 
DMF    Dimethylformamide 
DMSO    Dimethyl sulfoxide 
DNA    Deoxyribonucleic acid 
DLS    Dynamic light scattering 
DPA    2-(Diisopropylamino)ethyl methacrylate 
Dox    Doxorubicin 
Dtxl    Docetaxel                                                                                     
e.g    Used to provide an example                                                                               
EGFR    Epidermal growth factor receptor 
ELS    Electrophoretic light scattering 
EPR    Enhanced Permeability and Retention                                                          
EtOH    Ethanol 
Et3N    Triethylamine  
FDA    Food and Drug Administration                                                   
FC    Flow cytometry                                                                      
FLIM    Fluorescence lifetime imaging microscopy                                 
FR    Folate receptors 
FT-IR    Fourier transfomed infrared spectroscoy                                    
1H NMR   Proton nuclear magnetic resonance spectroscopy                                                                        
H2O    water                                                                                        
H2O2    Hydrogen peroxide                                                                       
HPLC    High-performance liquid chromatography                              
HeLa    Human cervical carcinoma                                                         
HF    Human fibroblast                                                                     
HPMA    (N-(2-hydroxypropyl)methacrylamide)                                      
i.a    inert atmosphere                                                                          
i.e    Used to offer more information                                          
mABs    Monoclonal antibodies                                                       
NSCLC   Non-small cell lung cancer                                                        
NPs    Nanoparticles                                                                                   
NGR    Asparagine-glycine-arginine 
NR    Nile Red 
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NTA    Nanoparticle tracking analysis                                                    
PAA    Poly(aspartic acid)                                                                
PACA    Polyalkylcyanocrylate                                                           
PBCA    Polybutylcyanocrylate                                                             
PBS    Phosphate buffer saline                                                                     
PBSBDL   Poly(butylene succinate-co-butylene dilinoleate)                    
PCL    Polycaprolactone                                                                       
PC3    Human prostate carcinoma                                                                                     
PDI    Polydispersity index                                                                 
PDPA    Poly[2-(diisopropylamino)ethyl methacrylate] 
PEG    Polyethylene glycol                                                                 
PEO    Polyethylene oxide                                                                    
pHe    Extracellular pH                                                                          
pHi    Intracellular pH                                                                  
PHPMA   Poly(N-(2-hydroxypropyl)methacrylamide)                            
PLA    Poly(lactic acid)                                                                        
PLL    Poly(L-lysine)                                                                           
PGA    Poly(L-glutamic acid)                                                                     
PLGA    Poly(lactic-co-glycolic acid)                                                
PRINT    Particle replication in nonwetting templates                                                                                         

PTX    Paclitaxel                                                                              
PSMA    Prostate specific menbrane antigen                                        
pTSA    P-Toluenesulfonic acid                                                           
PVA    Polyvinil alcohol                                                                      
PVP    Poly(N-vinyl-2-pyrrolidone)                                                                           
RAFT    Reversible addition-fragmentation chain transfer                          
RES    Reticuloendothelial system                                                     
RGD    Arginine-glycine-aspartate                                                      
ROP    Ring-opening polymerisation                                                     
ROS    Reactive oxygen species                                                             
RT    Room temperature                                                                 
SAXS    Small-angle X-ray scattering                                                                  
scFv    Single-chain variable fragment                                                                     
SEC     Size-exclusion chromatography                                                
SLS    Static light scattering                                                                    
siRNA    Small interfering ribonucleic acid                                                         
TEM    Transmission electron microscopy                                                    
THF    Tetrahydrofurane                                           
TPGS    D-α-tocopheryl polyethylene glycol succinate                        
VCR    Vincristine sulfate                                                                  
WHO    World Health Organization 
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List of symbols 

 

A    Absorbance 
DH    Hydrodynamic diameter 
Mn    Number average molecular weight 
Mw    Weight average molecular weight 
n    Refractive index 
RG    Radius of gyration 
RH    Hydrodynamic radius 
λ    Wavelength 
Γ    Decay rate 
µ2    Second cumulant 
kB    Boltzamann constant  
τ    Lifetime 
ζ    Zeta potential 
s    Solvent  
<    Major 
>    Minor 
<    Minor or equal 
≥    Major or equal 
∼    Around 
Is    Scattering intensity 
dn/dc    Refractive index increment 
Rθ    Rayleigh ratio 
θ    Angle  
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1. Aims of the thesis 
 

 

Cancer is a leading cause of death throughout the world (WHO) being responsible for 84 million of 

deaths between 2005 and 2015 making the development of novel biomedical technologies/and or strategies to 

improve conventional chemotherapies of upmost importance. The central focus of current research is to increase 

the survival time and to enhance the patient quality-of-life. Unfortunately, for several treatments, only a limited 

dosage reaches the desired tumor site, resulting in ineffective responses, mainly due to the lack of tissue 

selectivity of the chemotherapeutic to the cancer site. Soft matter assemblies as nanotechnology based systems 

can reach the desired tumor site with higher drug amounts then their free drug counterparts. Based on this, 

emphasis is put here to the current investigations and potential novel approaches towards overcoming the 

remaining challenges in the field of chemotherapy through soft matter assemblies as well as to a brief overview 

of formulations that are in clinical trials and marketed products (successful cases). Taking into account higher 

levels of accumulation in tumors and based on the main advantages and drawbacks of each of the soft matter 

assemblies described, drug-loaded block copolymer micelles and biodegradable polymeric nanoparticles (non-

responsive and responsive to external stimuli) were selected as soft matter systems to improve the conventional 

chemotherapies, and perhaps one day, enhance the patient quality-of-life committed with the cancer disease. 

These features are presented along this thesis. 
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2. Introduction 

 

2.1 Cancer and nanomedicine 

 

Cancer is a leading cause of death throughout the world. The WHO estimates that cancer caused and will 

cause the deaths of 84 million people between 2005 and 2015 [1]. Therefore, current investigations are focused 

on the discovery of novel, powerful anticarcinogenic compounds as well as the development of novel biomedical 

technologies to improve conventional therapies. The development of more effective therapies has become a 

multidisciplinary challenge incorporating materials science, biomedical engineering, life science and clinical 

practice. The central focus of current research is increasing survival time and enhancing patient quality-of-life. 

Conventional cancer treatments are currently based on chemotherapy. There are extremely powerful active 

agents marketed for clinical use, and due to the efficacy of the pharmacological compounds, tissue selectivity is 

of utmost importance. Unfortunately, for several treatments, a limited dosage reaches the desired tumor site, 

resulting in ineffective responses. Consequently, current research investigations are devoted to increasing the 

efficacy and selectivity of known chemotherapeutics rather than discovery of novel compounds. Therefore, it is 

important to understand tumor site pathophysiology and its distinct features compared with normal tissues. This 

knowledge is emerging as an alternative for overcoming the lack of specificity of conventional chemotherapeutic 

treatments. In the next subsection a brief description of the particular features of tumor microenvironments will 

be provided, with special consideration given to tumor vasculature and physicochemical properties. 

  

2.1.1 Particular features of cancer sites  

 

Tumor vasculature 

 

The cardiovascular system is responsible for the removal of waste metabolites as well as the delivery of 

nutrients, oxygen, blood and immune cells to all organs and tissues. The cardiovascular system develops through 

the vasculogenesis and angiogenesis processes. In pathological states, such as cancer and chronic inflammation, 

the rapid development of tumor cells requires the generation of new blood vessels to supply the necessary 

amounts of oxygen and nutrients [2]. In such conditions, the vasculature can be abnormally and irregularly 

activated. Generally, the blood vessel growth is poorly-aligned and has wide fenestrations. Furthermore, tumor 
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tissues usually lack effective lymphatic drainage. Such structural differences compared with normal tissues 

modify fluid dynamics. The porosity and “leaky” vasculature enable the permeation and retention of 

macromolecular drugs and aggregates due to impaired lymphatic drainage within tumor sites. This phenomenon 

is known as the enhanced permeation and retention (EPR) effect. This enhanced retention is primarily caused by 

a lack of lymphatic vessels in the tissue surrounding tumor sites [3]. 

 

Physicochemical aspects  

 

In addition to the particular features of tumor vasculature, tumor sites can be distinguished from normal 

tissues, largely characterized by their slightly acidic extracellular pH (pHe) and interstitial pressure gradient. The 

extracellular pH of tumor sites is slightly below 7.4 due to a lack of oxygen. This is caused by an insufficient 

blood supply because new blood vessel generation is generally not sufficiently rapid during tumor expansion. 

This leads to a hypoxic state where the tumor locality is deprived of an adequate oxygen supply. The hypoxic 

condition is generally followed by the production of higher lactic acid amounts, which contribute to the 

formation of an acidic microenvironment [4]. The pHe in tumor sites usually ranges from 6.0 to 6.8 depending on 

the tumor aggressiveness. Conversely, tumor cell intracellular pH (pHi) is usually similar to values observed in 

normal tissues, ranging from 4.5 in lysosomes up to 8.0 in mitochondria [5, 6]. Due to the wide pH range from 

pHe to pHi, pH-responsive polymer-based supramolecular assemblies with pKa 5.0-8.0 are susceptible to drastic 

changes in their physicochemical properties as a function of pH when travelling from the extracellular to 

intracellular microenvironments. This property is frequently considered during the development of pH-

responsive systems [7-10]. 

 Additionally, high interstitial fluid pressure is a typical feature of solid tumors. Generally, 

chemotherapeutics and high molecular weight nanocarriers are transferred from the bloodstream to tumor sites 

via convection, and the high interstitial fluid pressure of the tumor reduces the effectiveness of this process, 

which ultimately leads to a reduction of the uptake fraction of the active agent by the tumor site. Additionally, 

tumor sites generally maintain a negative interstitial pressure gradient, i.e., the pressure in the tumor core is 

higher than the surrounding tissue. This property restricts the tumor’s drug accumulation capacity because 

chemotherapeutics and high molecular weight nanocarriers will preferentially flow toward the low pressure 

region [11, 12]. 
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2.1.2 Tumor accumulation of active drugs and nanoparticles  

  

The protection of chemotherapeutics using nanoparticle technology avoids the rapid degradation of 

active agents. The use of nanoparticles also reduces side-effects and provides higher therapeutic efficacy, 

sustained drug release and potentially specific accumulation and increased blood circulation half-life [13]. The 

permeation of active agents and supramolecular delivery systems into tumor sites is facilitated by their specific 

aforementioned features. Tumor accumulation may be achieved by passive or active targeting depending on the 

surface properties of the nanocarrier. Truly active targeting can only occur after passive accumulation. 

 

Passive targeting and the EPR effect 

  

The blood vessels in solid tumors possess specific pathophysiological characteristics, such as extensive 

angiogenesis, irregular architecture with a discontinuous epithelium (hypervasculature), lack of a basal 

membrane, impaired lymphatic drainage and extensive production of numerous permeability mediators [11, 14]. 

Almost 30 years ago, two independent studies identified important principles for the selective accumulation of 

large molecules into tumors [15]. Firstly, the interesting fact that tumor vessels are hyperpermeable to large 

macromolecules compared with normal vessels [16], and secondly, the fact that large macromolecules can be 

retained within tumors due to poor clearance [17]. The tumor blood vessels are heterogeneous in their spatial 

distribution and are dilated, resulting in fenestrations in their capillaries. Depending on tumor type, these 

fenestrations can reach sizes from 10 nm to 2 µm [15, 18, 19]. Macromolecules and nanocarriers with 

appropriate dimensions (ranging from 10 to 200 nm) [20] are able to extravasate the large pores in the abnormal 

tumor vessels resulting in enhanced permeation. Additionally, lymphatic vessels are absent or non-functional in 

tumors, contributing to dysfunctional lymphatic drainage, resulting also in enhanced retention of permeated 

macromolecules. The extravasation, with enhanced permeation and retention of macromolecules, results in the 

mechanism known as the enhanced permeation and retention (EPR) effect, schematically depicted in Figure 1. 

This phenomenon has been, to date, the basis of nanotechnology platforms for active agent delivery to tumors 

[21].  

The pioneering investigations on this issue were performed by Matsumura and Maeda [17, 22, 23]. 

These studies were based on biodistribution observations of protein-polymer conjugates (SMANCS), chemical 

conjugates with a synthetic copolymer of styrene-co-maleic acid (SMA) and various radioactive (51Cr-labeled) 
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proteins of various molecular sizes (12 kDa - 160 kDa). The investigators observed a considerable time-

dependent accumulation of SMANCS and plasma proteins with molecular weight greater than 60 kDa [17]. 

Furthermore, after an injection of a labeled albumin-dye complex (69 kDa), macromolecule accumulation was 

observed in normal and tumor tissues, with the retention of the complex only observed in tumor tissues. 

 

  

 

 

 

 

 

 

 

Figure 1. Schematic representation of passive tumor nanoparticle accumulation due to the enhanced permeation 

and retention (EPR) effect. 

 

This unique phenomenon of accumulation in solid tumors is considered a landmark for vectoring 

chemotherapeutics to tumors. Because these peculiarities are not observed in normal tissues, the discovery of the 

EPR effect is becoming a promising strategy for the further development of cancer therapies. As a result of the 

particular anatomical characteristics and pathophysiology of tumor tissues, the concentration of macromolecules 

and nanocarriers can reach values up to one hundred times higher than the concentration in normal tissues [17, 

21, 23, 24]. Nevertheless, it is worth emphasizing that the EPR effect is a highly heterogeneous phenomenon, 

which can be substantially different from tumor to tumor and from patient to patient [11, 25, 26]. This effect is 

also time-dependent during treatment [27, 28], which has limited the progress of the development of therapies 

based on the EPR concept to date [29]. 

 

Active targeting and surface functionalization 

  

The term “active targeting” is generally related to the surface functionalization of nanoparticles with 

targeting ligands to allow binding to specific receptors overexpressed by tumor cells, tumor vasculature or tumor 
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tissues [20, 25, 30]. Active targeting is also called ligand-mediated targeting and is usually implemented to favor 

target cell recognition and target cell uptake. Therefore, it does not aim to improve overall tumor accumulation 

[31, 32]. Ligand-mediated targeting is particularly useful for the intracellular delivery of active agents unable to 

cross cellular membranes by themselves, such as siRNA and plasmid DNA [33-35]. Ideally, the receptors must 

be expressed homogeneously in all target cells, and the active-target nanoparticle must be in the tumor vicinity to 

enhance affinity [31, 36]. The nanoparticle binding affinity is dependent on the nanoparticle architecture, ligand 

specificity and ligand chemistry [30]. Physicochemical properties, such as size, shape and ligand density, may 

also possibly affect the efficacy of the active targeting strategy [37, 38]. 

The nanoparticle internalization is frequently important to increase the efficacy of antitumor agent 

delivery. The ligand nature is also important with regard to the mechanism of cell uptake. Long circulation times 

allow effective transport of the nanoparticles to tumor sites and nanoparticle accumulation via the EPR effect. 

Subsequently, specific ligands may contribute to an efficient endocytosis process. Effective internalization of 

nanoparticles generally leads to an increase in the therapeutic effect [39, 40]. 

Antibodies (monoclonal antibodies - mAbs or antibody fragments - scFv), proteins, peptides and other 

molecules, such as nucleic acids, carbohydrates, folate and aptamers, are amongst the most investigated ligands 

for nanoparticle surface functionalization (Figure 2, left). These categories are described individually in detail in 

the Appendix of the thesis (vide publication 1). 
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Figure 2. Schematic representation of cell internalization by endocytosis via ligand-mediated targeting (left) and 

via passive targeting (middle). Schematic representation of commonly used targeting ligands for nanoparticle 

surface functionalization (right). 

 

Intracellular Delivery of Active Agents 

  

Intracellular delivery is required for the therapeutic activity of macromolecules (particularly large and 

charged molecules, i.e., siRNA, peptides) that cannot enter cells independently [20, 25]. Internalization can be 

mediated by the incorporation of different molecular classes onto the nanoparticle surface as described above. 

Ideally, nanomedicines must be able to deliver therapeutic agents into the target cells with minimal cytotoxicity. 

