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RESUMO 

O cancro é a principal causa de morte no mundo. A investigação na área do cancro está em 

evolução contínua, e tem como objetivo alcançar terapias mais eficientes e diagnósticos precoces. 

Diferentes desafios vão surgindo, relativamente ao desenvolvimento de sistemas de entrega de fármacos 

eficientes em comparação com as terapias convencionais, como a quimioterapia. Têm sido 

desenvolvidas novas formulações que promovam uma distribuição controlada do fármaco, potenciando 

uma ação farmacêutica seletiva e eficiente. Os nanogéis, produzidos por auto-organização de polímeros 

naturais quimicamente modificados, são adequados para este objetivo, uma vez que permitem 

encapsular fármacos hidrofóbicos, de forma física ou química. O uso de ligações lábeis, para estabilizar 

os fármacos, permite uma libertação seletiva, tais como as ligações hidrazona, sensíveis ao pH. A 

doxorrubicina é um fármaco usado atualmente em quimioterapia, contudo, o seu maior problema é a 

toxicidade em tecidos saudáveis, quando usada em doses elevadas, e o desenvolvimento de 

multirresistência durante tratamentos prolongados. A doxorrubicina pode ser conjugada ao ácido 

hialurónico, que é um polímero natural abundante no corpo humano, através de uma ligação hidrazona 

ou amida. Os principais objetivos deste projeto consistem no desenvolvimento de nanogéis de ácido 

hialurónico e doxorubicina para tratamento do cancro, assim como a incorporação de -Fe2O3 nos 

nanogéis, para o desenvolvimento de formulações teranósticas. 

O ácido hialurónico foi modificado quimicamente para se obter um polímero anfifílico, o qual foi 

conjugado com a doxorrubicina por ligação hidrazona ou amida. A quantidade de doxorrubicina ligada, o 

tamanho médio e o índice de polidispersidade foram avaliados. Os nanogéis mais promissores foram 

ainda estudados em ensaios de libertação a diferentes pH, citotoxicidade e incorporação de -Fe2O3. 

Os conjugados de ácido hialurónico e doxorrubicina por ligação hidrazona foram produzidos em 

tampão PBS pH 7,4, contendo 22 µg DOX/mg, tamanho médio de 100 nm e um índice de 

polidispersidade de cerca de 0,5. A conjugação por ligação amida foi efetuada em DMSO, o que conduziu 

a um conteúdo de doxorrubicina de 29 µg DOX/mg, tamanho médio de 70 nm e um índice de 

polidispersidade de cerca de 0,45. Os estudos de libertação indicam uma libertação satisfatória a pH 

5,0 (pH dos lissossomas), contudo a pH 7,4 (pH extracelular) verificou-se também alguma libertação. A 

estabilização de -Fe2O3 nos nanogéis, designados de nanomagnetogéis, levou à estabilização de 0,6 a 

0,9 mM de -Fe2O3. Os ensaios de citotoxicidade foram realizados com a linha celular A549, e o conjugado 
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de ácido hialurónico por ligação amida apresentou uma atuação rápida e levou a um decréscimo na 

viabilidade celular. 

Em suma, foram produzidos nanogéis de ácido hialurónico e doxorrubicina usando uma ligação 

sensível ao pH, hidrazona, e ligação amida. Os nanogéis mostraram características interessantes para 

sistemas de entrega de fármacos, permitindo assim terapias mais eficientes, apesar de ainda serem 

necessárias algumas otimizações. A incorporação de -Fe2O3 foi conseguida nos nanogéis, o que pode 

permitir a sua deteção por técnicas de imagem para diagnóstico ou para avaliação da terapêutica, ao 

mesmo tempo que se faz a libertação controlada do fármaco. 

 

 

Palavras-Chave: Ácido Hialurónico; Doxorrubicina; Nanogéis auto-organizados; -Fe2O3; Teranósticos. 
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ABSTRACT 

Cancer is the leading cause of death in the world. Cancer research is continuously growing aiming 

to achieve more efficient therapies and early diagnostics. Different challenges arise, concerning the 

development of efficient drug delivery systems compared to conventional therapies, such as 

chemotherapy. New formulations promoting a controlled drug distribution, potentiating selective and 

efficient pharmaceutical actions, have been developed. Nanogels, produced by self-assembly of chemical 

modified natural polymers, are suitable for this purpose since they are able to encapsulate the 

hydrophobic drugs, physically or chemically. The use of labile linkages, to stabilize drugs, allows a 

selective drug release, such as pH-sensitive hydrazone. Doxorubicin is a drug currently used in 

chemotherapy, however, a major drawback remains its toxicity to healthy tissues, when used in high 

dosages, and the development of multi-drug resistance during prolonged treatment. Doxorubicin can be 

conjugated with hyaluronic acid, a natural polymer abundant in the human body, via hydrazone or amide 

linkages. The main goals of this work consist in the development of hyaluronic acid-based nanogels for 

cancer therapy with doxorubicin, as well as the incorporation of -Fe2O3 into the nanogels to develop a 

theranostic formulation. 

Chemical modifications were performed on the hyaluronic acid to obtain an amphiphilic polymer 

grafted with doxorubicin via hydrazone or amide linkage. Doxorubicin content, average size and 

polydispersity index were evaluated. The most promising nanogels were further characterized concerning 

release profile at different pH, cytotoxicity and physical incorporation of -Fe2O3. 

Hyaluronic acid-doxorubicin conjugates, via hydrazone, were produced in PBS pH 7.4, containing 

22 µg DOX/mg, an average size of 100 nm and a polydispersity index around 0.5. The conjugation, via 

amide, was performed in DMSO, leading to a doxorubicin content of 29 µg DOX/mg, an average size of 

70 nm and a polydispersity index around 0.45. The release studies indicated a satisfactory release at pH 

5.0 (lysosomal pH) although exhibiting some release at pH 7.4 (extracellular pH). -Fe2O3 stabilization 

into nanogels, designed as nanomagnetogels, lead to 0.6-0.9 mM of stabilized -Fe2O3. Concerning the 

cytotoxicity assay performed using A549 cell line, hyaluronic acid-doxorubicin conjugate via amide 

presented a fast action and promoted a decrease in cell viability. 

In summary, hyaluronic acid-doxorubicin nanogels were produced using a pH-sensitive linkage, 

hydrazone, and amide linkage. The nanogels exhibited interesting characteristics for drug delivery 

applications envisaging more effective therapies, even though further optimizations are required. -Fe2O3 
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incorporation was accomplished allowing imaging detection for diagnostic purposes or therapy evaluation 

along with the controlled drug release. 