Subsequent to tumor accumulation and cell internalization, encapsulated therapeutic agents must be released into 

the pre-nuclear region of damaged cells. This drug release may occur via a slow diffusion process or, preferably, 

via an external stimuli or change in environmental condition, such as pH [42]. As previously mentioned, the pH 

of normal tissues (pH ~ 7.4) is progressively reduced to values near 6.5 - 6.0 in the extracellular region of tumor 

sites. High molecular weight nanocarriers are generally cell-internalized via endocytosis and during this process 

early endosomes gradually mature into late endosomes and eventually lysosomes [43]. Therefore, it is essential 

that the encapsulated therapeutic is released prior to lysosome formation, where the drug may be degraded. 

Endosome maturation is linked to a drastic reduction of the internal organelle pH to ~ 5.0. Therefore, polymer-

based pH-responsive materials, which are susceptible to destabilization in acidic conditions, can ideally circulate 

in the slightly basic bloodstream and undergo further disintegration in the acidic organelle environment. 

Polymers containing amino groups with pKa ~ 5.0 - 7.4 demonstrate this behavior. The reduction in 

environmental pH may favor fast drug release, avoiding potential drug degradation. Endosomal escape is the 
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most accepted mechanism for explaining the release of macromolecular drugs and high molecular weight 

nanocarriers from late endosomes due to the proton sponge effect, as outlined in Figure 3. 

 

 

 

 

 

 

 

 

 

Figure 3. Schematic representation of the intracellular delivery of active agents via diffusion-controlled (right) 

and pH-triggered (left) mechanisms.  

 

 During the proton sponge effect, agents that can be protonated subsidize the ionic concentration 

increase inside the organelles, stimulating osmotic swelling of late endosomes causing further membrane 

rupturing and content release prior to its degradation. Polymers with amine groups have been demonstrated to be 

efficient for the intracellular delivery of active agents and genes due to protonation in acidic environments [44].  

 

2.2 Classes of soft matter based nanomedicines for cancer therapy  

 

Soft materials are generally susceptible to environmental conditions. Polymer-based nanomedicines can 

carry, either covalently linked or physically entrapped, an enormous variety of active agents, including drugs, 

contrast probes, proteins and nucleic acids. Therefore, they can be potentially employed in numerous biomedical 

applications. Specifically, polymeric assemblies have received substantial attention due to their versatility and 

“smartness”, as their structure can be modified via external stimuli (temperature, pH, light), allowing 

nanomedicines to be loaded with and deliver active molecules and contrast agents in a controlled fashion and, 

ideally, to desired sites. 

 Current investigations into the updated definition of soft matter based nanomedicines were begun 

decades ago by the convergence of polymer chemistry, materials engineering, biology and pharmacology. This 
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convergence led to the development of numerous nanomedicines, including, initially, liposomes, followed by 

polymer-drug conjugates, drug-loaded block copolymer micelles and biodegradable polymeric nanoparticles. In 

this section, I will describe the most investigated classes of soft matter based nanomedicines and recent advances 

that have focused on cancer chemotherapy.  

2.2.1. Liposomes 

 

Liposomes are self-assembled, swollen vesicular nanostructures produced from amphiphilic 

phospholipids. The pioneers in the field described these swollen phospholipid systems in 1965 [45], initially 

naming them bangosomes. These structures were later conceptually established as drug delivery systems and 

were referred to as liposomes [46]. Liposomal nanostructures have a hydrophilic inner compartment, which made 

them suitable for hydrophilic cargo, such as DNA and therapeutic proteins [47, 48]. Moreover, hydrophobic 

agents can be entrapped within the hydrophobic region of the membrane such as schematically represented in 

Figure 4. However, the loading capacity is limited and sometimes results in unstable entities [49].  

Liposomes can be tailored to deliver cargo using a diverse library of lipids that have specific 

biophysical behaviors [48-50]. The self-assembly can be controlled by lipid selection, providing control over 

liposome morphology and structure as well as biophysical characteristics. The lipids can be synthetically 

designed or naturally occurring compounds. Therefore, researchers can select a variety of hydrophilic head 

groups, specific linkers and hydrophobic moieties [51]. The development of liposomes has led to advances in the 

nanomedicine field. Many biomedical areas have been covered by liposomal research, including the delivery of 

drugs, vaccines, imaging and contrast agents [48, 49]. The control of drug-loading, liposome size, the preparation 

of long-circulating liposomes (PEGylated), triggered release liposomes (by light, heat, pH, ultrasound), ligand-

mediated targeted liposomes and liposomes used to co-deliver drugs have been recently reviewed [48, 51].  

Among the investigated nanomedicines, liposomes were the first to transition from concept to clinical 

application and they are now an established technology platform that has considerable clinical acceptance, with 

several FDA approved formulations for cancer chemotherapy. To date (August 24th, 2015), 13 clinically 

approved liposome agents that generate over $750 million in revenue (2011) are on the market [50].  
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Figure 4. Schematic representation of a drug-loaded liposome (left) and the molecular structure of a 

phosphatidylcholine related phospholipid (right).  

 

2.2.2. Biodegradable polymeric nanoparticles  

 

Biodegradable polymeric nanoparticles comprise primarily nanospheres and nanocapsules. They are 

generally employed to deliver hydrophobic active agents that can be dissolved within the oily core of 

nanocapsules that is surrounded by a polymeric wall or uniformly distributed in the polymeric nanosphere matrix 

(Figure 5) [52].  

 

 

 

 

 

 

 

 

Figure 5. Schematic representation of a drug-loaded nanosphere (left) and nanocapsule (middle). The molecular 

structure of PLGA, a widely used biodegradable polymer for biodegradable polymeric nanoparticle production, 

is also portrayed (right). 
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Biodegradable polymeric nanoparticles were initially reported a few years after liposomes [53] and they 

have also attracted considerable attention for improving conventional chemotherapies. The development of 

biodegradable polymeric nanoparticles has rapidly emerged along to establishing methods for the industrial 

production of polyalkylcyanoacrylate (PACA) [54], poly(lactic acid) (PLA) [55], poly-ε-caprolactone (PCL) 

[56], poly(lactic-co-glycolic acid) (PLGA) [57] and chitosan [58]. Currently, the most investigated systems are 

manufactured from FDA approved biodegradable polymers, including PLA, PCL and PLGA. The advantage of 

these polymers is that they are degraded into smaller, biocompatible molecules that are easily cleared via 

conventional paths, such as renal and hepatic filtration [59]. Nanoparticles made by PLGA and PLA are 

frequently employed to encapsulate anticancer drugs. The biodegradable polyester nanoparticles are generally 

produced using nanoprecipitation (solvent-shifting) [60] or emulsion-evaporation [61] methods. Recently, more 

refined techniques have also been used for biodegradable nanoparticle production, such as continuous-flow 

microfluidics [62] or PRINT (particle replication in nonwetting templates) [63]. Notably, the PRINT process 

appears to circumvent two of the major remaining difficulties in the polymeric nanoparticles field: low 

encapsulation efficiency of active agents and control over particle size and dispersity. Studies have demonstrated 

that PLGA nanoparticles manufactured using the PRINT approach are uniformly distributed with high and 

efficient loadings of docetaxel (40% w/w with encapsulation efficiency higher than 90%) [64]  and have proven 

beneficial in vivo.[65] Currently, there are reports of PLA and PLGA nanoparticles loaded with several 

antitumor agents, including paclitaxel, docetaxel and cisplatin [66, 67].  

Furthermore, the development of new biodegradable polymers, as alternatives to the aforementioned 

FDA approved polyesters, has also attracted considerable attention. Recently, there have been reports that the 

acylation of poly(glycerol adipate) with fatty acids (laurate, stearate and behenate) generates new amphiphilic 

biodegradable polymers with promising properties for nanoparticulate drug carrier systems [68]. We have 

recently reported the synthesis and characterization of a new aliphatic biodegradable-based fatty acid copolyester 

named poly(butylene succinate-co-butylene dilinoleate) (PBSBDL). Surfactant-free 6-7% wdrug/wpolymer 

paclitaxel-loaded nanoparticles (~ 120 nm) that had pronounced stability and relatively rapid degradation were 

obtained. Cell viability experiments demonstrated that the nanoparticles are fully biocompatible and non-toxic, 

making them potentially useful for biomedical applications [69].  

Nevertheless, despite the favorable biocompatibility of polyester nanoparticles, their largest issue is 

rapid uptake and clearance immediately after injection unless a stabilizer is used. To circumvent this difficulty, 

NPs are generally produced with a stabilizing outer shell, generally achieved by grafting, conjugating or 
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adsorbing highly hydrophilic polymers, such as poly(ethylene glycol) (PEG), polysaccharides (usually dextran or 

chitosan), polyvinyl alcohol (PVA) or poly(N-vinyl-2-pyrrolidone) (PVP). However, although they display 

excellent non-bioadhesive properties, the aforementioned hydrophilic polymers have specific weaknesses and 

limitations when used for long-term applications: the polysaccharides are strong activators of the complement 

system [70], PVA can reduce uptake and sometimes must be avoided due to associated toxicity [71, 72], while 

PEG and PVP may undergo oxidative degradation  [73, 74]. Considerable efforts have been directed towards the 

development of alternative bioinert polymers to improve the blood circulation time of nanomedicines [75]. 

Accordingly, PLGA nanoparticles comprising D-α-tocopheryl polyethylene glycol succinate (TPGS) as an 

emulsifier/surfactant to deliver paclitaxel to cancer cells have been reported [76, 77]. This report detailed 

considerable improvements to several properties, such as sustained release, maximum tolerated dose [78] and 

increased bioavailability [79].  

Along these same lines, we recently developed stealth polymeric nanoparticles stabilized by a non-

immunogenic and non-toxic hydrophilic N-(2-hydroxypropyl)methacrylamide (PHPMA) copolymer. Stealth 

doxorubicin-loaded PBSBDL-PHPMA NPs that had pH-dependent doxorubicin (Dox) release were produced 

and in vitro cytostatic efficacy in EL4 T cell lymphoma was proven [80]. This approach enabled additional 

combination chemotherapy using simultaneous Dox and docetaxel (Dtxl) loading. Supramolecular assemblies 

comprising a Dtxl-loaded PBSBDL core and a Dox-conjugated HPMA-based copolymer shell were also 

produced. The use of nanoparticles simultaneously loaded with Dtxl and Dox more efficiently suppressed tumor 

cell growth in mice with EL-4 T cell lymphoma when compared with the effect of nanoparticles loaded either 

with Dtxl or Dox separately (discussed further in the section Summary of the Results – vide publication 2) [81]. 

Finally, the production of PLGA-based block copolymer micelles from PLGA-b-PEG and PLA-b-PEG 

has also been reported as a clever strategy to avoid rapid renal clearance of drug-loaded biodegradable polymeric 

nanoparticles. This category of nanomedicines is discussed in the next section. 

  

2.2.3. Block copolymer nanoparticles 

  

Polymeric micelles are generally produced in aqueous solution through the spontaneous self-assembly 

of amphiphilic block copolymers [82]. Amphiphilic block copolymers are polymers derived from two or more 

blocks of monomeric species with different chemical properties that are covalently bound. Upon water contact, 

the hydrophobic blocks tend to reduce their contact with the hydrophilic media leading to the formation of 



16 

 

generally spherical structures comprising a hydrophobic core stabilized by a hydrophilic shell. The size of block 

copolymer micelles is dependent on the polymer characteristics ranging usually from 10 to 100 nm [68, 83]. 

Therefore, lipophilic agents, such as hydrophobic drugs, can by solubilized in the micellar core, significantly 

affecting its concentration in aqueous media. The encapsulation efficiency is dependent on several parameters, 

including drug and polymer solubility parameters, size, shape and physical state of the hydrophobic guest 

molecule, as well as block copolymer length and volume ratio [44, 84]. Additionally, the active agents can also 

be attached to the hydrophobic segment of block copolymers via an environmentally responsive chemical bond. 

Therefore, controlled drug release can be achieved by triggering the chemical bond or by using polymers 

susceptible to environmental conditions, such as biological stimuli (pH-responsive, redox-responsive, enzyme-

responsive polymers) or external stimuli (thermo-responsive, photo-responsive polymers) [44, 85-87].  

Currently, most investigations are centered on biodegradable polymeric micelles because their degradability 

property circumvents micelle accumulation, which may lead to long-term toxicity. The employment of pH-

responsive micelles is another clever approach because the polymers may be triggered and destabilized in 

response to the slightly acidic tumor microenvironment, enabling rapid release of active agents upon arrival at 

the desired site and simplifying renal clearance (further described in the section Summary of the Results – vide 

publications 3-5). One clever example is to devise block copolymers to produce nanoparticles comprising the 

PDPA (poly[2-(diisopropylamino)-ethyl methacrylate]) core (Figure 6). PDPA is a promising smart material for 

the construction of tumor-targeting drug delivery polymeric nanocarriers because it is able to encapsulate 

hydrophobic anticancer drugs and it undergoes a sharp hydrophobic-hydrophilic pH-induced transition within a 

pH range that is desirable for tumor-targeting drug delivery [88]. PDPA is one of the few polymers that can be 

loaded and that quickly release hydrophobic guest molecules at specific tumor sites via a pH-triggered pathway 

at slightly acidic conditions (further described in the section Summary of the Results – vide publication 5) [89, 

90].  
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Figure 6. Schematic representation of a pH-responsive PEG-b-PDPA drug-loaded block copolymer micelle (left) 

and the molecular structure of the block copolymer PEG-b-PDPA (right). 

 

Recent advances have been promoted by using other pH-responsive block copolymers. Supramolecular 

assemblies based on poly(lysine) and poly(histidine) may also have potential success because their pKa is 

approximately 6.0 - 7.0 [91, 92]. To our knowledge, there are no market products based on these special 

polymers; however, polymeric micelles based on poly(lysine) are already being examined in clinical trials. 

 

2.2.4. Polymer-drug conjugates 

  

The conjugation of drugs to synthetic and natural macromolecules (Figure 7) has been a long-term issue 

[49, 93-95]. The early conjugates reported were based on polyvinylpyrrolidone (PVP) conjugated to mescaline 

via a dipeptide (GL) spacer and based on poly(N-vinylpyrrolidone) conjugated to various antibiotics  [94-95]. 

Nevertheless, only in the mid-seventies were polymer-drug conjugates envisaged as nanomedicines [49, 93, 96]. 

Ideally, polymer-drug conjugates should comprise a biocompatible polymer backbone as a vehicle and the active 

agent, which is bound to the polymer chain via a biologically responsive linker. Investigations into polymer-drug 

conjugates have become a fast and growing field with many conjugates being developed using a variety of 

responsive linkers. Undeniably, the optimization of polymer-drug linkers remains a main issue in the field. 

Polymer-drug linkers must be stable during bloodstream circulation and simultaneously should be able to release 

the conjugated drug at optimal rates upon arrival at the target site [93, 97]. The linkers are usually selected from 

the classes of cis-aconityl [98], hydrazone [99] (Figure 7), acetal [100], peptidyl [101], among other organic 

linkers [102]. 
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Figure 7. Schematic representation of a polymer-drug conjugate (left) and the molecular structure of the 

polymer-drug conjugate PHPMA-Dox, (right) where the active agent doxorubicin is covalently bound to poly[N-

(2-Hydroxypropyl) methacrylamide] (PHPMA) via a pH-responsive hydrazone bond (R1R2C=NNH-). 