  

 

KEYWORDS: Hyaluronic Acid; Doxorubicin; Self-assembled nanogels; -Fe2O3; Theranostics; 
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1. INTRODUCTION 

1.1 Nanomedicines in cancer therapy 

 

Cancer is the leading cause of death in economically developed countries and the second in 

developing countries (World Health Organization, 2008). Due to the growth and aging of the population, 

in particular in less developed countries, where about 82 % of the world’s populations resides, cancer 

associated deaths are expected to grow (Torre et al., 2015). In general, cancer rates are higher in more 

developed regions, for example, the number of all-sites cancer for both sexes in Western Europe is more 

than twice as high as that in Eastern Africa (Torre et al., 2015). 

Cancer diseases can result from genetic or genomic alterations in DNA sequence, which can be 

related to copy number aberrations, chromosomal rearrangements and modifications in DNA methylation 

(McLendon et al., 2008). Some capabilities acquired during the multistep development of human tumors 

are designated as hallmarks of cancer (Hanahan et al., 2011). These hallmarks are some features related 

to the healthy cells transformation into cancer cells. These intrinsic characteristics are common traits that 

all cancer shares, such as the capacity of malignant cells to survive under conditions that could lead 

normal cells to growth arrest or apoptosis (Hanahan, 2000). During the cancer cells proliferation, the 

supply of oxygen and nutrients decrease, then cytokines and other signaling molecules are released from 

cells to develop new blood vessels, a process designated as angiogenesis (Allen et al., 2004). The new 

vascular network (angiogenesis process) will allow the uptake of oxygen and nutrients by the cancer cells, 

for the tumor survival and proliferation (Lammers et al., 2012; Maeda, 2001b). However, these new 

vessels are not similar to the blood vessels found in the normal tissues, since there are gaps from 600 

to 800 nm between endothelial cells (Allen et al., 2004). This phenomenon is known as the enhanced 

permeability and retention (EPR) effect (Maeda, 2001b). Another physical distinction of tumor tissues lies 

in the absence of lymphatic system (figure 1.1) (Jain, 1987). Consequently, the clearance of 

macromolecules from tumor’s interstitium is harder and slower, leading to a higher accumulation of 

molecules for an extended period of time. 
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Figure 1.1: Schematic representation of differences between normal (A) and cancer tissue (B) (Maeda et al., 1989). 

 

The improved understanding of tumorigenesis has been helpful to the development of new 

antitumor therapies (Lammers et al., 2008). Drug Delivery Systems (DDS) consist in the association of 

drugs and carriers to improve the pharmacological properties, when compared to a conventional drug 

(Allen et al., 2004). DDS can alter the pharmacokinetics (PKs) and biodistribution (BD) of the associated 

drugs (Allen et al., 2004), due to the small size and further physic-chemical features (Lammers et al., 

2012). 

DDS should balance the therapeutic activity and the toxicity of a drug, like chemotherapeutics 

that aim to avoid toxicity in healthy tissues but kill cancer cells (Allen et al., 2004; Davis et al., 2008; Jain 

et al., 2010, Lammers et al., 2008; Peer et al., 2007; Torchilin, 2000). Other important properties of 

DDS are the ability to overcome biological barriers and carry/deliver hydrophobic (poorly water-soluble) 

molecules to a specific site in the body (Desai, 2012). 

DDS are being used to minimize drug degradation, instability upon administration, prevent 

harmful or undesirable side-effects, increase drug bioavailability and accumulation in the pathological site 

(Peer et al., 2007). Bioavailability is related to the presence of a drug in the pathological place, which for 

some drugs is very low, essentially due to the reduced drug’s solubility, which should be increased using 

DDS for in vivo administrations (Amiji, 2006). The absence of lymphatic system combined with the 

increased gaps between the endothelial cells in the new blood vessels of the tumor could be useful for 
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the accumulation of DDS in the tumor’s interstitium (Allen et al., 2004; Meada et al., 1989; Maeda, 

2001a, 2001b), grating the possibility to an higher bioavailability. Nonetheless, the accumulation of DDS 

will depend on their size and in the degree of the tumor vascularization (Allen et al., 2004). 

Drug targeting can be achieved by passive or active strategies (figure 1.2). The passive targeting 

is also designated as EPR effect and the vast majority of nanomedicines developed for drug targeting rely 

on them (figure 1.2-A) (Lammers et al., 2012). The active targeting (figure 1.2-B) strategy consists in 

the use of ligands to specifically bind receptors, such as peptides, antibodies or other molecules 

overexpressed by the target cells, which will improve the recognition and uptake from the cells (Lammers 

et al., 2012). 

 

Figure 1.2: Schematics representation of passive targeting, by exploration of the EPR effect (A), and active targeting (B) using surface 
decoration (Lammers et al., 2012). 

 

The use of high quantities of a carrier can lead to problems of toxicity, metabolization and 

biodegradation, however the carriers usually used are based on nontoxic and biodegradable polymers, 

presenting a minimal toxicity (Allen et al., 2004). 

Polymeric nanoparticles are DDS, with potential when applied in tumor therapy. Their efficacy 

related with circulation time in the blood stream and accumulation in the target tissue before be cleared 

by the reticuloendothelial system (RES) will vary according to its characteristics, such as particle size, 

surface properties and particle shape (Duan et al., 2013). Nanoparticles size is similar to the size of 

biological entities such as proteins, antibodies and viruses (figure 1.3), which allows them to interact 

with biomolecules present on the cell surface and within the cell (van Rijt et al., 2014). 
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Figure 1.3: Schematic diagram showing the relative size of some nanoparticles, biological entities and cells (van Rijt, Bein, & Meiners, 
2014) 

 

Nanoparticle size should be between 20 to 150 nm (Lammers et al., 2012), since the ones with 

a size lower than 20 nm will pass through the glomerular capillary wall, being eliminated by the kidneys 

(Venturoli et al., 2005). Otherwise, the upper value should be smaller than 150 nm to avoid sequestration 

by sinusoids in spleen and fenestra of liver, which size is approximately 150 to 200 nm in diameter (Yuan, 

1998) and also to prevent the uptake by the mononuclear phagocyte system (MPS) (Duan et al., 2013)  

The surface properties, mainly surface charge and hydrophobicity can influence opsonization, 

phagocytosis, circulation time in the blood stream and BD of nanoparticles (Schipper et al., 2009). These 

properties can also affect the nanoparticles’ stability and interaction with cells (Hillaireau et al., 2009; 

Verma et al., 2010). When negatively charged, nanoparticles present a lower phagocytic uptake, which 

leads to a longer of blood circulation time. In contrast when positively charged, the nanoparticles will 

present an increased phagocytosis (Duan et al., 2013). Nanoparticles with low positive charge present a 

promising potential as a long-circulating DDS, to deliver drugs into cancer cells with desirable 

biocompatibility and biofunctionality (Duan et al., 2013). 

The shape of nanoparticle plays an important role in their in vivo behavior and interaction with 

cells, as non-spherical nanoparticles show superior properties when compared with spherical ones 

regarding escape from phagocytosis (Champion et al., 2006), circulation half-life (Geng et al., 2007) and 

target efficiency (Park et al., 2008). 