 

Currently, the most intensely investigated polymer-drug conjugates are based upon highly hydrophilic 

polymers, such as PEG, PHPMA, poly(vinyl-pyrrolidone), poly(amino acids) and dextrans. The main advantages 

of these polymer-drug conjugates compared with the administration of the related free drug rely on the higher 

aqueous solubility of the attached hydrophobic drugs, the potential triggered release (pH, enzymes), enhanced 

drug bioavailability, prolonged plasma half-life, protection of the active agents against degradation and modified 

biodistribution (pharmacokinetics and pharmacodynamics). Linear, branched, star-like and multi-armed PEG-

drug [103, 104] and HPMA-drug [95, 105, 106] conjugates have been previously investigated. Actually, linear 

PEG-drug conjugates are the simplest and most investigated systems. The active small molecules are usually 

conjugated to the distal end of the PEG chain. However, the primary limitation of this approach is the number of 

available conjugation sites. Consequently, branched and forked PEG-drug conjugates have been synthesized for 

the same purpose [103, 104, 107]. Similarly, multi-armed PEG has been widely investigated due to the presence 

of multi-hydroxyl or functional groups, increasing the number of available conjugation sites. Several multi-

armed PEG-drug conjugates, such as NKTR-102 (PEG-irinotecan), EZN-2208 (PEG-SN38) and NKTR-105 

(PEG-docetaxel), have entered into clinical trials for solid tumor treatment [103, 108].  

PHPMA-drug conjugates are also frequently investigated. HPMA-Dox was the first synthetic polymer-

drug conjugate to progress into clinical trials. The anticancer drug doxorubicin was attached to the HPMA 

copolymer via a biodegradable tetrapeptide spacer (GFLG). Clinical trials examining this polymer-drug 

conjugate initiated in the early 1990s [93, 96]. In the past few years, the selection of polymeric macromolecular 
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carriers, desired target (intracellular, endothelium, etc.) [109, 110], type of conjugation (direct or indirect) 

[97,111], linker chemistry [111, 112] and molecular weight [105] of PHPMA-drug conjugates has been 

extensively investigated to improve antitumor efficacy. Furthermore, the drug combination approach, where 

different agents are bound to the same macromolecular backbone has been successfully reported, i.e., PHPMA-

doxorubicin-aminoglutethimide [113], PHPMA-Dox-dexamethasone [114], PHPMA-Dox-gemcitabine [115], 

and PHPMA-Dox-Mitomycin C [116]. Subsequent investigations resulted in second-generation anticancer 

nanomedicines based on higher molecular weight HPMA-drug carriers containing enzymatically degradable 

bonds in the polymer backbone [94, 95]. The enhanced activity of the second-generation conjugates has been 

proven in vivo [106, 117]. 

Lastly, poly(amino acids)-drug conjugates based on poly(L-lysine) (PLL), poly(-aspartic acid) (PAA) 

and poly(L-glutamic acid) (PGA) have also been considered. PGA is the most accepted polymer in this class 

[118]. The pendant free γ-carboxyl group on each repeating unit of L-glutamic acid offers functional sites for 

drug attachment. Drug release is simplified because PGA itself biodegrades. PGA-paclitaxel (OpaxioTM) and 

PGA-camptothecin have advanced to clinical trials. 

  

2.3. Pre-clinical and clinical progress of soft matter based nanomedicines for cancer 

therapy 

 

Considering clinical progress, although liposomes are the category with the highest number of marketed 

products and several more in clinical trials, there are a number of block copolymer micelles, polymer-drug 

conjugates and biodegradable polymeric nanoparticles currently in phase I/II, III and IV clinical trials to gain 

market approval. Some of these compounds have already received clinical status in specific countries. In this 

section will be highlighted the current status of the block copolymer micelles and biodegradable polymeric 

nanoparticles because they are the main goal of this thesis. The readers are invited to read the Appendix (vide 

publication 1) to gain more information related to the liposomes and polymer-drug conjugates designed for 

cancer chemotherapy, with regard to clinical trials as well as to formulations already in clinical use.  
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2.3.1. Biodegradable polymeric nanoparticles 

  

Concerning biodegradable polymeric nanoparticles, doxorubicin loaded polyalkylcyanoacrylate 

(PIHCA) nanoparticles (TransdrugTM/Livatag®) used to treat multidrug resistant hepatocarcinoma is one example 

that has progressed to clinical trials (currently in phase III) [119]. TransdrugTM allows doxorubicin to overcome 

multi-drug resistance (MDR) pumps [120], and its antitumour efficacy in patients with advanced hepatocellular 

carcinoma (HCC) has been confirmed [121]. In Phase II/III, TransdrugTM significantly increased survival rates in 

patients with advanced HCC (32 months compared with 15 months in patients receiving standard-of-care-

treatment) [122]. Despite the significant 17 months difference, the clinical trial was interrupted due to frequent 

and severe pulmonary adverse events. Currently, the formulation is recruiting participants into Phase III clinical 

trials to determine whether TransdrugTM is effective treating patients suffering from advanced HCC after failure 

or intolerance to Sorafenib [123].  

Correspondingly, promising results have been demonstrated for HCC treatment using mitoxantrone 

(dihydroxyanthracenedione, DHAD) loaded into polybutylcyanoacrylate (DHAD-PBCA) nanoparticles (47% of 

DHAD) [124]. The activity and toxicity of these NPs against HCC were evaluated in a randomized multicenter 

Phase II study [125]. The DHAD-PBCA NPs increased cytotoxicity in hepatic tumors and extended the mean 

survival time from 3.23 months (patients receiving free DHAD) to 5.46 months. 

 

2.3.2. Block copolymer nanoparticles 

 

There are several drug-loaded polymeric micelles currently in Phase I/II, III and IV clinical trials, 

specifically for the delivery of Dox and PTX [126, 127]. To the best of our knowledge, Genexol®-PM, a PTX 

formulation based on monomethoxy-PEG-b-poly(D,L-lactide) (MPEG-PDLLA), is the only formulation 

approved in this category (South Korea, Bulgaria and Hungary) for the treatment of cancer (breast, lung and 

ovarian cancer). The Genexol®-PM efficacy has been demonstrated in a Phase II clinical trial in patients with 

breast cancer [128] and in patients with advanced non-small cell lung cancer (NSCLC) when combined with 

cisplatin [129]. Peripheral neuropathy and myalgia adverse events were observed. However, acute 

hypersensitivity reactions, which are common during Taxol® and Taxotere® treatment, were not observed [128]. 
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Genexol®-PM is currently undergoing Phase IV clinical trials [130] and therapies combined with other antitumor 

drugs are being developed [131]. 

Regarding poly(amino acids)-based block copolymer micelles, NK105 is a PTX-loaded micellar system 

prepared from PEG-poly(aspartic acid, Pas) (PEG-b-Pas), where PTX is physically entrapped (~ 23% 

wdrug/wpolymer). The nanocarrier-based formulation underwent a Phase II clinical trial against advanced or 

recurrent gastric cancer in 2010, demonstrating modest activity and tolerability [132]. Phase III studies in 

patients with breast cancer are being designed to elucidate its survival benefits [133]. Cisplatin incorporation into 

PEG-b-PGlu micelles resulted in the NC-6004 formulation. The cisplatin was incorporated via polymer-metal 

complex-formation [134]. During Phase I clinical trials in patients with solid tumors it reduced toxicity and 

stabilized the disease (7/17 patients) [135]. A Phase I/II clinical trial of NC-6004 combined with gemcitabine for 

metastatic pancreatic cancer treatment was conducted in Asia; the results demonstrated the good tolerability and 

acceptable efficacy of the combination [127]. Phase III studies of NC-6004 in combination with gemcitabine to 

determine their efficacy versus gemcitabine alone in patients with advanced or metastatic pancreatic cancer are 

currently being designed [136]. 

Similarly, in the formulation NK012 the agent 7-ethyl-10-hydroxy-camptothecin is chemically 

conjugated to the PGlu segment of PEG-b-PGlu, and the self-assembly resulted in 20 nm sized drug-loaded 

block copolymer micelles. This formulation demonstrated promising antitumor activity in Phase I clinical trials 

in patients with advanced solid tumors [137]. The safety and efficacy of NK012 for advanced and metastatic 

triple negative breast cancer treatment is ongoing (Phase II) [138], as well as, for colorectal cancer treatment in 

combination with 5-fluorouracil (Phase I) [139]. Similarly, NK911 is a micellar nanocarrier (~ 40 nm) consisting 

of a PEG-poly(aspartic acid) block copolymer conjugated to doxorubicin. Phase I investigations demonstrated a 

partial response (1/23 patients) or stable disease (8/23) in patients with metastatic pancreatic cancer [140]. 

However, its plasma clearance was ~ 400-fold higher compared with Doxil® suggesting that the NK911 has 

lower stability in the bloodstream. The formulation NC6300 consists of epirubicin covalently bound to PEG-b-

polyaspartate block copolymers via an acid-labile hydrazone bond. This conjugate produces 40-80 nm micellar 

structures and is intended to be indicated for breast cancer. In pre-clinical studies, prolonged blood circulation 

with preferential accumulation in human liver and breast cancer xenograft models was reported [141], along with 

extended antitumor effects with reduced epirubicin cardiotoxicity in mice bearing Hep3B liver orthotopic tumors 

[142]. Following preclinical evaluations, a Phase I trial is underway in Japan in patients with advanced or 

metastatic solid tumors [143]. 
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The micellar doxorubicin formulation SP1049C has been produced from the well-known class of 

Pluronic® micelles. This nanocarrier has demonstrated higher antitumor effects compared with the free parent 

drug [144, 145]. SP1049C safety and efficacy was demonstrated in Phase II investigations in patients with 

advanced adenocarcinoma of the esophagus and gastroesophageal junction (9/19 patients had a partial response 

and 8/19 patients had either a minor response or stable disease) [146].  

The aptamer-conjugated PLGA-PEG-docetaxel nanoparticle (BIND-014) is an example of a ligand-

mediated targeting nanocarrier able to recognize PSMA (prostate-specific membrane antigen) expressed on the 

cancer cell surface. This formulation was well tolerated with predictable and manageable toxicities in Phase I 

clinical trials [30]. These promising results are currently being continued in a Phase II trial in patients with 

advanced or metastatic solid cancers [147] or with metastatic castration-resistant prostate cancer [148]. 

 

2.4. Main challenges to move forward 

 

Although the convergence of fundamental and applied research has contributed to the development of 

novel nanotechnology-based medical technologies that are commercially marketed products, numerous soft 

matter-based formulations have disappointed in clinical trials. This highlights the necessity of careful 

optimization and control over polymer chemistry and supramolecular assemblies to improve the stability and 

efficacy of cancer therapies. Furthermore, in addition to the vehicle-related challenges, the specific features of 

each tumor and each patient appears to be the most difficult barrier to further progress. The current primary 

developmental challenges are summarized in this section as vehicle-related and physiological-related barriers. 

 

2.4.1. Vehicle-related barriers 

 

The practical challenges related specifically to polymeric micelles depend on poor in vivo stability due 

to extensive dilution upon injection, resulting in vehicle dissociation [140, 149]. To date, approaches to 

overcome this issue are based on crosslinking strategies [150]. Another issue is inefficient cellular uptake of 

polymeric micelles by the target cancer cells. This is caused by the presence of dense layers of stealth polymers, 

such as PEG, in the outer shell of the assemblies, which is required to promote long circulation of the entities in 

the bloodstream [151]. To achieve high drug accumulation using stealth nanocarriers, one clever strategy is the 

use of pH-responsive polymers that promote pH dependent dissociation of the nanocarriers upon arrival at the 
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tumor site. This phenomenon occurs in response to the slightly acidic tumor microenvironment compared with 

physiological pH. Small molecular weight anticancer drugs are then able to be internalized by a simple diffusion 

process rather than endocytosis. Regarding polymer-drug conjugates, polymer-drug linker optimization to ensure 

stability during circulation is extremely important because rapid hydrolysis and drug elimination may explain 

many of the disappointing results obtained during clinical trials. Furthermore, high drug-loading (physically 

entrapped or covalently bounded) is also required. Considering the class of liposomes, drug leakage and stability 

during bloodstream circulation limits the higher efficacy. However, cholesterol incorporation into the bilayer, 

thereby increasing cohesiveness and reducing leakage, has been employed to circumvent these difficulties [152, 

153]. 

Generally, structural parameters, such as size, shape and surface charge, have been shown to influence 

cellular uptake. The tumor pore size depends on tumor permeability, type, heterogeneity and tumor progression 

[11]. The tumor pore size usually ranges from ~ 10 nm to 2 µm [11, 15, 18, 19]. However, nanoparticles ranging 

from 10 nm to 200 nm have been shown to be preferentially accumulated via the EPR effect [20]. Liposomes 

accumulate more when their dimensions are approximately 100 nm [154], whereas only micelles ~ 30 nm can 

penetrate into hypovascular tumors [155]. As a “rule of thumb” , polymer-drug conjugates should have molar 

mass below ∼40 kDa and be small enough to be renally filtered [156]. Regarding surface charge (zeta potential), 

opsonins tend to bind to charged or hydrophobic polymers accelerating hepatic clearance [157, 158]. The effect 

of soft colloid surface charge and its influence on body clearance remains controversial [159-163]. The shape of 

nanomedicines significantly impacts pharmacokinetics and tumor accumulation. Water soluble polymers are 

usually flexible and are therefore able to deform to easily pass through pores, whereas rigid structures, such as 

star-like and hyperbranched polymers, may encounter more difficulty [156]. For example, filomicelles persist in 

circulation ten times longer than their spherical counterparts [164]. The in vitro cell internalization of differently 

shaped cationic cross-linked PEG hydrogels demonstrates that the internalization of rod-like structures occurs 

more rapidly and efficiently compared with other shapes with the same volume and size [159].  

Therefore, considering the above-mentioned issues, the precise control and optimization of these 

parameters will lead to improved nanomedicine design for use in various biomedical applications. To this end, 

the Table 1 summarizes the main advantages and the drawbacks of the above-mentioned soft matter based 

nanomedicines.  
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Table 1. Advantages and drawbacks of different soft matter based nanomedicines. 

 

 

2.4.2. Physiological-related Barriers 

 

In addition to vehicle-related issues, tumor concerns must also be addressed to realize the desired 

expectations of nanomedicines in cancer chemotherapy. Physiological barriers are undoubtedly the most 

important limiting factor against enhancing the efficacy of nanotechnology-based therapies. Firstly, blood vessel 

fenestrations in tumor sites vary substantially. However, the pore size of brain tumor tissues usually does not 

exceed 10-12 nm [15]. This particular feature challenges nanoparticle design for brain tumor treatment because 

the assemblies are rapidly cleared via renal filtration when the sizes are less than 10 nm [165, 166]. Tumor pore 

System Main advantage Main drawback 

Liposomes 

encapsulation of hydrophilic and/or hydrophobic agents 

both drugs formulated in non-covalent way 

biodegradability 

usually large structures which may reduce 

extravasation efficiency 

drug leakage (instability of system during 

storage and transport to target tissue) 

no simple manufacturing 

Biodegradable 

polymeric 

nanoparticles 

simple manufacturing 

size control 

stability during circulation 

biodegradability 

agents can be formulated in a non-covalent way 

surfactants for stabilization 

physically incorporation of just 

hydrophobic agents 

Block copolymer 

micelles 

small size enabling effective EPR accumulation 

agents can be formulated in a non-covalent way 

biodegradability 

simple manufacturing 

Poor in vivo stability and possible dissociation 

upon injection 

limited loading capacity 

physically incorporation of just 

hydrophobic agents 

Polymer-drug 

conjugates 

higher aqueous solubility of attached hydrophobic agents 

high loading capacity 

stability during circulation 

encapsulation of hydrophilic and/or hydrophobic agents 

instability of polymer-drug linkers 

no simple manufacturing 

non biodegradability 

agents must have suitable functional groups 
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size is dependent on physiological conditions, which vary substantially from tumor to tumor and from patient to 

patient [11, 25, 26, 30]. Furthermore, differences in tumor treatments have been observed in pre-clinical models 

(animals) to further clinical trials (humans). This is thought to be related to tumor-related physiological 

differences between species and studies, i.e., tumor biology and clearance differ between animals and humans 

and pre-clinical models usually are focused on primary tumors, whereas clinical trials are conducted in 

metastatic patients [30]. Although there has been significant progress controlling the physical parameters of 

nanomaterials, this issue restricts the optimization of colloidal system requirements because differences in tumor 

treatments and tumor models hinder efficient accumulation. Ideally, this issue will be resolved by the personal 

design of nanomaterials. 

 Additionally, as nanomaterials reach tumor sites, passively or actively, permeation efficacy depends on 

tumor type, status and location [11, 20, 21, 30]. Another major challenge is the tumor negative pressure gradient 

because the interstitial pressure is higher in the tumor core, and therefore, the nanoparticles will always have the 

tendency to flow towards the periphery. A clever strategy for this issue is to increase blood pressure, reducing 

the pressure difference and ideally improving passive nanomaterial accumulation [167]. Furthermore, the EPR 

effect itself is highly heterogeneous and usually accumulation is not even, particularly in the central regions of 

the malignancy.  

Finally, tumor resistance and MDR resistance are issues that must be considered. The strategy to 

circumvent these factors may lie in the field of ligand-mediated active targeting through the development of 

systems to target the endothelium of the tumor vasculature [25, 48] because endothelial cells have higher 

circulation accessibility and the tissue is genetically stable limiting the development of tumor resistance [168]. 

Combined therapy may be a promising strategy to suppress cancer-drug resistance because different drugs may 

damage or kill cancer cells during different stages of their growth cycles [105]. The co-delivery of multiple 

drugs through a single administration has advantages, such as possible synergistic therapeutic effects, 

suppression of drug resistance and the ability to control drug exposure [105, 137, 139]. 
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2.5. Non-responsive soft matter assembles for cancer chemotherapy 

 

2.5.1. Non-responsive biodegradable polymeric nanoparticles based on human metabolism 

monomers as drug-delivery systems  

 

The use of biodegradable and biocompatible polymers to prepare systems as potential biomaterials has 

become one important area of materials in medicine. Due the advances in polymer chemistry and polymer 

colloids, it is nowadays possible to prepare polymers exhibiting unique finely tuned properties which are 

required to achieve the goal of biomedical applications [169-171]. Biodegradable polymers are very attractive 

because through the optimization of the degradation it is possible to allow the body clearance of the polymeric 

material avoiding its accumulation and possible toxicity [172, 173]. Nevertheless, the available biodegradable 

polymers suitable for biomedical applications are limited due to the essential requirement of biocompatibility. 

Furthermore, the degradation mechanism must also not lead to the formation of toxic products [174]. 

However, over the past decades, the use of biodegradable polymers aiming at the preparation of 

nanoscale and biomedical devices has been mostly limited to the aliphatic polyesters such as PCL, PLA and 

PLGA essentially due to their good hydrolyzability, biocompatibility and degradation properties [175, 176]. 

Heretofore, the selection of the biocompatible monomer to be used as future biodegradable polymer candidate is 

a subject of fundamental relevance in biomedical applications. The use of metabolite monomers that are 

normally present in the human metabolism offers a route to minimize toxic side effects. Some of these polymers, 

during degradation, release molecules that the body can resorb, metabolizing them in various physiological 

pathways [172]. 

Some examples of monomers endogenous to the human metabolism are succinic acid (SA) and 

saturated dilinoleic acid (DLA). Succinic acid is a key intermediate in the Krebs cycle (also known as the citric 

acid cycle) [177]. DLA is a fatty acid derived from the dimerized linoleic acid. Numerous physiological benefits 

have been attributed to linoleic acid derivatives including action as an anticarcinogenic [178, 179], 

antiatherosclerotic [180] and antidiabetogenic agent [181]. Moreover, fatty acids are suitable components to the 

preparation of biodegradable polymers since they are hydrophobic naturally occurring body compounds [182]. 

Different fatty acid monomers obtained from natural sources have been suggested as starting materials to 

produce devices for biomedical applications resulting in copolymers of numerous structures [183].   
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Recently, multiblock copolymers composed by SA, 1,4 butanediol (BD) and dilinoleic acid as building 

block monomers were proposed as a suitable biomaterial for bone and tissue engineering demonstrating good 

biocompatibility [183, 184]. DLA is the dimerized linoleic acid and it is a suitable monomer for step growth 

polycondensation resulting in copolymers of numerous structures [185, 186, 187, 188]. Hence, DLA copolymer-

based biodegradable and biocompatible polyesters can render very interesting biomaterials usable as 

nanocarriers, they deserve to be investigated for such a purpose. Although copolymers containing fatty-acids 

monomers as building blocks were extensively proposed in the literature as devices in many biomedical 

applications, the application of DLA as building blocks for copolyester synthesis aiming at drug delivery 

purposes through polymer nanoparticles were just reported recently. [69] Surfactant-free sub-100 nm in diameter 

biodegradable and biocompatible nanoparticles was prepared by the well-known nanoprecipitation approach. 

Their characterization and preliminary evaluation of the biological behaviour was also described [69, 80] as well 

as the co-delivery of multiple anticancer drugs to solid tumors providing more efficient suppression of tumor-cell 

growth and increase of animal survivor in mice [81].  

Taking into account the benefits of SA, BD and DLA as building block monomers from the human 

metabolism, a new series of renewable resource-based biodegradable and biocompatible copolyesters was 

synthesized by environmentally benign melt polycondensation. The polymers and the nanoscale delivery systems 

prepared from them were further characterized in detail employing several standard techniques. Their 

capabilities to prepare biodegradable and biocompatible non-responsive soft polymer nanoparticles for 

chemotherapeutic delivery is deeply detailed and discussed throughout the section Summary of the Results (vide 

publication 2). 

 

2.6. Responsive polymer nanoparticles for cancer chemotherapy 

 

For potential drug delivery applications, ideal drug carriers need to combine both the targeting property 

and the stimulus responsiveness to enhance the bioavailability of the drug as well as to reduce the side 

effect.[189] Therefore, designing stimulus-responsive nanoparticles for programmed drug delivery, which 

release the drug in a controlled manner on arrival at the targeted site, is highly desired. Stimulus-responsive 

nanoparticles produce physical or chemical changes when subjected to external signals, including variations of 

macromolecular structures, solubility, surface properties, swelling and dissociation. The examples and 

classification of biological stimuli that can be exploited for triggering the delivery of drugs, genes, or diagnostic 
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agents from the nanocarriers are diverse and manifold in nature. Though overlapping in many instances, the 

stimuli that trigger drug release from the nanocarriers can be broadly classified with respect to the biological 

systems as either internal (physiological, pathological, and patho-chemical conditions) or external (physical 

stimuli, e.g., heat, light, magnetic and electrical fields) (Figure 8) [190-193]. 

  

       

 

 

 

 

 

 

 

 

Figure 8. General scheme of stimuli-responsive release of a drug from a nanocarrier [193]. 

  

Along the thesis two specific internal stimuli (physiological/pathological) will be exploited as a target to drug 

release, the stimuli to differences in pH and in to the production of reactive-oxygen-species (ROS). Both of them 

are detailed below. 

 

2.6.1. Responsive polymer NPs to pH-cellular imbalances 
 
 
The choice of using pH-sensitivity is mainly due to the presence of a sharp pH gradient across 

biological systems on both cellular and systemic levels in pathological states which differ from the physiological 

pH of 7.4. For many years, the shift of pH status in the gastro-intestinal systems from very acidic to basic (~2.0 – 

8.0) has been taken into consideration in the design of orally-active pH-sensitive prodrugs and controlled release 

delivery systems [194]. In cellular and sub-cellular levels, the pH factor plays an even higher and more critical 

role since abnormal tissue, as in inflamed, infected, or malignant tissue usually demonstrates lower pH values. In 

cancer tissues the extracellular pH can easily fall to values around 6 - 7 while for certain cancers it reaches even 

lower values. [195] After cellular uptake via endocytosis, the nanocarrier system faces very well-defined 
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compartments with strongly differential pH status. The early endosome has a pH about 5 - 6 while the late 

lysosome, which is the most acidic compartment, has a pH around 4 – 5 [196] (vide section Intracellular 

Delivery of Active Agents). These extra- and intracellular pH gradients will be used herein to design drug 

delivery systems which selectively release their transported drug at the specific site of action. 

 
2.6.2. Responsive polymer NPs to reactive oxigen species (ROS) cellular imbalances 
 
 

In the human body, there are two types of oxidative species: reactive oxygen species (ROS) and 

reactive nitrogen species (RNS). ROS generally include the superoxide anion and hydrogen peroxide (H2O2), 

which are initially generated by oxygen reduction, as well as, their derived reactive species including the 

hydroxyl radical, hypochlorous acid (HOCl), peroxyl radicals, and singlet oxygen. Herein, ROS it will be 

exploited as a target for programed drug delivery. 

ROS have a crucial role in human physiological and pathophysiological processes.  An emerging body 

of data indicates that ROS such as H2O2 act as a component of cell signaling pathways that is necessary for the 

growth, development, and fitness of living organisms. However, imbalances in H2O2 production lead to 

oxidative stress and inflammation events, which damage tissue and organ systems and are correlated with the 

onset and advancement of various diseases, including cancer, diabetes, cardiovascular and neurodegenerative 

diseases. The involvement of ROS in cellular signaling and disease states has motivated the construction of 

chemical tools to ROS-specific detection systems, and ROS-responsive micro- or nanocarriers. [197-201] 

Delivery platforms that enable targeted release of antioxidants or chemotherapeutic drugs at sites of high ROS 

activity have the potential for high therapeutic impact. The ability to generate a triggered nanoparticle response 

(e.g., release of cargo or polymer degradation) in the presence of ROS rich microenvironments is of particular 

interest, e.g., in targeted delivery to tumors and sites of inflammation. Such delivery is achieved since the 

aforementioned tissues exhibit enhanced accumulation and uptake of macromolecules and nanoparticles (with 

diameter less than 100 nm) through the combination of their generally leaky microvasculature and missing or 

tight lymphatic capillary systems. This effect is the already mentioned EPR effect, known also for solid tumors. 

Furthermore, both microenvironments share lower pH values if compared to the pH of normal tissues. These 

biological features inspired us to exploit the imbalances in the ROS cellular levels on the healthy and unhealthy 

microenvironments to develop systems for the in vitro (in vivo) detection of different ROS or the in vivo 

diagnosis of oxidative stress-relevant diseases, e.g., cancer, diabetes, cardiovascular and neurodegenerative 
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diseases. The most utilized ROS momoners are depicted in the Figure 9. The phenylboronic acid based systems 

are the most promising and ROS-sensitive reported up-to-date [202, 203]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Oxidation-responsive motifs and their oxidation products. [Modified from ref. 203]  

 

Taking into account the aforementioned, the thesis was driven to the preparation of NPs based on the 

promising soft matter assemblies that have entered in clinical trials, e.g., the biodegradable polymeric NPs and 

the block copolymer NPs. The systems were prepared taking advantages based on the vehicle-related barriers 

and physiological-related barriers (vide section 2.4.1 and 2.4.2) and are described in the following sections as 

publications 2 to 6. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



31 

 

3.  List of publications included in the thesis 
 
 
Publication 1 
Jäger, E and Giacomelli, F.C.: Soft matter assemblies as nanomedicine platforms for cancer chemotherapy: a 
journey from market products towards novel approaches.  
Current Topics in Medical Chemistry 2015, 15, 328-344. 

 
Publication 2 
Jäger, E., Jäger, A., Chytil, P., Etrych, T., Říhova, B., Giacomelli, F.C., Štěpánek, P., Ulbrich, K. Combination 
chemotherapy using core-shell nanoparticles through the self-assembly of HPMA-based copolymers and 
degradable polyester.  
Journal of Controlled Release 2013, 165, 153-161. 

 
Publication 3 
Petrova, S., Jäger, E., Konefał, R., Jäger, A., Venturini, C.G., Spěváček, J., Pavlova, E., Štěpánek, P. Novel 
poly(ethylene oxide monomethyl ether)-b-poly(ε-caprolactone) diblock copolymers containing a pH-acid labile 
ketal group as a block linkage.  
Polymer Chemistry 2015, 5, 3884-3893. 

 
Publication 4 
Jäger, E., Jäger, A., Höcherl, A., Petrova, S., Venturini, C.G., Janouškova, O., Konefał, R., Ulbrich, K., 
Pavlova, E., Štěpánek, P. pH-triggered cargo release through nanoparticles based on biodegradable block 
copolymer containing a ketal groups as a block linker.  
RSC Advances Communication 2015, manuscript under review. 
 

Publication 5 
Jäger, A., Jäger, E., Surman, F., Angelov, B., Ulbrich, K., Drechsler, M., Garamus V., Rodríguez Emmenegger, 
C., Nallet, F., Štěpánek, P. Nanoparticles of poly([N-(2-hydroxypropyl)]methacrylamide)-b-poly[2-
diisopropylamino)ethyl methacrylate] diblock copolymer for pH-triggered release of paclitaxel.  
Polymer Chemistry 2015, 6, 4946-4954. 
   
 
Publication 6 
Jäger, E., Höcherl, A., Jäger, A., Štěpánek, P., Hrubý, M., Konefał, R., Netopilik, M., Pánek, J., Šlouf, M., 
Ulbrich, K. Fluorescent boronate-based polymer nanoparticles with reactive oxygen species (ROS)-triggered 
cargo release for drug-delivery applications.   
Nanoscale 2015, manuscript under review. 
 
 
 
 
 
 
 
 
 

 
 
 
 



32 

 

4. Summary of the results 
 

 
4.1 Soft matter assemblies as nanomedicine platforms 

 
 

This section summarizes the approaches and results included in publications 1 to 6. According to the 

aims of the thesis, these results are divided into four main research topics. The first topic is a summary of the 

current medical applications of nanotechnology and the potential of the emerging field of nanomedicine 

embraced as introduction of the present thesis. It was focused in the recent advances in the manufacture of soft 

matter-based nanomedicines specifically designed to improve diagnostics and cancer chemotherapy efficacy. It 

has particularly highlighted liposomes, polymer-drug conjugates, drug-loaded block copolymer micelles and 

biodegradable polymeric nanoparticles, depicted in Figure 10, emphasizing the current investigations and 

potential novel approaches towards overcoming the remaining challenges in the field, as well as, formulations 

that are in clinical trials and marketed products. These topics are fully detailed in the publication 1 (see 

Appendix) as a review.   

 

 
 
 
 
 
 
 
 
 
 

Figure 10. Main classes of soft matter nanomedicines in cancer therapy. 

 

4.2 Combination chemotherapy trough non-responsive soft matter assemblies as nanomedicine 
platforms (publication 2) 

 

A novel approach for nanoparticle-based combination chemotherapy simultaneously incorporating two 

different antitumoral agents into a single polymeric nanoparticle is herein briefly discussed and fully reported in 

the publication 2 (see Appendix). The self-assembly of a new aliphatic biodegradable copolyester PBSBDL 

(poly(butylene succinate-co-butylene dilinoleate)) and a HPMA-based copolymer containing cholesterol 
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(PHPMA-chol) (Figure 11) units enables preparation of narrowly distributed sub-200 nm “stealth” degradable 

polymeric nanoparticles, which are suitable for passive tumour targeting and combination chemotherapy in vivo.  

 

 

 

 

 

 

 

 

 

Figure 11. Molecular structure of the PBSBDL copolyester - left, PHPMA-Chol - middle and PHPMA-chol-

Dox - right (top) and schematic representation of the produced NPs (bottom) (PBSBDL - black, PHPMA - blue, 

cholesterol anchor - yellow, Dtxl - green, Dox - red).  

 

Recently, it has been shown that in comparison to well-known standard polyesters such as PCL, PLGA 

and PLA, the PBSBDL as spherical surfactant-free NPs can cargo a higher paclitaxel amount (~ 6 - 7 % 

wdrug/wpolymer). The NPs were shown to be highly swollen by water and bulk erodible in about two weeks due to 

their porous structure [69], which accelerates the hydrolysis process, being very attractive characteristic aiming 

at drug delivery applications. Therefore, the PBSBDL copolyester was selected as the biodegradable core 

forming of the nanoparticles. As a “stealth” shell forming polymer the precursor PHPMA-Chol was prepared by 

free radical terpolymerization of HPMA with comonomers bearing hydrazide groups and the cholesterol 

hydrophobic substituents. The macromolecular characteristics of the polymers are given in Table 2 and the 

synthetic procedures are fully described in the publication 2 (see Appendix). 