Multidrug resistance is one obstacle that limits the efficacy of cancer therapies, which can be 

caused by physiological barriers or by alterations in the characteristics of the cancer cells (Davis, Chen, 

& Shin, 2008). There are two different mechanisms: non-cellular drug resistance which can have its origin 
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in the few blood vessels present in the tumor tissues, and cellular mechanisms, such as alteration of an 

enzyme, reduction of apoptosis, induction of the cellular repair system, mutation of the drug target or 

increasing drug efflux in tumor cells (Davis et al., 2008). The most common are changes in the drug-

efflux pump (figure 1.4), whereby, the drug is removed out of the cell. DDS may help in circumventing 

this issue since they enter into the cell by endocytosis (Davis et al., 2008). 

 

Figure 1.4: Schematic representation of free-drug elimination by a multidrug resistance process. The nanocarrier accumulates by the EPR 
effect and enters the cell, through endocytosis (mediated by the specific ligand). The increase of drug concentration inside the cell  overcomes 
the efflux pump mediated by drug resistance (Davis et al., 2008). 

 

Nanoparticles used as DDS have several relevant characteristics related to the improvement of 

anti-cancer therapy: 

- large payload and drug protection from degradation, the loading depend on the size of the drug 

(smaller drugs allow higher loads) (Davis et al., 2008); 

- nanoparticles’ size permits the incorporation of multiple types of drug molecules, since the PKs 

of nanoparticles is not modified by the amount of drug loaded (Davis et al., 2008); 

- nanoparticles’ size allows multiple targeting, recognizing different cell-receptors (Hong et al., 

2007), improving the affinity between the nanoparticle and the target cell; 

- drug release kinetics from nanoparticles can be adjusted in order to match the mechanism of 

action (Davis et al., 2008); 

- since nanoparticles enter cells by endocytosis, they can evade multidrug resistance mechanisms 

associated with the cell-surface protein pumps (Davis et al., 2008). 

The association of these factors can minimize the side effects of anticancer drugs while 

maximizing the efficacy. 
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Nanoparticles can be divided in different types, such as liposome, polymer, micelle, antibody, 

protein-drug conjugate and nanogels (figure 1.5). 

 

Figure 1.5: Representation of some examples of nanoparticles that can be used. In gray is represented the liposomal bilayer; polymers 
and polymer-coatings in green; linkers for drug release in blue rectangles; targeting ligands in yellow arrows; imaging agents in orange suns 
and conjugated or entrapped (chemo-) therapeutic agents in red stars. A-D from Twan Lammers et al., 2012 and E from T. Lammers et al., 
2008. 

 

Liposomes (figure 1.5-A) are closed spherical vesicles, made from synthetic or natural 

phospholipids forming a lipid bilayer, which encapsulates an aqueous phase where a drug can be 

incorporated (Malam et al., 2009). Lipophilic drugs can also be incorporated in the lipid bilayer. The 

chemical properties of the liposome are based on the particular properties of the constituent 

phospholipids (Bawarski et al., 2008), such as permeability, charge density and steric hindrance. The 

liposome formation is spontaneous, resulting from the amphiphilic phospholipids self-associate into 

bilayers. Several commercial anticancer drugs based on liposomes are available, such as Doxil® (Malam, 

Loizidou, & Seifalian, 2009). 

Polymer can be used as DDS conjugated with a drug (figure 1.5-B) or assembled with a drug 

forming micelles (figure 1.5-C). Micelles possess an hydrophobic core, that acts as a reservoir for 

lipophilic molecules surrounded by hydrophilic molecules, which confers aqueous solubility and steric 

stability to the ensemble (Gaucher et al., 2010). 

More than 20 monoclonal antibodies (figure 1.5-D) have been approved for different 

applications, such as in cancer (Reichert, 2008), as targeting probes. Various approaches were made to 

enhance their activity, such as the production of antibody-drug conjugates (ADCs) (Alley et al., 2010). 

The ADCs have three principal components, the monoclonal antibodies, the drug and the linker between 

them (Alley, Okeley, & Senter, 2010). Obinutuzumab was recently approved by the FDA for the treatment 

of chronic lymphocytic leukemia. Bevacizumab showed to be effective in some clinical trials for different 

cancers as colorectal, lung, breast, renal, brain and ovarian cancer. There are over 30 ADCs in 

development and in clinical trials (Weiner, 2015). 

Regarding protein-drug conjugates (figure 1.-E), albumin is playing an increasing role as drug 

carrier and also improving the PK profile of peptides or protein-based drugs (Kratz, 2008). There are 
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different protein-based drugs being clinically evaluated and one is approved for treating metastatic breast 

cancer, Abraxane (Desai, 2012) and other is an albumin-binding prodrug of Doxorubicin (Kratz, 2007). 

Nanogels (NG) are prepared from hydrophilic polymers, hydrophobically modified to produce 

amphiphilic polymers (Oh et al., 2008). Nanogels are produced by the self-assembly of the modified 

polymers when dispersed in water. The hydrophilic part of the polymer forms the outside surface, while 

the hydrophobic molecules form hydrophobic nanodomains within the nanogels (figure 1.6-F). Within 

these hydrophobic nanodomains, hydrophobic therapeutic molecules and/or imaging agents can be 

loaded (Peer et al., 2007). 

In order to design and develop effective nanogel-based DDS for in vivo application several criteria 

must be met, such as: 

- Nanogel stability for prolonged circulation time in the blood stream, since premature release of 

therapeutics, may result in adverse side effects and reduced therapy efficiency (Oh, Drumright, Siegwart, 

& Matyjaszewski, 2008); 

- Specificity, using specific ligands that can recognize receptors on diseased cells, allowing active 

targeting (Oh et al., 2008); 

- Small dimensions, less than 150 nm in diameter, as this can facilitate cellular uptake through 

receptor-mediated endocytosis and reduce the recognition by the mononuclear phagocyte system (MPS), 

increasing the nanogel circulation time in the blood stream (Seymour et al., 1987); 

- Biodegradability of the nanogel, enabling the removal of the empty device after drug release (Oh 

et al., 2008). 