The PBSBDL copolyester and the PHPMA-based polymers were synthesized with Mw below the renal 

threshold (Mw ~ 50 kDa) allowing the polymer to undergo renal clearance avoiding accumulation after in vivo 

administration [204].  
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Table 2. Macromolecular characteristics of the synthesized polymers. 

a Measured by SEC; b Determined by 1H NMR; c Measured by UV/Vis spectrophotometry. 
 

The structure of the nanoparticles was characterized in detailed by SLS, DLS and ELS (Table 3 and 

Appendix) besides TEM (Figure 12). The size of the core-shell NPs (RH) was found to be always below the cut-

off size of the leaky pathological vasculature (2RH < 200 nm) thus making them potential candidates for the use 

in targeted cancer chemotherapy via passive solid tumour targeting due to EPR effect. 

 

Table 3. Physicochemical characteristics of the produced NPs. 

aestimated using the Cumulants analysis of the autocorrelations functions monitored at 90°. * NPs 

loaded with docetaxel (Dtxl) and doxorubicin (Dox). ** NPs loaded just with docetaxel (Dtxl). 

 

The formation of spherical core-shell nanoparticles was confirmed by TEM. The Figure 12 reveals that 

the NPs are constituted of an electron-dense compact core and a thicker shell which is highly diffuse. 

                                      

                                   

 

 

Entry Mn (103 g·mol-1)a Mw / Mn
a 

Cholesterol amount 
(mol%)b  

DOX 
(wt.%)c 

PBSBDL 32.0 1.76 - - 
PHPMA-Chol 17.2 1.92 2.3 - 

PHPMA-Chol-Dox 21.1 1.65 2.3 10.1 

Entry  RH (nm) Dispersitya ζ (mV) Mw(NP) (107 g⋅mol-1) RG (nm) 
 

d (g⋅mL-1) 
 

NP0 46.0 0.10 -32.0 12.9 47.0 0.46 

NP1 41.0 0.09 -26.0 4.2 38.0 0.24 

NPDTXL-Dox* 56.0 0.09 +17.0 23.3 61.0 0.53 

NPDox 54.0 0.08 +15.0 21.7 59.0 0.55 

NPDtxl** 44.0 0.06 -21.0 6.4 40.0 0.30 
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Figure 12. TEM image of NPDtxl-Dox. 

 

The efficient NPs accumulation into solid tumour sites requires long circulating capability to enable 

time-dependent extravasation of the NPs through the leaky blood tumour microvasculature. The long-time 

stability of NPs in serum is therefore a pre-requisite for the use of polymeric NPs in vivo [80, 155]. In order to 

confirm the serum stability of the NPDtxl-Dox NPs they were incubated in 10% (v/v) diluted human plasma in 

PBS. The serum stability of the NPs was monitored by evaluating possible changes in hydrodynamic size and 

scattering intensity over time [88]. The temporal stability of the NPs in blood plasma as a function of the 

incubation time is given in the Appendix (vide publication 2, Fig. 6). The size and scattering intensity patterns 

of the nanocarrier system does not change within the first 24 h suggesting that the NPs are highly stable against 

aggregation in the simulated physiological media. The slight increase in hydrodynamic radius (2RH ∼ 122 nm; 

size increase in ∼ 10 nm) is supposed to be related to the adsorption of a protein monolayer since the average 

size of the dissolved single proteins is ~ 8 nm [205].  

The stability of the NPs is promoted by the presence of the hydrophilic PHPMA shell since the HPMA 

copolymers exhibit hydrophilicity making energetically unfavourable the adsorption of plasma proteins. The 

serum stability points out that the PHPMA coating was efficient to provide “stealth” property to the 

manufactured nanomedicines. The novel nanoparticle carrier-based nanomedicines designed for targeted drug 

delivery take advantage of the combination of activity of highly hydrophobic drug docetaxel (Dtxl) entrapped 

physically within the degradable polyester core and the hydrophilic drug doxorubicin hydrochloride (Dox.HCl) 

conjugated to the reactive HPMA copolymer shell via hydrazone bond enabling its pH-sensitive release. The 

release experiments were conducted at 37 °C and pH 7.4 (to simulate conditions during transport in blood) and at 

pH 5.0 (buffer modelling acidic cytosolic or endosome conditions in tumour cells). The profiles are given in 

Figure 13. The Dtxl sustained release was observed where 39 % and 31 % of the loaded Dtxl was released within 
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the first 12 h of incubation at pH 7.4 and pH 5.0, respectively. The remaining Dtxl was slowly released where 

only 56% and 49% was released at pH 7.4 and pH 5.0 within 48 h of incubation. The slow Dtxl 

pharmacokinetics is attributed to the hydrophobicity of the manufactured PBSBDL core and to the poor water 

solubility (~ 0.025 mg⋅mL-1) of Dtxl. In the current case, the drug release is also supposed to be controlled by the 

diffusion of the drug through the polymer matrix and by the hydrolysis of the biodegradable PBSBDL 

copolymer. On the other hand, a reasonable small amount of Dox (10%) was released in the same period at pH 

7.4 whereas more than 87% was released within the same period at the pH mimicking the intracellular 

environment (pH 5.0). The release data demonstrates that during the systemic circulation only marginal amounts 

of drugs is released before reaching solid tumour environments via the EPR effect mechanism. Conversely, the 

Dox is quickly released at pH 5.0 where ~ 42 % of the loaded Dox is released within first 12 h whereas the 

anticancer drug is almost integrally released within 48 h fulfilling the criteria for pH-triggered drug release 

mechanism. Therefore, the core-shell NPDtxl-Dox exhibit physicochemical properties required for practical 

application as nanocarriers in passive tumour-targeted drug-delivery. The fastest Dox release profile at pH 5.0 

and the slow Dtxl release kinetic is a strong hint that the co-delivery system can provide synergistic effect in the 

treatment of solid tumors. 

 

 

 

 

 

 

 
Figure 13. Dtxl and Dox release profiles from core-shell NPDtxl-Dox at pH 5.0 (Dtxl ●; Dox ●) and pH 7.4 

(Dtxl ○; Dox ○). The values represent average ± s.d. (n = 3). 

 

The use of nanoparticles simultaneously loaded with Dtxl and Dox.HCl provided a more efficient 

suppression of tumor cells growth in mice bearing EL-4 T cell lymphoma when compared to the effect of 

nanoparticles loaded either with Dtxl or Dox separately. Additionally, the obtained self-assembly nanoparticle 

platform enables further development of targeting strategies based on the use of multiple ligands attached on a 

shell surface for simultaneous passive and active targeting and combination therapies.  
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The anticancer activity of the produced NPs was evaluated in mouse syngeneic lymphoma model. The 

developed tumours killed the untreated mice within 28-32 days (the mean survival time was 30 days, SD=1.87, 

median survival 28.5 days, n=8). The NPs were administered in two doses (2×5 mg Dox(equivalent)/kg) on the 

7th and 8th day after tumour transplantation. The treatment of mice inoculated with EL4 T cell lymphoma by 

using NPDtxl-Dox was substantially more effective than the treatment with free drugs or with single-loaded NPs 

(NPDtxl or NPDox) as reported in Figure 14. After 30 days of treatment using NPDtxl or NPDox, the tumour 

growth was reduced by ~ 50% and ~ 65% respectively, as compared to the controls (p < 0.005). The NPDtxl-

Dox NPs inhibited the tumour growth by ~ 90% compared to the controls (30 days, p < 0.001) or by ~ 30% 

compared to NPDtxl and NPDox NPs (p < 0.005). It is worthwhile to highlight that the co-delivery also 

suppressed tumour growth more efficient than the delivery of either free Dox or free Dtxl at the same dose 

concentrations. Along with the reduction of tumour growth, the survival time of the animals under cancer 

chemotherapy was also extended compared to the untreated controls (Fig. 14b). The efficacy of the combination 

chemotherapy (NPDtxl-Dox) in comparison to NPDtxl and NPDox (dose-equivalent) is evident. Mice treated 

with core-shell NPDtxl-Dox survived significantly longer compared with untreated control of separately 

administrated Dox and Dtxl. This might indicate a synergistic effect to be further investigated. 

 

  

 

 

 

 

 

Figure 14. In vivo effect of core-shell NPs on the growth of T cell lymphoma EL-4 (a), Kaplan-Meier survival 

plot of mice (b); NPDtxl (-) 2 × 5 mg Dox(equivalent)/kg, NPDox (-) and NPDtxl-Dox (-) 2 × 5 mg 

Dox(equivalent)/kg, Free Dtxl (-) 2 × 5 mg Dox(equivalent)/kg; Free Dox (-) 2 × 5 mg Dox(equivalent)/kg, 

untreated control (-) (Student's T-test; P<0.005). 

 

The EL4 T cell lymphoma model is particularly aggressive and known for its leaky tumor vasculature. 

It is one of the models in which the enhanced polymer-drug accumulation via EPR mechanism has been 

observed [204]. The cancer treatments by using free Dtxl and NPDtxl were substantially ineffective. The poor 
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efficacy of NPDtxl is supposed to be related to the high degree of aggressiveness of the EL4 T cell lymphoma 

model which is also probably insensitive to Dtxl. Additionally, the prolonged degradation time of PBSBDL (~ 2 

weeks) and the favorable Dtxl-PBSBDL hydrophobic interactions leads to a slow release kinetics of the 

hydrophobic drug at the acidic intracellular environment of the tumor cells as evidenced and supported by the in 

vitro release data (Fig. 13). 

In summary, the manufactured system combines desirable characteristics of polymeric NPs and HPMA-

based polymer drug conjugates: (i) high drug encapsulation, (ii) Dox pH-triggered drug release and (iii) 

combinatorial chemotherapy. Simultaneous temporal controlled release of two chemotherapeutics has been 

achieved through the physical entrapment of Dtxl into the degradable PBSBDL copolyester core and the 

covalent attachment of Dox to the HPMA-based copolymer via pH-sensitive hydrazone bound. The cargo 

capacity and the relative ratio of drugs are amenable to fine tuning by varying the amount of bound drug during 

HPMA copolymer synthesis and NPs formulation. Multivalency of the PHPMA polymer precursor also allows 

attachment of targeting moieties enabling the combination of passive and active NPs targeting. 

 

4.3 pH-responsive soft matter assemblies for cancer chemotherapy 
 
 
To circumvent the drawbacks of the prolonged degradation time of PBSBDL (~ 2 weeks) and the 

favorable Dtxl-PBSBDL hydrophobic interactions leading to a slow release kinetic of the hydrophobic drug at 

the acidic cytosolic or endosome conditions in tumour cells resulting in the inefficacy of the tumor treatment 

(vide section 4.2., Fig. 14) pH-responsive soft matter assemblies are promising systems aiming at drug-release 

for cancer chemotherapy (vide section 2.6 and 2.6.1).  

As mentioned previously the controlled drug release can be achieved by triggering the chemical bond or 

by using polymers susceptible to environmental conditions (vide sections 2.6 and 2.6.1), such as the acidic 

environment in endosomal and lysosomal compartments (see section 2.6.1 and Fig. 3). In such way, we recently 

devised block copolymers to produce NPs comprising an acid-degradable ketal labile group as a linkage between 

the hydrophobic poly(ε-caprolactone) (PCL) and the hydrophilic poly(ethylene oxide monomethyl ether) 

(MPEO) blocks (environmentally friendly blocks) being described in the publication 3 and 4 (see Appendix). 

The aforementioned NPs undergoes a pH-induced NPs disassembly and aggregation, which is due to the 

hydrolysis of the acid-labile ketal linkage resulting on the PTX release being the polymer particles disintegrated 

into neutral degradation products. 
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Another strategy is by using polymers that undergoes a sharp hydrophobic-hydrophilic pH-induced 

transition within a pH range that is desirable for tumor-targeting drug delivery. It is the particular case of the 

hydrophobic PDPA block which is protonated (hydrophilised) in the narrow range of pH (6.51 < pH < 6.85; ∆pH 

∼ 0.34). The PDPA block-forming core is a promising smart material for the construction of tumor-targeting 

drug delivery polymeric nanocarriers because it is able to encapsulate hydrophobic anticancer drugs and it 

undergoes a sharp hydrophobic-hydrophilic pH-induced transition within a pH range that is desirable for tumor-

targeting drug delivery (described in the publication 5, vide appendix). The aforementioned features of the ketal 

linkage and the PDPA block copolymers are briefly described herein.  

 

4.3.1. Novel poly(ethylene oxide monomethyl ether)-b-poly(ε-caprolactone) diblock copolymers 

containing a pH-acid labile ketal group as a block linkage (publication 3) and pH-triggered release of 

paclitaxel from nanoparticles made from biodegradable block copolymer containing ketal groups between 

polymer blocks (publication 4) 

 

A new synthetic pathway was reported for the synthesis of a novel class of well-defined biocompatible 

and biodegradable acid-labile MPEO-b-PCL diblock copolymers containing ketal groups as block linkers. The 

PEO and PCL polymers were chosen as building blocks since are of special interest for their environmental, 

biomedical and pharmaceutical applications. [42, 206, 207] PCL is an aliphatic hydrophobic polyester with great 

potential as biomaterial due to its unique combination of biodegradability and biocompatibility [208] and PEO is 

a hydrophilic and very flexible biocompatible polymer, non-toxic and easily eliminated from the body. [209] For 

the synthesis, a multistep efficient pathway was selected resulting in new block copolymers with reasonable 

yields. Different synthetic routes (e.g., carbodiimide chemistry, “click” reaction and ring-opening 

polymerization) were applied for the preparation of low-molecular-weight compounds as precursors for building 

the acid-labile ketal group of the MPEO-b-PCL diblock copolymers (Scheme 1), herein referred to as MPEO44-

b-PCL17 and MPEO44-b-PCL44. 

The MPEO-b-PCL diblock copolymers (Scheme 1, compound 7 and Table 4) were successfully 

synthesised by ROP from the ε-CL monomer. The previously synthesised α-methoxy-ω-hydroxy-poly(ethylene 

oxide) containing a ketal group (Scheme 1, compound 6) was used as a macroinitiator in the presence of 

Sn(Oct)2 as a catalyst. The lengths of the PCL blocks were controlled by regulating the ε-CL/macroinitiator 

molar ratio. The newly obtained compounds (precursors, macromer, macroinitiator and final diblock 
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copolymers) were assessed by 1H NMR, 13C NMR, FT-IR spectroscopy and SEC analysis, which are described 

in detail, together with the full synthetic routes in the publication 3 (vide Appendix). 

 

 

Scheme 1. Synthetic route for the preparation of MPEO-b-PCL diblock copolymers. 

 

Table 4. Macromolecular characteristics of MPEO-b-PCL diblock copolymers. 

Sample Mn,
a (NMR) Mn,

b (NMR) Mn,
c (SEC) Mw/Mn,

d (SEC) 

MPEO44-b-PCL17 4000 5400 3130 1.45 

MPEO44-b-PCL44 7000 6830 7570 1.43 
a Mn was calculated by the monomer conversion; Mn =[M] o/[I] o x 114 + Mn α-methoxy-ω-hydroxy-MPEO 

containing a ketal group (Fig. S1 and S2, ESI, vide Appendix). b Mn was calculated by 1H NMR spectroscopy according to 

Eq. 2 (ESI, vide Appendix). c Mn and dMw/Mn values are relative to PS standards (Fig. S3, ESI, vide Appendix). 
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 As a proof-of-concept, polymer NPs were prepared from the block copolymers, and their behaviours 

under different simulated physiological conditions were evaluated in detail by DLS and nanoparticle tracking 

analysis (NTA). The visual appearance of the colloidal particles immediately after the injection of the MPEO-b-

PCL block copolymer solutions into water was size-dependent and did not change after the dilution with PBS 

(pH ∼ 7.4) (data not shown). For MPEO44-b-PCL17, the resulting colloidal solution was fully transparent, 

whereas the solution was slightly opalescent for the MPEO44-b-PCL44 block copolymer. This result is a visual 

indication that the particles produced by the nanoprecipitation protocol using the MPEO44-b-PCL44 block 

copolymer are larger than the particles produced using the MPEO44-b-PCL17 block copolymer [210]. 