Actually, there are already some anti-cancer nanomedicines in the market, such as RONDEL™ 

from Calando Pharmaceuticals, which is related with a nanoparticle-delivered clinical RNA interference 

(Davis et al., 2010). BIND-014, from BIND Biosciences, is a nanoparticle combined with a 

chemotherapeutic drug with prostate-specific membrane antigen (Hrkach et al., 2012). Other is Celgene’s 

Abraxane, which consist of an albumin-functionalized paclitaxel formulation used approved for breast 

cancer therapy (Desai, 2012), and also for the treatment of lung and pancreatic cancers (“FDA Approval 

for Paclitaxel Albumin-stabilized Nanoparticle Formulation - National Cancer Institute,” n.d.) 
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1.2 Hyaluronic Acid based nanogels 

 

Different natural polymers (dextrin, glycol-chitosan, hyaluronic acid (HA), mannan) have been 

chemically modified leading to amphiphilic polymers that self-assemble, in an aqueous environment, 

originating nanogels. Dextrin nanogels were extensively characterized (Gonçalves et al., 2010a; Gonçalves 

et al., 2008; Gonçalves et al., 2010b; Gonçalves et al., 2007) and in-vitro studied as DDS of small size 

and poorly water soluble molecules such as curcumin (Gonçalves et al., 2012) or therapeutic proteins 

such as IL-10 (Carvalho et al., 2010). Another biomedical application explored concerned the loading of 

-Fe2O3 nanoparticles within the dextrin nanogels (nanomagnetogels) to produce a contrast agent for MRI. 

Its in-vivo performance was evaluated in a mouse model (Gonçalves et al., 2013). The major limitation 

with dextrin nanomagnetogels consists on the predominant accumulation in the MPS associated organs 

that difficult the tumor target. 

The use of HA in the biomedical field has been explored by many researchers over the years. HA 

or hyaluronan is a high-molecular weight linear glycosaminoglycan (GAG) (Stern, 2004), composed by 

repeating units of glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc), connected by β-linkages, 

GlcAβ-(1→3)GlcNAcβ(1→4) (figure 1.6) (Choi et al., 2012; Stern, 2004; Toole, 2004). HA is available 

in a wide range of molecular weight (MW), from 4000 Da to 10 MDa, which influences its biological 

functions (Mizrahy et al., 2011). Among the natural polymers, HA is the most abundant in the human 

body, being present in the extracellular matrix (ECM), connective tissues and body fluids. In physiological 

conditions. HA is in the form of a sodium salt, therefore negatively charged, referred as sodium 

hyaluronate. Chemical modifications of HA have been extensively reviewed, namely on the conjugation of 

cytotoxic drugs (Choi, Saravanakumar, Park, & Park, 2012) or grafting of hydrophobic molecules to obtain 

amphiphilic micelles (Liu et al., 2011) and stimuli responsive materials (Cheng et al., 2013). The 

chemical modification of HA can be performed on the carboxylic acid group or on the hydroxyl group. 

 

Figure 1.6: Chemical structure of HA, the arrows denote the principal places for modifications in the HA structure (Choi et al., 2012). 

HA presents different cellular functions such as promotion of cell motility, regulation of cell-cell 

and cell-matrix adhesion, promotion of cellular proliferation and suppression of cellular differentiation 
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(Stern, 2004). Therefore, HA nanogels are expected to be poorly recognized by macrophages, therefore 

bearing lower liver and spleen accumulation and superior blood half-life. 

In some tumors, the levels of HA is increased (Toole et al., 2002; Toole, 2002, 2004), comparing 

to normal tissues, therefore, the levels of HA can be related to malignancy (Toole et al., 2002) and stage 

of the tumor progression (Toole, 2004).  

The enhanced expression or extracellular concentration of HA influence several signaling 

pathways related to tumor cell growth and survival, such as ErbB2, Ras, MAPK and PI3 kinase/ AkL 

(Bourguignon, 2001; Herrlich et al., 2000; Toole, 2002). 

HA has received particular attention in the field of tumor-targeted delivery systems, due to its 

ability to specifically bind various cancer cells that overexpress CD44 receptor (Choi et al., 2012; Stern, 

2004; Toole, 2004). HA can also bind the receptor for Hyaluronan-mediated motility (RHAMM) (Choi et 

al., 2012; Toole, 2004), lymphatic vessel endothelial Hyaluronan receptor 1 (LYVE-1) (Choi et al., 2012; 

Toole, 2004), TOLL4 (Toole, 2004) and tumor necrosis factor-simulator gene-6 (TSG-6) (Choi et al., 

2012).  

CD44 located in the cell-surface (Aruffo et al., 1990; Ponta et al., 2003; Stamenkovic et al., 

1989), is the principal cell-surface receptor for HA in the cancer cells (Choi et al., 2012; Toole, 2004). It 

is a glycoprotein with significantly important roles, as the adhesion between cells from the same tissues 

(cell-cell and cell-matrix adhesion) (Toole, 2004), cell migration during morphogenesis, cell proliferation, 

cell migration, angiogenesis and tumor invasion and metastasis (Toole, 2004).  

When CD44 interact with HA, there are diverse cellular responses, involving tyrosine kinases, 

protein kinase C, focal adhesion kinase, mitogen-activated protein kinase, nuclear factor-ƙB, RAS and 

cytoskeletal components (Bourguignon, 2001; Ponta et al., 2003; Thorne et al., 2004). The HA 

endocytosis will lead to its degradation (Goodison et al., 1999; Kaya et al., 1997; Naor et al., 2002). 
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1.3 Doxorubicin 

 

Doxorubicin (DOX) is one of the most frequently used drugs in chemotherapy, with the trade 

name of Adriamycin. DOX was discovered in the 1960s, showing a significant anti-cancer efficacy, being 

used as an anticancer drug, in the treatment of leukemia’s, Hodgkin’s lymphoma, bladder, stomach, 

lung, ovarian and thyroid cancers, soft tissue sarcoma, multiple myeloma and other types of cancer 

(Mohan et al., 2010). DOX is an anthracycline (Yang et al., 2014) and like daunorubicin, it was isolated 

from a soil bacterium, Streptomyces peucetius (Arcamone et al., 2000; DiMarco et al., 1969). 

The structure of DOX (figure 1.7) is similar to the anthracycline antibiotic in which a flat 

anthraquinone nucleus of the molecule is linked through a glycosidic bond at ring atom 7 to an amino 

sugar (Mohan et al., 2010). DOX’s structure is protonated, specifically in the amino group of the sugar 

forming a DOX hydrochloride, in order to increase aqueous solubility. 

 

Figure 1.7: Chemical structure of DOX. Functional groups (amine and carbonyl), highlighted with red circles correspond to the coupling 
sites with the promoieties (Bildstein et al., 2011). 

 

The mechanism of the DOX antineoplastic activity is through the intercalation between two base 

pair of the DNA, which was evidenced by crystal structure (Frederick et al., 1990). This interaction will 

inhibit the progression of the enzyme topoisomerase II, which is responsible for unwinds DNA for 

transcription or replication, resulting in the arrest of the cells in G2-phase of the cell cycle or inducing 

apoptosis (Mohan et al., 2010). Other suggested mechanisms are related to free radical formation, lipid 

peroxidation and direct membrane effects. The binding between cell membranes and DOX results in the 

production of active oxygen species, especially hydroxyl radicals generated in DOX enzymatic reduction 

catalyzed by iron and/or cupper ions (Aubel-Sadron et al., 1984; Marnett, 2002; Minotti et al., 2001; 

Minotti et al., 2004), which result in a decline of the mitochondrial oxidative phosphorylation. The severe 
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DOX cardiotoxicity can be related to the attack of reactive oxygen species on the myocytes (Berthiaume 

et al., 2007; Maejima et al., 2008; Minotti et al., 2004; Wallace, 2007). 