 

 

 

 

 

 

 

Figure 15. Distributions of RH for (○) MPEO44-b-PCL17 and (○) MPEO44-b-PCL44 NPs prepared by 

nanoprecipitation protocol and diluted in PBS (pH ~ 7.4) both at concentration of 1 mg⋅mL-1.  

 

Fig. 15 shows the distribution of RH for MPEO44-b-PCL17 and MPEO44-b-PCL44 block copolymer 

micelles after the dialysis process and dilution with PBS, as measured by DLS. The distribution of RH for 

MPEO44-b-PCL17 appears as only one single distribution of RH relative to the presence of the polymer micelles in 

PBS solution with an average of RH ∼ 32.1 nm (Fig. 15, blue circles). Furthermore, the MPEO44-b-PCL17 

micelles polydispersity is very low as it was estimated by using the Cumulant analysis (µ/Γ2 = 0.08 ± 0.007). 

However for the MPEO44-b-PCL44 block copolymer a bimodal distribution of RH was observed with average 

sizes of RH = 18.5 nm and 99.5 nm respectively (Fig. 15, red circles). 

The observed bimodal size distribution of RH for the PEO44-b-PCL44 block copolymer is related to 

morphological mixture of particles from at least two types. According to the literature [211-213], the most 

probable morphologic structures are the mixture between spherical micelles with an average size of DH = 37.0 

nm and cylindrical and/or worm like micelles with DH = 199 nm. On the other hand, for PEO44-b-PCL17 block 

copolymer assemblies of single monodisperse spherical micelles are obtained in most of the cases. 
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It should be noted that thermodynamically stable polymeric NPs with hydrodynamic diameters within 

the range of 20 to 70 nm have been shown to be ideal for tumor drug-delivery applications.[155] They are within 

the range enabling to avoid renal clearance (DH > 10 nm) thus providing the NPs possibility of a prolonged blood 

circulation time and, considering that their size is below the cut-off size of the leaky pathological vasculature 

(DH < 200 nm), also specific accumulation in solid tumor tissue due to the EPR effect. Moreover, beyond the 

role of the particle size in EPR effect another important aforementioned target in cancer therapy is the acidic 

cytosolic or endosomal conditions in tumor cells. Therefore, the sensibility of the polymer NPs containing the 

acid-labile ketal group was tested by DLS in acidic media (pH ~ 5.0) under simulated physiological conditions 

(37 °C) using the MPEO44-b-PCL17 block copolymer. MPEO44-b-PCL17 block copolymer NPs was chosen for 

evaluation of the ketal linkage sensibility in vitro since they presented a monodisperse single distribution of RH 

with a DH = 64.2 nm – in the range of the optimal size for drug delivery applications. The distribution of RH for 

MPEO44-b-PCL17 block copolymer NPs under pH ~ 5.0 at 37 °C and as a function of time clearly shows an 

increase in the average size of the micellar NPs from RH = 32.1 nm to RH 52.6 nm in 24 hours (vide Appendix, 

publication 3). This means an increase in DH of about 41 nm. To assess a thorough size distribution and gain 

more information to accurately analyze the distribution of monodisperse and polydisperse samples than DLS the 

MPEO44-b-PCL17 NPs were analyzed by nanoparticle tracking analysis (NTA) at 25 ºC. NTA is a powerful tool 

and it is particularly valuable for the detection and accurate sizing of a broad range of population ratios because 

it simultaneously depicts the particle size, concentration (number) and intensity distribution in the same 

measurement. The results show the presence of only one peak at pH ∼ 7.4 (Fig. 16, left) and the presence of 

several peaks at pH ∼ 5.0 (Fig. 16, right) mostly located at lower and larger sizes after 72 h of incubation. The 

broadening in particle size and size distribution as shown by NTA is an evidence of NPs disassembly and 

aggregation over time, which is a result of the hydrolysis of the acid-labile ketal linkage (vide Appendix, 

publication 3). 
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Figure 16. Size distribution as obtained from NTA for the MPEO44-b-PCL17 NPs under pH ∼ 7.4 (left) and pH ∼ 

5.0 (right) after 72 h.  

 

In a similar way the TEM images (Fig. 17) show comparable increase of the MPEO44-b-PEO17 block 

copolymer NPs size under pH ~ 5.0 (Fig. 17, b) when compared to the NPs under pH ~ 7.4 (Fig. 17, a) after 24 

hours. Such increase in particle size and size distribution shown by both scattering techniques and TEM is a 

strong evidence of micellar aggregation over time. The aggregation mechanism could be explained by means of 

the hydrolysis of the acid-labile ketal linkage in the MPEO44-b-PCL17 block copolymer micelles under pH 5.0. 

After the ketal hydrolysis takes place at the interface between the PCL core and the PEG shell inside the micelles 

the free hydrolyzed PEG chains start to be released in the media (vide Appendix, publication 3). The decrease in 

surface PEG chains density leads to a decrease in the particles steric hindrance and an increase in the particles 

hydrophobicity, thus, particle aggregation.  

 

 

 

 

 

 

 

Figure 17. TEM images of MPEO44-b-PCL17 at pH ∼ 7.4 (a) and pH ∼ 5.0 (b) after 24 h incubation. 

 

Furthermore, no changes in the particle sizes distribution could be observed for MPEO44-b-PCL17 block 

copolymer micelles by DLS at pH ~ 7.4 during 24 hours confirming that the particles are selective to 
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environment containing mild acid conditions (from pH ~ 5.0 to ~ 6.5) such as tumor tissues (vide Appendix of 

publication 3, Fig. S11). Moreover, the degradation of the MPEO44-b-PCL17 diblock copolymer was confirmed 

by 13C NMR spectroscopy. The degradation was determined based on the disappearance of the signal from the 

ketal linkage between the PEO and PCL blocks. The 13C NMR spectra of MPEO44-b-PCL17 copolymer (a) before 

and (b) after DCl addition  reveals the complete disappearance of the carbon signal from ketal group linker –

OC(CH3)2-O– at δ = 121.50 ppm (vide appendix of publication 3, Fig. S12). This is strong evidence that 

hydrolytic degradation takes place in the ketal linkage of MPEO44-b-PCL17 diblock. 

Unfortunately, the usual degradation products resulting from the acid hydrolysis of a ketal group, such 

as acetone,[7] could not be detected in the 13C-NMR spectrum. Their signal appears hidden under ε-CL repeating 

units in the 13C NMR. According to the 13C NMR spectra no changes were observed in the signal from ε-CL 

repeating units after the DCl addition. The signals from the methylene carbons -CO–(CH2)5-O- (17 to 21 from δ 

= 20 to δ = 65 ppm) and from the carbonyl group (16 at δ = 173 ppm, related to the PCL segments remain 

unchanged (Fig. S12, vide Appendix, publication 3). Moreover, no new signal from side products that could 

derive from the hydrolysis of ester bonds related to the PCL segments was detected after the acid addition.  

Subsequently, the release profile of the chemotherapeutic PTX was investigated under the same 

aforementioned conditions (pH ∼ 5.0; 37 °C), which mimic the target acidic environment in endosomal and 

lysosomal compartments. The release experiments at 37 °C were conducted also at pH 7.4 to simulate conditions 

during transport in blood and in normal healthy tissues (Fig. 18). The drug release profile is clearly pH-sensitive. 

The results suggest that at pH ∼ 5.0 the block copolymer NPs are activated and consequently destabilized 

physically (pH-triggered disassembly-aggregation, Fig. 16), thus accelerating the release of the drug. The drug 

cargo is released almost twice as rapidely (∼ 70 %) within 72 hs at pH ∼ 5.0 (mimicking intracellular 

environment) than at physiological conditions of pH ∼ 7.4. On the other hand, at pH 7.4, ∼ 36 % of the drug 

loaded into the NPs cores is released. 

 

 

 

 

 

 

Figure 18. Paclitaxel release profiles from MPEO44-b-PCL17-PTX NPs at pH 5.0 (•) and 7.4 (▪). 
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The drug-release profile is considered not optimal; however, a yet faster release is expected in contact 

with more complex media such as the serum-supplied cell culture medium. Therefore, to investigate the 

inhibitory effect on tumor cells, the MPEO44-b-PCL17 NPs were loaded with the antitumor drug PTX with an 

overall cargo content around 2.0 wt% (loading efficiency of 92 %, vide Materials and Methods, Appendix, 

publication 4). The cell viability assay was used to document in vitro cytotoxicity as a classical approach to 

evaluate the direct effect of the drug carrier NPs on target cancer cells. HeLa cell line was selected as a widely 

used and well-studied cancer cell model system. The drug-loaded NPs were incubated with the HeLa cells and 

the in vitro cytotoxicity after 24 h and 48 h of incubation was assessed by alamarBlue® assay (vide Materials and 

Methods, Appendix, publication 4).  

After 48 h incubation with the cells, the PTX-loaded MPEO44-b-PCL17 NPs exhibited significantly 

stronger toxicity than the free drug (Fig. 19b). In contrast, the drug-free NPs showed only negligible cytotoxicity 

to the cancer cells (Fig. S5, vide Appendix, publication 4). This increased cytotoxicity of the drug-carrying NPs 

compared to the free drug is supposedly owed to endocytotic uptake;[214] at low drug concentrations (below 

1 µg⋅ml-1, see Fig. 19b) the endocytotic uptake of the drug-loaded nanocarriers would be more efficient than the 

uptake of free drug into the cells. With increasing drug concentration this effect becomes less prominent (see 

Fig. 19b). Once internalized via endocytosis the PTX-loaded nanocarriers swiftly and efficiently release their 

cargo, when the enzymes and acidic conditions in endosomes trigger the cleavage of the pH-sensitive acyclic 

ketal bond.[215, 216] Drug-free MPEO44-b-PCL17 NPs were also tested up to the applied maximal concentration 

(0.67 mg·mL-1) with no significant cytotoxic activity (Fig. S5, vide Appendix, publication 4).  

 

 

 

 

 

 

Figure 19. Cell viability of HeLa cell line after 24 h (a) and 48 h (b) of incubation with different concentrations 

of free PTX (blue circles) and PTX-loaded MPEO44-b-PCL17 (black squares) NPs. 
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Last but not least, the negligible toxicity of the unloaded-MPEO44-b-PCL17 NPs emphasized that the 

presented nanocarrier system produces no toxic degradation products; and at any rate the products (PCL and 

PEO) are well-known FDA-approved constituents as environmentally friendly blocks.  

In summary, well-defined nanoparticles prepared from the assembly of the new amphiphilic MPEO44-b-

PCL17 block copolymer were presented. The NPs structure was characterized in detail by DLS, SLS, NTA and 

TEM. On decreasing pH the acid-labile ketal linker enabled the disassembly of the nanoparticles in a buffer that 

simulated the acidic environment in endosomal and lysosomal compartments. As a result the chemotherapeutic 

paclitaxel was released and the polymer particles disintegrated into neutral degradation products as confirmed by 

SEC and 13C NMR and by in in vitro cell viability tests. In addition, the in vitro cell viability experiments 

demonstrated the great potential of the pH-triggered NPs as drug-delivery system in cancer therapy; the in vitro 

cytotoxicity studies showed an important increase in activity of the NP-loaded with drug and the drug-free NPs 

are degraded into well-known and FDA-approved by-products that introduce no toxicity to cells. The particle 

size below the cut-off size of the leaky pathological vasculature (NPs sizes < than 100 nm) and the ability to 

release a drug at the endosomal pH with concomitant high cytotoxicity makes them suitable candidates for 

cancer therapy especially via EPR effect. 

 

4.3.2. Nanoparticles of the poly([N-(2-hydroxypropyl])methacrylamide)-b-poly[2-

(diisopropylamino)ethyl methacrylate] diblock copolymer for pH-triggered release of paclitaxel 

(publication 5) 

 

The potential of self-assembled NPs containing the tunable pH-responsing property of the hydrophobic 

PDPA core and the protein repellence of the hydrophilic PHPMA shell on in vitro cytostatic activity has been 

explored on cancer cells. The amphiphilic diblock copolymer poly[N-(2-hydroxypropyl)methacrylamide]-b-

poly[2-(diisopropylamino)ethyl methacrylate] (PHPMA-b-PDPA) dissolved in organic solvent 

(ethanol/dimethylformamide) undergoes nanoprecipitation in phosphate buffer saline (PBS, pH ∼ 7.4) and self-

assembles into regular spherical NPs after solvent elimination. The block copolymer comprising the hydrophobic 

PDPA and the hydrophilic PHPMA blocks favours the formation of stable NPs with a bulky core capable of 

encapsulating and controlling the release of the hydrophobic chemotherapeutic PTX (discussed hereafter). 

The block copolymer was prepared using RAFT polymerisation. A first block of PHPMA, Mn = 3 600 

g·mol-1, Mw/Mn = 1.07; Scheme 1, Fig. S1 and S2, vide publication 5) was synthesised and used as macro chain 
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transfer agent (macroCTA). Subsequently a long second block of PDPA (Mn = 26 200 g⋅mol-1, Mw/Mn = 1.29) 

was grown from the macroCTA also by RAFT. RAFT polymerisation accounts for excellent living characteristic 

in the polymerization of methacrylamides.  

The markedly narrow window of pH at which the DPA block copolymer can be protonated makes the 

block a challenge which is perfectly suitable for an effective endosomotropic (Fig. 3) delivery and outperforms 

many of the systems previously proposed.  Figure 20 depicts the pH-triggered behaviour of the PDPA segment 

due to the protonation of the tertiary amino group.  

 

 

 

 

 

 

                    Figure 20. The pH-triggered behaviour of the PDPA segment. 

 

The pH-triggered behavior of the block copolymer (protonation of the tertiary amino group) is also 

observed due to the changes in the scattering intensity and ζ-potential during the titration of the block copolymer 

(Fig. 21a); the pH dependence of the hydrodynamic diameter (Fig. 21b) suggests that the pH is a remarkably 

effective and precise trigger for assembly and disassembly of the system. The hydrophobic DPA block becomes 

protonated (hydrophilised) in the narrow range of pH (6.51 < pH < 6.85; ∆pH ∼ 0.34, Fig. 21a). 
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Figure 21. (a) Potentiometric acid-base titration curve for the PHPMA25-b-PDPA106 block copolymer as a 

function of overall scattering intensity (red squares) and zeta potential values (black circles) and (b) intensity-

weighted size distribution for the PHPMA25-b-PDPA106 NPs at pH 7.4 (black circles) for the nanoparticles at pH 

5.0 (red squares) and the single block copolymer at pH 5.0 (blue dashed lines); scattering angle 173°,  

concentration of 1 mg·mL-1 diluted in PBS at 37 °C. 

 

The NPs were prepared by the solvent-shifting method, whereby PHPMA25-b-PDPA106 block 

copolymer was dissolved in ethanol or dimethylformamide (concentration ∼ 1 mg·mL-1) and phosphate buffer 

saline (PBS, pH ∼ 7.4) was added dropwise to the organic solution under stirring until the aqueous weight 

fraction reached twice the weight of the organic phase. The organic solvent was removed by dialysis or 

evaporated under reduced pressure. The NPs structure was characterized in detail by DLS, SLS, ELS, SAXS and 

cryo-TEM ; the methods and results are fully described in the publication 5 (vide Appendix). 