The considerable DOX toxicity, especially when used in high dosages, limits the concentration 

range that can be used in the cancer treatment (Borst et al., 2000; Germann, 1996; Gottesman et al., 

1993), for minimal side effects in the patient. 
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1.4 Theranostic formulations 

 

Theranostic is a new tool used in the nanomedicine combining two different activities in the same 

formulation: therapy and diagnosis. The incorporation of an anticancer drug and an imaging agent in the 

same formulation allows the BD monitoring, as well as, the evaluation of the carrier and/or the drug 

accumulation at the target site, allowing an evaluation of the intervention in real-time (Lammers et al., 

2011; Lammers et al., 2010; Sun et al., 2010). This information is useful for medical decisions respecting 

therapy (number, frequency and duration of the cycles of treatment) (Lammers et al., 2012).  

The contrast agent incorporated into the theranostic system can be, for example, gold, iron-oxide 

or radiolabeled compounds, depending on the imaging technique used for diagnosis. Magnetic 

Resonance Imaging (MRI), uses iron oxide as a contrast agent, offering high resolution and the capacity 

of simultaneously obtaining physiological and anatomical information based on the interaction of contrast 

agents with the surrounding protons of the tissue (Merbach et al., 2013). Magnetic nanoparticles (MNPs) 

exhibit a unique contrast enhancement, which allows the MRI of cell trafficking, gene expression and 

cancer detection (Chen et al., 2010; Lalatonne et al., 2010). MNPs have been recognized as a promising 

tool for site-specific delivery through the application of an external magnetic field (Lalatonne et al., 2010). 

Superparamagnetic iron oxide nanoparticles (SPION) are of considerable interest as contrast 

agents due to their nanoscale dimensions, non-toxic nature and magnetic properties. In medicine, their 

application in the nude form is limited by their aggregation in biological fluids, induced by their high 

surface energies and hydrophobicity, which lead to protein adsorption (Park et al., 2009). Polymer coating 

provides colloidal stability in water, through steric stabilization, giving well-dispersed formulations. Surface 

coating of iron nanoparticles with amphiphilic polymers has been described, primarily using synthetic 

polymers and experimental methodologies relying on organic solvents for phase transfer (Kim et al., 

2011; Lin et al., 2008; Nasongkla et al., 2006). Such strategies are still limited regarding clinical 

applications, although considerable efforts have been devoted to the development of simple and efficient 

methods to prepare nanocarriers with high stability and narrow size distributions. 

SPIONs have been clinically used as T2-type (negative) MRI contrast agents (Geraldes et al., 2009; 

Laurent et al., 2008). Superparamagnetic behavior means that the nanoparticles are highly magnetized 

in a magnetic field but lose their magnetization when the field is switched off. This behavior is necessary 

for injectable formulations because it reduces the risk of thrombosis from magnetically aggregated 

nanoparticles. 
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Currently, two SPION are clinically approved, namely: ferumoxides (Feridex in the USA, Endorem 

in Europe) and ferucarbotran (Resovist). Regarding the administration route, Resovist can be administered 

as a rapid bolus (used with both dynamic and delayed imaging), whereas Feridex needs to be 

administered by slow infusion (used only in delayed phase imaging). In the liver, these particles are 

sequestered by phagocytic Kupffer cells in normal tissues but are not retained in lesions lacking Kupffer 

cells. Consequently, significant differences in T2/T2* relaxation enhances lesion detectability. Both Feridex 

and Resovist are approved specifically for MRI of the liver, namely for detection of hepatic metastases. 

After intravenous administration, clinically approved SPION are cleared from the blood by phagocytosis 

accomplished in the RES, so that uptake is observed in the normal liver, spleen, bone marrow, and lymph 

nodes. After the intracellular uptake, SPIONs are metabolized in the lysosomes into a soluble non 

superparamagnetic form of iron, that becomes part of the iron pool (e.g., ferritin, hemoglobin) (Wang, 

2011).  
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2. OBJECTIVES 

Cancer is the leading cause of death in the world. New antitumor therapies are much required, 

among them are the development of efficient drug delivery systems. In this work, nanogels will be used 

as drug carrier, since they are able to protect the drug in a stable way avoiding degradation before 

reaching the target. Besides that, nanogels allow the formation of labile linkages with the drug, namely 

pH-responsive systems. The pH-responsive linkage allows the drug release when a certain pH is reached 

and a specific release of the drug in the target, thereby reducing some undesirable side effects. 

Natural polymers have been used in the development of new nanogels that allows the drug 

conjugation and loading of hydrophobic molecules and/or particles, such as -Fe2O3, to produce contrast 

agents for MRI. Hyaluronic acid was chosen since it is a natural polymer (the most abundant in the human 

body) and non-toxic, present in the extracellular matrix (ECM), connective tissues and body fluids. Besides 

that, hyaluronic acid can bind to various types of cancer cells that overexpress some of its receptors, as 

CD44. 

Doxorubicin is one of the most used drugs in chemotherapy, however, it presents some toxicity 

when used in high dosages, especially in the cardiac tissue. This downside limits the concentration range 

that can be used in the cancer treatment. 

One of the main objectives of this work consists in the development of pH-responsive nanogels 

for cancer therapy, using hyaluronic acid as carrier and doxorubicin as a bioactive agent. Another objective 

is the incorporation of -Fe2O3 into the nanogels, in order to obtain a theranostic formulation. 

To achieve that goal, the hyaluronic acid will be chemically modified with hexadecylamine, 

yielding an amphiphilic hyaluronic acid. The most promising nanogels will be conjugated with doxorubicin, 

which will be chemically bound to the polymer molecule via hydrazone (pH-sensitive) or amide linkage. 

The release profile will be evaluated at different pH. -Fe2O3 will be stabilized into HA-DOX nanogels 

producing nanomagnetogels that will be characterized. Furthermore, in vitro cell studies with DOX 

nanogels will be performed to assess their cytotoxicity. 
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3. MATERIALS AND METHODS 

3.1 Materials 

For the development of this project, the reagents used were: 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide, EDC (Acros Organics); Adipic Acid Dihydrazide, ADH (Sigma-Aldrich); 

Dimethyl sulfoxide, DMSO (Fisher); Doxoubicin, DOX (Abcam-Biochemicals); Dulbecco's Modified Eagle 

Medium, DMEM (Millipore); Fetal bovine serum, FBS (Milipore); Hexadecylamine (Sigma-Aldrich); 

Hyaluronic Acid (7.48 kDa, LifeCore); N-Hydroxysuccinimide, NHS (Sigma-Aldrich); Penicillin/ 

Streptomycin, PS (Milipore); Potassium Bromide, KBr (Agros Organic); sodium chloride, NaCl (Fisher 

Scientific); Tetra-n-butylammonium fluoride, TBA-F (Fluka Analytical); Triethylamine, TEA (Fluka); 

Trypsin/EDTA solution (Milipore) and ultrapure water (Milipore). 