DLS measurement of the diblock copolymer (before NP formation) in ethanol shows that most chains 

were fully dissolved with an average hydrodynamic diameter of 2RH = 9.0 nm (Fig. 21b). After PBS addition and 

solvent evaporation the DLS shows a monomodal average size distribution referred to the NPs population (2RH = 

52 nm, Fig. 21b, black circles) with low dispersity as was estimated by using the cumulant analysis (µ2/Γ 2 = 

0.120 ± 0.009), and as observed by Cryo-TEM (Fig. 22a). At pH ∼ 7.4 (PBS buffer) the average ζ-potential for 

the studied block copolymer nanoparticles is close to neutrality (ζ ∼ -2.5 mV) (Fig. 21a). Decreasing the pH 

below the pKa (DPA) (6.51 < pH < 6.85) the system is rapidly protonated as evidenced by the positive ζ-

potential and mainly composed of molecularly dissolved block copolymer chains besides a very small number of 

large aggregates (RH ∼ 125 nm). Cryo-TEM images obtained at pH ∼ 7.4 reveal well-defined spherical NPs (Fig. 

22). The PHPMA chains at the outermost layer of the particles couldn’t be evidenced by cryo-TEM image due to 

poor contrast. 
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Figure 22. Cryo-TEM image of the block copolymer NPs in PBS, pH ∼ 7.4. 

 

As already mentioned, the long-term stability of the NPs in serum is a pre-requisite for the use of 

polymer NPs in vivo because the efficient NPs accumulation in the solid tumor tissue requires an extended 

circulating capability to enable a time-dependent extravasation of the NPs through the EPR effect (Fig. 3a, vide 

Appendix, publication 5) shows the temporal stability of the NPs in diluted human blood plasma as a function 

of the incubation time by evaluating their detrimental interaction with proteins from blood (human plasma, 10%  

diluted in PBS).  

The PHPMA chains prevented the fouling of proteins resulting in a remarkable stability of the NPs in 

serum. The size and scattering intensity patterns of the NPs do not change within the studied 36 h suggesting that 

the NPs are stable in the simulated but highly challenging media. The high stability of the NPs is based on their 

hydrophilic shell nature-improved colloidal stability-and by its unmatched resistance to protein adsorption. [88, 

155, 217] By preventing any adsorption of proteins the NPs are virtually “invisible” for the blood millieux, 

which makes them a promising system for in vivo applications. [81, 155, 218] 

Subsequently, the release profile of the chemotherapeutic PTX was investigated under conditions 

mimicking the acidic environment in endosomal and lysosomal compartments, pH ∼ 5.0 and 37 °C. The release 

experiments at 37 °C were conducted also at pH 7.4 to simulate conditions during transport in blood and in 

normal healthy tissues (Fig. 23). The drug release profile is clearly pH-sensitive in accordance with the physico-

chemical studies presented above. 
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Figure 23. Drug release profiles from paclitaxel-loaded PHPMA25-b-PDPA106 block copolymer NPs at pH 7.4 

(PBS, closed black squares) simulating transport in blood and at pH 5.3 (PBS, closed red circles) simulating the 

acidic environment in endosomal and lysosomal compartments at 37 °C. 

 

The results suggest that at pH ∼ 5.0 (acidic environment in endosomal and lysosomal compartments) the 

block copolymer becomes protonated: becomes a polycation. The Coulombic repulsion among the chains 

disrupts the NPs which physically disassemble (pH-triggered disassembly, Fig. 21 and 23), thus resulting in a 3.5 

fold acceleration of the rate of release of the chemotherapeutic (∼ 70 %) within 24 h, (pH ∼ 5.0) compared to 

physiological conditions (PBS). Besides that, ∼ 21 % of the drug was released from the intact NP cores when 

kept in PBS at pH 7.4. 

The release data demonstrate that during the systemic circulation minimal quantity of the drug would be 

released before reaching the solid tumor environments via the EPR effect. Conversely, the chemotherapeutic is 

readily released at pH 5.0 with ∼ 70 % of the loaded anticancer drug released within first 24 h fulfilling the 

criteria [219] for a pH-triggered drug release mechanism exhibiting practical application as nanocarriers in 

passive tumor-targeted drug delivery. 

Finally, to investigate the inhibitory effect on tumor cells, the pH-triggered PHPMA25-b-PDPA106 NPs 

were loaded with the antitumor drug PTX with an overall cargo content around 2.5 wt % and a loading efficiency 

of 96 % (vide Appendix, publication 5). The cell viability assay using alamarBlue was used to examine the in 

vitro cytotoxicity as a classical approach to evaluate the direct effect of the drug-loaded NPs on target cancer 

cells. The HeLa cell line was selected as a widely used and well-studied cancer cell model system. The drug-

loaded NPs were incubated with the HeLa cells for 24 and 48 h. The in vitro cell viability experiments 

demonstrated that the PTX-loaded-PHPMA25-b-PDPA106 NPs exhibited a similar if not slightly stronger 

cytotoxic effect as the free drug after 24 h of incubation (Fig. 24a). After the incubation over 48 h the superior 

toxicity of the PTX-loaded-PHPMA25-b-PDPA106 NPs compared to free PTX is clearly visible (Fig. 24b). The 
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NPs (IC50 0.1 ng·mL-1) exhibited significantly higher cytotoxicity than the free PTX (IC50 1.7 ng·mL-1) which 

corresponds to values stated in the literature for HeLa cells. [220, 221] 

This increased cytotoxicity of the drug-carrying NPs compared to the free drug has been previously 

reported for analogous systems [66, 222, 223] and is supposedly the result of enhanced endocytotic uptake of 

NPs. In particular at low drug concentrations and higher incubation times (below 0.005 µg·mL-1, Fig. 24b) the 

endocytotic uptake of the PTX-loaded NPs is more efficient than the uptake of free drug into the cells. [222] A 

strong toxicity of the drug-loaded NPs after 48 h incubation correlates with the hypothesis that a significant 

amount of particles is already internalized in endosomal compartments within the first 24 h – and that this is 

closely followed by a fast release of the drug (within 24 h approx. 70% of the drug was released under acidic 

conditions mimicking conditions in endosomal and lysosomal compartments, see Fig. 23). Drug-free PHPMA25-

b-PDPA106 NPs were also tested up to the applied maximal concentration (0.4 mg·mL-1) with no significant 

cytotoxic activity (Fig. 24a and 24b, Fig. S4a and Fig. S4b, vide Appendix, publication 5).  

It is important to highlight that the extracellular pH differences between the tumoral tissues and the 

healthy tissues are not just a characteristic of tumors but also ischemia, imflammation, renal failure or chronic 

obstructive pulmonary diseases that share also similar pH differences to their healthy counterparts. Therefore the 

HPMA-b-PDPA copolymer NPs may also find applications as drug carriers for their treatment. 

 

 

 

 

 

 

 

 

Figure 24. Cell viability of HeLa cell line after 24 h (a) and 48 h (b) incubation with different concentrations of 

free PTX (closed blue circles) and PTX-loaded PHPMA25-b-PDPA106 (closed black squares) NPs. DMSO 0.15% 

(open blue squares) and blank PHPMA25-b-PDPA106 NPs (open black squares) were used as controls. 

 

In summary a diblock copolymer of PHPMA and PDPA was prepared by RAFT polymerisation. The 

diblock copolymer was assembled into spherical NP consisting of a core of PDPA and a corona of PHPMA as 
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evidenced by SLS, cryo-TEM and SAXS. Presumably, the PHPMA chains prevented the fouling from proteins 

resulting in a remarkable stability in serum. Reduction of the pH below 6.85 resulted in a rapid increase in the 

zeta-potential and the fast disassembly of the particle (size decrease as observed by DLS). This was exploited as 

a trigger for the delivery of hydrophobic drugs into cancer cells. Minimal amount of drug was released above the 

threshold pH. The in vitro cytotoxicity studies showed an important increase in activity of the NP loaded with 

drug compared to the free drug.  

The particle’s size below the cut-off size of the leaky pathological vasculature (2RH < 100 nm), the 

excellent stability in serum and the ability to release a drug at the endosomal pH with concomitant high 

cytotoxicity makes them suitable candidates for cancer therapy, namely for treatment of solid tumours exhibiting 

high tumor accumulation of NPs due to effective EPR effect.  

 

4.4.   ROS-responsive soft matter assemblies for cancer chemotherapy 
 
4.4.1 Fluorescent boronate-based polymer nanoparticles with reactive oxygen species (ROS)-
triggered cargo release for drug delivery applications  
(publication 6) 
 
 
The incorporation of selectively chemically degradable linkages into polymer-based nano (NPs)- and 

microparticulate drug-delivery systems allows to achieve external stimulus-triggered polymer degradation and 

triggered release. [10, 224, 225] This is a very useful feature both to release the therapeutic cargo and to 

eliminate the biomaterial from the body after the cargo is released and the carrier is no longer needed. Such 

stimulus may be an enzymatic removal of protecting groups, a pH change, light or more recently, the presence of 

reactive oxygen species (ROS) in the surrounding environment (vide section 2.6.2). [226-228] The ROS play a 

crucial role in human physiological and pathophysiological processes. An increasing amount of data indicates 

that ROS such as, e.g., H2O2, is a component of cell signaling pathways that are necessary for the growth, 

development, and fitness of living organisms. [229] On the other hand, imbalances in H2O2 production lead to 

oxidative stress and inflammation events, which damage tissue and organ systems and are correlated with the 

onset and advancement of various diseases, including cancer, diabetes, cardiovascular and neurodegenerative 

diseases. [230-233] Several works suggest that many human cancer cells show higher H2O2 levels compared to 

their normal counterparts. [234-238] Specifically, H2O2 has become a common marker for oxidative stress 

playing important roles in carcinogenesis and is also linked to e.g., apoptosis, cell proliferation and DNA 
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mutations. [239-241] Thus the involvement of ROS in cellular signaling and disease states has motivated the 

construction of clever chemical tools as ROS-responsive micro- and NPs as drug carriers. [242-244] 

The ability to generate a triggered nanoparticle carrier response (e.g., release of cargo or polymer 

degradation) in ROS rich microenvironments is of particular interest, e.g., for the targeted drug delivery to 

tumors and sites of inflammation (vide section 2.6.2). [226, 227, 243-245]  

Herein, a biocompatible and biodegradable ROS-sensitive polymer backbone with the capability of 

cellular imaging to ROS-rich environment was synthesized by step-growth polymerization from monomers 

bearing a ROS-degradable pinacol-type boronic ester and alkyne moiety suitable for click chemistry-based 

attachment of active cargo (Scheme 2).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. Synthesis of the ROS responsive polymer bearing the universal monomer 2 for click reaction.  

 

Initially, monomer 1 was synthesized according to the previously reported procedure[243] (ESI, vide 

Appendix, publication 6 for synthetic route). Monomer 2 (Scheme 2) was synthesized by the protection of 2,6-

bis-(hydroxymethyl)-p-cresol with tert-butyldimethylsilyl chloride generating the compound 2 that was then 

reacted with propargyl bromide to provide the protected alkyne compound 3 (Fig. S1, vide Appendix, 

publication 6).  

The monomer 2 (Scheme 2) was obtained in high yield (94 %) after the removal of the protecting 

groups from compound 3 (Fig. S2, vide Appendix, publication 6). The synthesized monomers 1 and 2 were 
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further successfully copolymerized with pimeloyl chloride generating the ROS-responsive polymer 1 (P-1) 

(Scheme 2 and vide Appendix, publication 6). Successful polymer synthesis was confirmed by the 1H NMR 

(Fig. 25) and by SEC analysis (Fig. 26 - right). Weight-average molecular weight (Mw) of polymer P-1 was 21.5 

kDa with reasonable polydispersity index PDI = Mw/Mn = 1.49 (where Mn is the number-average molecular 

weight) as determined by SEC (Fig. 26, right). The 1H NMR spectrum of P-1 shows characteristic signals for 

protons belonging to the repeating units of monomers. The signals from protons in monomer 1 and monomer 2 

aromatic rings were detected at δ = 7.68 ppm (1 - vide Fig. 25 for signal-structure assignment), δ = 7.41 ppm (2), 

and δ = 7.16 ppm (3). The methylene protons (4) of monomers 1 and 2 from the main chain of P-1 where 

observed in the same position at δ = 5.08 ppm, whereas the signals attributed to the methylene groups of side 

chains of monomers 1 (5) and 2 (6) appear at δ = 4.88 and 4.57 ppm, respectively (Fig. 25). The signal of the 

proton of the terminal alkyne group (7) is at δ = 2.51 ppm (spectrum of P-1 in d6-DMSO is given also, Fig. S3, 

vide Appendix, publication 6). Furthermore, the spectrum displayed signals of methylene groups (10) from 

pimeloyl chloride monomeric repeating unit at δ = 1.48 ppm, and peaks of the methyl with methylene groups (8 

+ 9, 12 + 11) with chemical shift at δ = 2.25 and 1.26 ppm, respectively. A ROS-insensitive counterpart to the P-

1 polymer (polymer 2; P-2) was also synthesized to investigate the ROS response to the intracellular drug release 

efficiency. Spectra of the ROS-insensitive counterpart polymer 2 in CDCl3 showed the characteristic peaks (Fig. 

S4, vide Appendix, publication 6), which also indicated successful polymer synthesis. 

 

 

 

 

 

 

 

 

 

 

Figure 25. 1H NMR spectra of the synthesized ROS-responsive polymer (P-1) containing the monomer 2 units 

enabling the polymer modification by click reaction in CDCl3. 
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The degradation of the P-1 polymer in presence of H2O2 was characterized by SEC analysis and 1H 

NMR following the modified methodology according to Almutairi et al., 2012. [243] In a typical experiment, the 

P-1 was incubated in a 20% PBS/DMF (v/v) solution containing different H2O2 concentrations and at 

predetermined time intervals aliquots were examined by SEC (vide Appendix, publication 6). The SEC 

chromatogram (Fig. 26, right) shows that P-1 degraded into small molecules and oligomers in a time- and H2O2-

dependent manner. Polymer degradation proceeds more extensively with increasing incubation time and H2O2 

concentration. P-1 was shown to be responsive to physiological levels of H2O2 (<  ∼ 1 mM) [247] after 1 day of 

incubation (Fig. 26 - right) while the non-ROS-responsive counterpart polymer (P-2) showed almost no 

degradation (data not shown). 

 

 

 

 

 

 

 

Figure 26. Distributions of RH for P-1 (○) prior the H2O2 addition and (○) after 24h of incubation in 1 mM of 

H2O2 (left) and SEC chromatograms of P-1 prior to the addition of H2O2 (black line) and after degradation in 

20% PBS/DMF solutions containing 200 µM, 500 µM and 5 mM of H2O2 incubated at 37 °C for 1 day (right).  

 

When degradation of both polymers was compared at higher H2O2 concentrations and for longer time (5 

mM, 4 days), degradation of P-2 polymer was only partial (Fig. S5, vide Appendix, publication 6). The 

degradation of the polymer P-1 evaluated with 1H NMR was complete after 5 days of incubation (Figure 27) as 

broad peaks in 1H NMR related to polymer are replaced by sharp peaks of the low-molecular-weight degradation 

products (monomers) confirming the depolymerisation of the P-1 triggered by the H2O2 (Fig. 27). 
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Figure 27. 1H NMR spectra of polymer 1 in d6-DMSO, deuterium PBS (a) without H2O2 and (b) incubated with 

50 mM H2O2 after 5 days at 37 °C. “s” refers to solvent peaks (HDO in D2O and ethanol). 