 

3.2 Chemical Reactions 

3.2.1 Amphiphilic HA production 

Ion Exchange 

The ion exchange was performed to switch the sodium ion of HA by the tetra-n-butylammonium 

ion, TBA+, allowing the HA dissolution in DMSO, as described in the literature (Oudshoorn et al.,2007). 

Briefly, an excess of TBA-F (3.5 g) was used with a cation exchange resin AG 50W-X8 (BIO-RAD 

Laboratories) (1.0 g) in 12.5 mL of ultrapure water, incubated for 1 h at room temperature under 

rotational agitation. Then, the mixture was filtrated under pressure using a filter with a cut off 0.45 µm 

(Teknokroma). The HA, 250 mg, was dissolved in 25 mL of ultrapure water and added to the filtrated 

resin and left to react under rotational agitation for 2 h at room temperature. After that, the mixture was 

centrifuged for 2 min at 1000 g and the supernatant was removed, the obtained pellet was finally freeze-

dried. 

 

Amphiphillic HA production 

Amphiphilic HA was produced grafting hexadecylamine, as shown in the scheme 3.1. Briefly, 

100 mg of HA-TBA, 31.0 mg of EDC (molar ratio 1:1 of EDC to HA-TBA), 19.0 mg of NHS (molar ratio 

1:1 of NHS to HA-TBA), 11.7 mg of hexadecylamine (molar ratio 0.3:1 of hexadecylamine to HA-TBA) 
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were dissolved in 12 mL of DMSO and 24 µL of TEA (molar ratio 1:1.5 of hexadecylamine to TEA), were 

added to the obtained solution and incubated for 24 h at room temperature under rotational agitation. 

After that, two dialysis were carried out using a dialysis membrane with a molecular weight cut off (MWCO) 

of 1000 Da (OrDial D-Clean). The first one against sodium chloride, NaCl, solution (150 mM) for three 

days to replace TBA+ by the Na+, then against distilled water for two days. The final solution was freeze-

dried. 

 

Scheme 3.1: Representation of the reaction between HA and C16NH2 performed in DMSO with EDC, NHS and TEA. 

 

3.2.2 Doxorubicin conjugation 

 

Via Hydrazone linkage 

For the conjugation of the amphiphilic HA with DOX via hydrazone linkage, it was required to 

perform the conjugation of the amphiphilic HA with ADH, as shown in the scheme 3.2. 

Briefly, 50.0 mg of amphiphilic HA, 24.0 mg of EDC, 22.0 mg of ADH were dissolved in 12 mL 

of distilled water and then 2.0 mL of DMSO were added to the previous solution and incubated for 24 h 
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at room temperature under rotational agitation. After that, a dialysis step was performed, against distilled 

water for three days using a dialysis membrane with an MWCO of 1000 Da (OrDial D-Clean). The final 

solution was freeze-dried. 

 

Scheme 3.2: Representation of the reaction between the amphiphilic HA and ADH performed with EDC.  

 

The conjugation between HA-ADH with DOX (scheme 3.3) was performed using different 

solvents: PBS buffer pH 7.4 or DMSO. 
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Scheme 3.3: Representation of the conjugation between HA-ADH and DOX through an hydrazone linkage.  

 

The reaction between DOX and HA-ADH in PBS pH 7.4 was performed using 30.0 mg of HA-ADH 

and 1.0 mg of DOX, dissolved in 9.0 mL PBS. The mixture was protected from light and incubated 

overnight at room temperature under rotational agitation. After that, dialysis was carried out against 

distilled water for 6 h with three water changes using a dialysis membrane with an MWCO 1000 Da 

(OrDial D-Clean). The final solution was freeze-dried. 

 

For the conjugation of HA-ADH and DOX in DMSO, it was performed using 15.0 mg of HA-ADH, 

0.5 mg of DOX, 0.34 mg of EDC (molar ratio 1:1 of ADH to EDC), 0.57 mg of NHS (molar ratio 1:1 of 

ADH to NHS) and 0.62 µL of TEA (molar ratio 1:1.5 of ADH to TEA) dissolved in 15.0 mL of DMSO. The 
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solution was protected from light and incubated overnight at room temperature under rotational agitation. 

After that, dialysis was carried out, against distilled water, for three days using a dialysis membrane with 

an MWCO of 1000 Da (OrDial D-Clean). The final solution was freeze-dried. 

 

Via Amide linkage 

The amphiphilic HA conjugation with DOX was produced as shown in the scheme 3.4. The 

reaction between the amphiphilic HA and DOX was performed using 30.0 mg of amphiphilic HA, 43.8 

mg of EDC (molar ratio 1:1 of amphiphilic HA to EDC), 26.3 mg of NHS (molar ratio 1:1 of amphiphilic 

HA to NHS), 0.6 µL of TEA (molar ratio 1:1.5 of DOX to TEA) and 1.8 mg of DOX dissolved in 3.2 mL of 

DMSO. The solution was protected from light and left reacting for 24 h at room temperature under 

magnetic agitation. After that, a dialysis was performed, against distilled water, for 3 days, using a dialysis 

membrane with a MWCO of 1000 Da (OrDial D-Clean) The final solution was freeze-dried. 

 

Scheme 3.4: Representation of the conjugation of amphiphilic HA with DOX via amide linkage in DMSO with EDC, NHS and TEA. 
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3.3 1H NMR 

The lyophilized material was dispersed in deuterium oxide (6.0 mg/mL) and then transferred to 

5 mm NMR tubes. 1D 1H NMR measurements were performed on a Varian Unity Plus 300 spectrometer 

operating at 299.94 MHz. The spectra were obtained at 298 K with 80 scans, a spectral width of 480 

Hz, a relaxation delay of 1 s between scans, and an acquisition time of 3.75 s. 

 

3.4 Size Distribution 

The size distribution was determined by Dynamic Light Scattering (DLS) using a Malvern 

Zetasizer, model Nano ZS (Malvern Instruments), as previously described in the literature (Pedrosa et al., 

2014). Briefly, samples were dispersed in distilled water or PBS pH 7.4 at 1.0 mg/ml and filtered with 

a 0.22 μm polyethersulfone (PES) syringe filter. Then each sample was analyzed at 25ºC in a polystyrene 

cell, using a He-Ne laser – wavelength of 633 nm and a detector angle of 173º. In each analysis, the 

sample was measured 10 consecutive times, and in each measurement, the number of runs was 

determined by the Malvern software. 

In each measurement, the correlation (correlogram profile) was evaluated in order to validate the 

measurement (values vary from 0 to 1). As a quality criteria of the results, the cut-off value of 0.7 was 

defined. 

 

3.5 DOX quantification 

The amount of DOX conjugated to the HA via hydrazone or amide linkage was obtained by 

acquiring the absorbance spectrum of the sample, from 400 nm to 600 nm, measuring at each 1 nm, 

with a normal read speed, 100 msec of delay and 8 measurements/data point. A microplates reader 

Cytation 3, Biotek was used. In the literature, the DOX is usually quantified at 480 nm (Fu et al., 2015) 

or 486 nm (Park et al., 2015), the wavelength used for the quantification was 488 nm. Samples were 

dispersed in distilled water or PBS buffer pH 7.4, at 1.0 mg/mL. 

For the analysis of DOX concentration, absorbance was measured instead of fluorescence based 

on Mohan et al. results demonstrating that the optical absorbance shows a linear dependence on DOX’s 
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concentration, while the fluorescence, above 25 µg/mL of DOX, is essentially non-linear (Mohan et al., 

2010), as shown in figure 3.1. 

 

Figure 3.1: Relation between DOX concentration (PBS) and optical absorbance (A) or fluorescence intensity (B) (Mohan & Rapoport, 
2010). 

 

3.6 DOX release studies 

The DOX release study was performed with free DOX or HA-DOX nanogels conjugated via amide 

or hydrazone linkage. The DOX concentration was fixed at 20 µg/mL, for both conjugates and free DOX. 

The assay was performed using a dialysis membrane with a cut-off of 2 kDa (OrDial D-Clean) and two 

different release mediums, PBS buffer pH 7.4 or sodium acetate buffer pH 5.0, at 37ºC under magnetic 

agitation. 5 mL of the test sample was placed inside the dialysis membrane submersed in 1.0 L of the 

release medium. At each time point, the volume inside the dialysis membrane was evaluated and 350 

µL were withdrawn for DOX quantification 

The DOX quantification was performed as referred in section 3.5 - DOX quantification. 

 

3.7 -Fe2O3 incorporation 

3.7.1 -Fe2O3 incorporation 

The HA-DOX conjugates were dispersed in distilled water, 2.0 mg/mL, to allow the nanogels 

formation. The required volume of -Fe2O3 (stock solution 400 mM Fe) was added to the nanogels 

dispersion and pH adjusted to 7.4, using NaOH, 0.005 M, or HCl, 0.005 M. The formulation was kept 
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under circular stirring overnight to allow -Fe2O3 incorporation into the nanogel, through 

hydrophobic/hydrophobic interactions. After that, the formulation was centrifuged at 4000 g for 10 min 

at room temperature, to remove the non-stabilized -Fe2O3, while the supernatant was carefully collected 

and analyzed. 

 

3.7.2 -Fe2O3 quantification 

The quantification of the -Fe2O3 stabilized into the nanogels was performed by Inductively 

Coupled Plasma (ICP). The analysis was performed at a specific wavelength, 259.939 nm, radial view 

and the plasma was formed with Argon gas. The equipment used was a PerkinElmer Optima 8000. For 

the calibration curve, Iron Standard for ICP, 17.906 mM, dissolved in 2 % nitric acid, HNO3. All samples 

were prepared in a solution of 2 % HNO3 and analyzed in triplicate. 

 

3.7.3 Size Distribution and Zeta Potential 

Size distribution of the nanomagnetogel (-Fe2O3 stabilized within NG) was evaluated without 

previous filtration. Five consecutive measurements for each sample were performed. 

The Zeta Potential was determined by Dynamic Light Scattering (DLS) using a Zetasizer, model 

Nano ZS (Malvern Instruments), as previously described on 3.4 – Size Distribution. 

 

3.7.4 Magnetic Characterization 

A vibrating sample magnetometer (VSM, Quantum Design, Versalab) was used for magnetic 

characterization. VSM measures the magnetization by cycling the applied field from − 30 to + 30 kOe 

with a step rate of 100 Oe s−1. Measurements were performed on USPIO solutions at 1 g·L-1 at 300 K. 

 

3.8 Cytotoxicity assay 

A549 cells were grown in DMEM, supplemented with 10% Fetal Bovine Serum (FBS) and 1% 

Penicillin/Streptomycin (PS) in 75 cm2 cell culture flasks, incubated in a humidified incubator with 5% 

CO2 at 37ºC. At confluence, cells were detached with trypsin/EDTA 0.25 %/0.02 % (Millipore), and diluted 

(1:5) and seeded in a new culture cell flask. 
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The HA-DOX nanogels cytotoxicity was evaluated, in vitro, using the 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl-tetrazolium bromide (MTT) assay. The tetrazolium salt is widely used to quantify cytotoxicity, 

by colorimetry. The tetrazolium salts are metabolically reduced to highly colored end products, formazans 

(Mosmann, 1983). The colorless MTT is cleaved to formazan by the succinate-tetrazolium reductase 

system, which belongs to the mitochondrial respiratory chain and is active only in viable cells. 

For the cytotoxicity assay, cells were seeded in 96 well plates (5000 cells/well) and incubated 

overnight for adhesion. The culture medium was removed, each sample (dispersed in PBS pH 7.4) was 

added to the respective well (diluted in culture medium: 20% v/v) and incubated for 24, 48 or 72 h. 

At each time point, the culture medium was removed, cells were washed with PBS pH 7.4, and 

50 µL of MTT (1.0 mg/mL in DMEM without phenol red) was added and incubated at 37ºC for 2 h. Then, 

the liquid was removed and MTT crystals were dissolved in 100 µL of isopropanol incubating 30 min with 

smooth agitation. The absorbance was measured at 570 nm in a microplate reader Cytation 3 (Biotek). 

Isopropanol was used to measure the background. The test was performed in triplicate for all conditions. 
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4. RESULTS AND DISCUSSION 

4.1 Synthesis of amphiphilic HA 

4.1.1 Amphiphilic HA production with two different DS 

To render sodium hyaluronate soluble in DMSO, the sodium ions of HA were exchanged by the 

TBA ions as described in the literature (Oudshoorn, Rissmann, Bouwstra, & Hennink, 2007). After the 

ion exchange, the reaction between hexadecylamine, C16NH2, and HA-TBA was performed in DMSO. The 

synthesis of HA-C16NH2 with different degrees of substitution was accomplished by varying the molar ratio 

(theoretical DS) of NH2, groups from hexadecylamine to COOH groups from HA, in the reaction mixture. 