 

From the P-1 and P-2 polymers NPs were prepared by a nanoprecipitation protocol (vide Appendix, 

publication 6) and their behavior under simulated physiological ROS concentrations (1 mM of H2O2) was 

evaluated in detail by DLS, SLS, TEM and by in vitro drug model release experiments. Note that the NPs were 

prepared with hydrodynamic radius (2RH = DH ∼ 94 nm), e.g., within a range known to be ideal for efficient 

tumor accumulation due to the EPR effect. [248] The ROS-responsiveness capability of the P-1 NPs was tested 

by DLS after 24 h of incubation with 1 mM of H2O2. The Fig. 26 (left) shows the distribution of RH for P-1 NPs 

prior and after 24 h of incubation as measured by DLS. The distribution of RH for P-1 NPs appears as only one 

single distribution of RH relative to the presence of the single spherical polymer NPs in PBS solution with an 

average diameter of 2RH ∼ 94 nm (Fig. 26, black circles - left). Furthermore, the polydispersity of the NPs is very 

low as estimated through the Cumulant analysis (µ/Γ2 = 0.08 ± 0.007) (vide Appendix, publication 6). This is 

important for the homogeneous biological behavior of such NPs. However, after 24 h of H2O2 incubation, a 

trimodal distribution of RH was observed. In addition to the NPs peak, the presence of molecularly dissolved 

copolymer chains as well as a peak of large aggregates with loose structure could be noticed in the aqueous 

solution at 1 mM of H2O2. Three well-defined peaks highlighting the three populations of the scattering polymer 

with average diameters of DH ∼ 11 nm, 69 nm and 1.9 µm were identified (Fig. 26, blue circles - left). They can 

be attributed to free chains and their fragments, surface-eroded nanoparticles (decrease in DH of ∼ 25 nm) and 

polymer aggregates, respectively. [10, 88] Further the polymer degradation-triggered cargo release was studied 

using the release of the fluorescent model of a drug, the Nile Red (NR). The NR-loaded ROS-responsive (from 
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polymer P-1) and non-ROS-responsive (from polymer P-2) NPs were examined with fluorescence spectroscopy 

measurements along 24 h of incubation with 1 mM of H2O2 (Fig. 28). After 24 h the NR release from the ROS-

responsive NPs was almost ∼6 times faster than the NR release from their non-ROS-responsive counterparts, 

thus confirming the potential of the P-1 polymer NPs to release the model drug specifically in simulated ROS-

rich microenvironments (Fig. 28). 

 

 

 

 

 

 

 

Figure 28. Nile Red (NR) release from ROS-responsive polymer NPs (P-1) and from polymer counterpart NPs 

(P-2) after the incubation with 1 mM of H2O2 along 24 h. 

 

The polymer NPs degradation was also investigated through TEM (Fig. 29). The TEM microscopy 

showed particle size qualitatively comparable to that determined by DLS (Fig. 26, left). Prior to incubation with 

H2O2, compact NPs of spherical morphology and narrow size distribution (DH ≤ 85 nm) were observed (Fig. 29). 

After incubation with 1 mM of H2O2, the NPs showed diffuse irregular shapes and a very broad size distribution, 

with the smallest NPs well below 10 nm and the largest NPs above ∼ 100 nm (Fig. 29b). This suggested that 

H2O2 caused decomposition of the NPs, and the decomposed parts were probably re-agglomerated due to their 

hydrophobicity. SLS data support the findings that the NPs underwent surface degradation as well as core 

decomposition, as the particles’ DH decreased (by 25 nm, see Fig. 26, left) as well as the overall scattering 

intensity (Fig. S10a, vide Appendix, publication 6) followed by the increase in particles RG (gyration radius), a 

characteristic of core hydration and swelling of the scattering particles in solution (Fig. S10b, vide Appendix, 

publication 6) [69, 249, 250] 
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Figure 29. TEM micrographs of polymer NPs prior the incubation with H2O2 (a) and after 48 h of incubation 

with 1 mM of H2O2 (b).  

 

The decomposition was also in agreement with the observed low contrast for the incubated NPs (Fig. 

29b). Compact NPs exhibited sharp edges and high contrast, whereas decomposed NPs, NPs fragments and their 

agglomerates showed only a vague interface. 

The cellular uptake of P-1 and P-2 NPs loaded with NR (dye loading ∼ 0.2 wt.%, Fig. S7 and S8, vide 

Appendix, publication 6) and the intracellular NR release were followed in vitro in human prostate cancer (PC3) 

cells (for method, vide Appendix, publication 6). The latter are known to produce high ROS levels. [251] While 

inside the particles the NR fluorescence is strong, upon ROS-triggered NPs degradation in cells the dye will be 

released and get quenched outside the NPs (due to polarity changes in the micro-surrounding). After 4 h both 

NPs displayed similar fluorescence intensity in the cells, however, after 20 h the fluorescence of P-1 was lower 

compared to P-2 (Fig. 30, bellow). This indicated faster ROS-triggered degradation of P-1 NPs after prolonged 

exposure in ROS-producing cells. 
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(a)                                               (b) 

 

 

 

 

 

(c)                                                  (d) 

 Figure 30. Confocal microscopy images of Nile Red-loaded P-1 NPs (a,b) and P-2 NPs (c,d) in PC3 cells after 

incubation for 4 h (a,c) and 20 h (b,d) at 200 µg·mL-1 polymer concentration. Blue - the Hoechst-stained nucleus; 

red - the NR.      

 

Based on the similar uptake rate of the NPs (as also confirmed by flow cytometry, Fig. S12, vide 

Appendix, publication 6), the ROS-mediated fluorescence decay and cargo release of P-1 particles were further 

pursued via fluorescence lifetime microscopy (FLIM) and flow cytometry (FC). In a quantitative study via FC 

the NR quenching of the particles was evaluated in PC3 and human fibroblast (HF) cells (for methods, vide 

Appendix, publication 6). The latter are known for their low levels of ROS production contrary to e.g., PC3. 

[251-254] The cells were loaded with P-1 NPs, washed and incubated for 4 h, thus exposing the internalized NPs 

to intracellular ROS insofar as present in the cells. Data showed that after incubation the NR fluorescence was 

significantly reduced in PC3 cells compared to the HF cells (Fig. 31). By the same experimental setup the Nile 

Red quenching of P-1 and P-2 NPs in PC3 cells was compared. In line with the previous image a lowered NR 

fluorescence of P-1, by a factor 0.7, compared to P-2 was observed. 
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Figure 31. Nile Red fluorescence signals from NR-loaded P-1 NPs in PC3 (left) and HF (right) cells after 4 h of 

incubation. At t0 prior to incubation, the cells were loaded with P-1 NPs with a 2 h pre-incubation step, then the 

NPs were washed off (for methods, vide Appendix, publication 6). 

 

In conclusion, the FC data acquired in PC3 cancer cells and non-cancer HF cells indicated a ROS-

induced degradation of P-1, and demonstrated the polymer’s potential to specifically trigger the cargo release in 

ROS-containing intracellular environment. As the released NR inside the cells can interact with hydrophobic cell 

structures and partially recover fluorescence, released NR is never fully quenched and some residual 

fluorescence can be visualized in microscopy. 

To show the NR release via co-localization in FLIM microscopy, a second dye Alexa Fluor® 647 (Alx647) azide 

was covalently bound to the clickable alkyne linker of the P-1 via click reaction (Fig. S13 and S14, vide 

Appendix, publication 6). NR was physically entrapped into the Alx647-labeled NPs as described previously. 

With two fluorophores the intracellular fate of cargo (NR) and the polymer (stained covalently with Alx647) 

could be tracked independently. The two dyes were visualized after separate excitation at 485 nm (NR), and 640 

nm (Alx647). The co-localization of P-1 NPs and the NR cargo after 8 h incubation in PC3 (Fig. 32a and 32b) 

and HF cells (Fig. 32c and 32d) was compared.  

Analysis of lifetime τ (for method, vide Appendix, publication 6) clearly differentiated the free Nile Red (τ 4.2 

±0.3 ns, exc. at 485 nm) from the particles marked with Alx647 (τ 2.2 ±0.1 ns, exc. at 640 nm). In PC3 cells the 

cytoplasm was nearly homogeneously colored with the released NR (Fig. 32a), while the polymer was clustered 

up in few locations (Fig. 32b). Oppositely in HF cells only little homogeneous NR fluorescence was visible 

outside the NPs (Fig. 32c), and the NR co-localized with the polymer to a high extent (Fig. 32d). However, after 

8 h even in ROS-producing PC3 cells the NPs likely were not fully degraded and the cells still contained some 

Nile Red as well (vide Appendix, publication 6). 
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Figure 32. FLIM microscopy of dual-marked P-1 NPs in PC3 (a, b) and HF (c, d) cells after 8 h incubation, 

visualizing (released) Nile Red and polymer-bound Alx647. Fluorescence was detected after separate excitation 

at 485 nm (Nile Red, in a, c) and 640 nm (Alx647, in b, d). In a, b locations with high polymer content but little 

co-localizing NR are pointed out (circle), and vice-versa (square). In c, d the fluorescence patterns 

predominantly co-localize (squares). 

 

In line with the findings after separate excitation, after simultaneous excitation at 485 nm and 640 nm the spread 

fluorescence of released NR was visible in PC3 but barely in HF cells, and the co-localization of not-yet released 

NR with the particles was visible in HF but not in PC3 cells (Fig. 33a and 33b). Furthermore, in FLIM analysis 

of PC3 cells after only 1 h incubation with dual-marked P-1 NPs, polymer and Nile Red were highly co-

localizing and only little released, and freely distributed Nile Red was observed (Fig. 34). This evidences that the 

P-1 polymer NPs can be used for selective cargo release to PC3 cancer cells, with the release rate in non-cancer 

HF cells being lower than in the cancer cells with higher ROS levels. 

 

 

 

 

 

(a) (b) 

(d) (c) 
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Figure 33. FLIM images of PC3 (a) and HF (b) cells after 8 h incubation with dual-marked P-1 NPs, color-

coded by the averaged obtained lifetime per pixel. The localization of polymer (covalently bound Alx647, tau ca 

2.2 ns, shown in blue) and of released Nile Red (spread throughout the cell, tau ca 4 ns, shown in green), and 

local overlap of lifetimes (turquoise tones) was visualized after simultaneous excitation at 485 nm and 640 nm. 

 

Finally, to investigate the inhibitory effect on tumor cells, the ROS-responsive (P-1) and non-responsive 

counterpart (P-2) NPs were loaded with the antitumor drug paclitaxel (PTX) with an overall cargo content ∼ 2.2 

wt% and a loading efficiency of 94 % (vide Appendix, publication 6). The alamarBlue® viability assay was used 

to evaluate the cytotoxicity of the PTX-loaded P-1 and P-2 NPs in cancer cell lines and in HF cells. For this 

study various cancer cell lines, which are known for increased ROS production, such as human cervix carcinoma 

(HeLa), [254] colorectal adenocarcinoma (DLD1) [255] and prostate cancer (PC3) [251] cells were used and the 

NPs cytotoxicity compared with that found for the HF fibroblasts cells as low ROS controls (for methods, vide 

Appendix, publication 6). 

 

 

 

 

 

 

Figure 34. FLIM images of PC3 cells after 1 h incubation with dual-marked P-1 NPs, color-coded by the 

averaged obtained life-time per pixel. The localization of polymer (covalently bound Alx647, tau 2 ns, shown in 

blue) and of Nile Red (originally physically entrapped in the NPs, tau 4 ns, shown in green), and local overlap of 

both (turquoise tones) was visualized in the red fluorescence channel via FLIM microscopy after simultaneous 

excitation at 485 nm and 640 nm. 

(a) (b) 
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The drug-loaded NPs were incubated with the ROS-producing cells and with HF cells for 24 up to 72 h. 

Both NPs were at all times more toxic than the free drug (Fig. S17 and S19, vide Appendix, publication 6), 

which is generally attributed to the fact that the vast majority of freely administered drug molecules are binding 

to serum proteins. [256] Tests after 24 h and 48 h comparing PC3, HeLa and HF cells showed a roughly similar 

toxicity of P-1 and P-2 based NPs in the cancer cells (Fig. S17, vide Appendix, publication 6). In HF cells the 

ROS-responsive NPs caused a similar if not slightly lower toxicity than the P-2 NPs (Fig. S17a and S17c, vide 

Appendix, publication 6). Cytotoxicity of the polymer itself may be neglected at the concentrations used (Fig. 

S18, vide Appendix, publication 6). As another test in HeLa cells had confirmed that particle toxicity steeply 

increases with incubation time (raised from 12 h to 96 in HeLa cells, Fig. S19, vide Appendix, publication 6), 

the difference in toxicity of P-1 and P-2 NPs could become more significant after longer incubation times e.g. 

under conditions of extensive ROS-triggered NPs degradation. Therefore the cancer cells PC3, HeLa and DLD1 

were incubated for 72h with P-1 and P-2 NPs, and in addition to standard cell culture conditions a second test 

with NPs incubated in a medium with a low serum content of 2% was performed (Fig. 35). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Incubation of PTX-loaded ROS-responsive P-1 (filled marker) and non-responsive P-2 (hollow 

marker) particles with PC3 (square), DLD1 (circle) and HeLa (triangle) cells for 72h in medium with 10% serum 

(a). Similar testing was done in medium with only 2% of serum, comparing again the cell lines PC-3 (b), DLD1 

(c) and HeLa (d) cells after 72h incubation. 
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Reducing the serum content in the incubation medium is known to increase the overall uptake rate of 

NPs, [257] (as also observed by the authors, unpublished data), which in return might enhance the superior 

toxicity of P-1 NPs for cancer cells. It was found that the lower serum content caused no additional damage to 

the cells in Alamar Blue assay (data not shown). In all three cancer cell lines including the experiments in 

medium with 2% and with 10% serum content, the toxicity of the responsive P-1 NPs was slightly higher than 

that of non-responsive P-2 NPs. The viability testing demonstrated herein that under the studied conditions the 

PTX-loaded ROS-responsive NPs appear more cytotoxic in tumor cells than their non-responsive counterpart 

NPs (Fig. 35). 

In summary, we have shown evidence that fluorescent polymer NPs, bearing pinacol-type boronic ester 

linkers trigger self-immolative polymer degradation and subsequently release the cargo drug in the presence of 

ROS concentrations typically present in intracellular environment of certain tumor cells. Co-localization studies 

evidenced that the P-1 polymer NPs can be used for selective cargo release to PC3 cancer cells, with the release 

rate in non-cancer HF cells being lower. Finally the drug-loaded ROS-responsive NPs were shown to be more 

cytotoxic to tumor cells compared to their non-responsive counterparts making the presented polymer a 

promising candidate for applications as delivery system and imaging agent (theranostics) aimed at inflamed 

microenvironments and cancer tissue. 
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5. Conclusions 

  

This thesis has focused on the potential and current uses of soft matter based nanomedicines in cancer 

therapies. After a brief overview of the current status (clinical trials and marketed products) of successful cases 

as well as main advantages and drawbacks of soft matter formulations, several responsive and non-responsive 

soft matter assemblies (polymer NPs and block copolymer NPs) were synthesized, discussed and presented. We 

demonstrated the efficacy of the combination chemotherapy in comparison to single NP-loaded drugs in in vivo 

experiments from novel biodegradable/biocompatible non-responsive (PBSBDL copolymer) NPs loaded with 

doxorubicin or docetaxel. In in vitro cytotoxicity studies the novel pH-responsive block copolymer (MPEO-b-

PCL block copolymer) NPs containing ketal groups as block linkers and loaded with paclitaxel showed an 

important increase in activity compared to the free drug. Furthermore, the former NPs were degraded into well-

known and FDA-approved by-products that introduce no toxicity to cells. Also in in vitro experiments the 

potential of block copolymer NPs containing fine tunable pH-responsive property of the hydrophobic PDPA core 

and the protein repellence of the hydrophilic PHPMA shell was demonstrated for the first time. The PHPMA 

chains prevented the fouling of proteins resulting in a remarkable stability of the NPs in serum and on decreasing 

pH the hydrophobic PDPA block becomes protonated (hydrophilised) in the narrow range of pH (6.51 < pH < 

6.85; ∆pH ∼ 0.34) resulting in the fast disassembly of the NPs and chemotherapeutic drug release in model 

cancer cells. Finally, a biocompatible/biodegradable ROS-responsive soft matter assemble was prepared for drug 

delivery and imaging of ROS-rich environments. In vitro data proved that the presented polymer system released 

more the model drug in comparison to a polymer counterpart as well as specifically and efficiently in cancer 

cells, while the release in non-cancer cells (HF cells) was low making the presented polymer a potential 

candidate for applications as delivery system and imaging agent (theranostics) aimed at specifically inflamed 

and/or cancer cells. The recent advances in soft matter based nanomedicines, as reported in this thesis, suggest a 

bright future for further scientific investigations of innovative soft therapeutics into clinical practice. 
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