1H NMR was used to calculate the degree of substitution (DS). The grafting of the hydrophobic 

chain and the respective DS, defined as the number of C16NH2 molecules per 100 disaccharide units of 

HA, was confirmed by 1H NMR spectroscopy (figure 4.1). In the Figure 4.1 A, it is represented the 1H 

NMR spectrum for HA-TBA and figure 4.1 B for the HA-C16NH2. When both are compared, there are two 

different peaks, at δ=0.915 and δ=2.046–2.057, present on the HA-C16NH2 spectrum, confirming the 

reaction success. 

The peak correspondent to C16NH2, δ=0.915, is assigned to three protons present in the methyl 

group (-CH3), which is identified in figure 4.1 B, with the letter A. The peaks corresponding to HA, with 

chemical shifts of δ=4.479-4.589, δ=3.604-3.924, δ=3.389-3.604 and δ=3.369-3.389, are assigned to 

the eleven protons present in the disaccharide, which are identified in figure 4.1 B, with the letter B. 

The C16NH2 degree of substitution (DS) was thus calculated according to equation 4.1: 

 

 𝐷𝑆 (%) =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐻 𝑓𝑟𝑜𝑚 𝑝𝑒𝑎𝑘 𝐵

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐻 𝑓𝑟𝑜𝑚 𝑝𝑒𝑎𝑘 𝐴
∗

∫ 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝐴

∫ 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝐵
∗ 100                               (Equation 4.1) 
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Figure 4.1: 1H NMR spectra in D2O of HA-TBA (A) and HA-C16NH2 (B) for the theoretical DS 30 %. 

 

For a theoretical DS of 30 %, it was obtained a real DS of 26 %, as shown in figure 4.1, while 

for a theoretical DS 15 % the DS obtained was 10.5 %. Both results are presented in table 4.1. 

 

Table 4.1: Results of the different productions of amphiphilic HA. 

DS (%) Material 

Designation Theoretical Real 

30.0 26.0 HA26.0 

15.0 10.5 HA10.5 
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It is noticed that the obtained DS value is always lower than the theoretical one, meaning that the 

reaction efficiency is under 100 % of effectiveness. The efficiency obtained for the HA10.5 was 70.0 % while 

for the HA26.0 was 87.7 %. 

The produced materials were dispersed in distilled water (1.0 mg/mL) and the size distribution 

was evaluated over time (more than 3 months) using DLS, as to assess the stability in aqueous medium. 

The output of the DLS measurement consists on a distribution profile with an average size, and 

polydispersity index (PdI), as shown in figure 4.2, and a correlogram graph, as shown in figure 4.3. 

 

Figure 4.2: Average size distribution of a HA10.5 solution at 1 mg/mL, 10 consecutive measurements are represented. 

 

Figure 4.3: Correlogram of HA10.5 with 10 consecutive measurements are represented. 

 

The DLS provides valuable information on the homogeneity of the dispersion. A single and sharp 

peak in the DLS profile implies the existence of a single and uniform particle population. The PdI is an 
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indicator of the dispersion of the values measured. PdI values above 0.3 are indicative of significant 

heterogeneity. 

The stability of HA10.5% and HA26.0% nanogels were evaluated during a period of time, at least 3 

months. Their average size and PdI over time are represented in figure 4.4. 

 

Figure 4.4: Average Size ( ) and PdI ( ) values obtained for HA10.5 (A) and HA26.0 (B) over time, with the respective standard deviation 
(n=10). 

 

The HA10.5 is more stable than the HA26.0 presenting fewer variations regarding the average size 

and maintaining low PdI. Regarding the NG dispersion in water, the HA26.0 was harder to disperse than the 

HA10.5 sample, probably due to higher DS (higher density of hydrophobic chains). The DS should be 

balanced, since more substituted nanogels turns the dispersion more difficult and can present more 

cytotoxicity. Otherwise, DS can improve the nanogels stability due to the increase of hydrophobic 

interactions that are the driving force on the nanogels formation. In that way, theoretical DS 15 % was 

chosen to proceed for the following work.  



 

31 

4.1.2 Production of amphiphilic HA using theoretical DS 15 % 

Amphiphilic HA was produced using 15 mol of hexadecylamine per 100 disaccharide units of HA 

(theoretical DS 15 %). Different batches were produced and the real DS obtained for each one is presented 

in table 4.2. 

 

Table 4.2: Different batches of amphiphilic HA produced with a theoretical DS of 15 %. 

DS (%) Material 
Designation Theoretical Real 

15.0 

8.0 HA8.0 

10.5 HA10.5 

12.6 HA12.6 

 

Although the same theoretical DS and reaction conditions were used, the result of each batch 

was different, resulting in three different real DS: 8.0 %, 10.5 % and 12.6 %. The efficiency obtained for 

the HA8.0 was 53.3 %, HA10.5 was 70 % and HA12.6 was 84 %. The results obtained suggest that the real DS of 

amphiphilic HA can be controlled through the molar ratio of hexadecylamine to disaccharide units of HA 

in the reaction mixture (theoretical DS), although some variations probably also associated with the DS 

quantification technique. 

The size distribution of each material was also evaluated to understand the DS influence on 

average size and PdI. Results are shown in figure 4.5. 
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Figure 4.5: Average size ( ) and PdI ( ) values obtained for HA8.0 (A), HA10.5 (B) and for HA12.6 (C) over time, with the respective standard 

deviation (n=10). 
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Generally, when increasing the real DS, the average size tends to decrease, while the PdI value 

tend to increase. HA8.0 and HA10.5 show high stability in the timeframe studied with interesting average size 

for DDS (< 200 nm) and low polydispersity. Regarding dispersion in water, no differences were observed 

between materials, all dispersing easily. For the upcoming work, HA12.6 was chosen due to its smaller 

average size, below 120 nm, which is suitable for the upcoming work. 
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4.2 Production of HA-DOX nanogels 

HA-DOX nanogels were produced through two different approaches: via hydrazone linkage or 

amide linkage. The analysis of the results obtained using each approach will be done separately. 

 

4.2.1 Hydrazone Linkage 

In this approach, the doxorubicin grafting is mediated by the ADH molecule. 

The ADH linkage and the respective DSADH, defined as the number of ADH molecules per 100 

disaccharide units of HA, was confirmed by 1H NMR, as shown in figure 4.6. Comparing the 1H NMR 

spectrum of amphiphilic HA (figure 4.6 A) and HA-ADH (figure 4.6 B) two new peaks appear, after 

the reaction, at δ=2.107-2.299 and δ=1.691. 

The ADH peaks used in the calculation of DSADH are assigned to eight protons from methylene 

groups (H2N-NH-(CH2)4-NH-NH2), δ=2.107-2.299 and δ=1.691, identified in figure 4.6 B, with the letter 

A. The HA peaks are assigned to the eleven protons present in the disaccharide, δ=4.592-4.484, 

δ=3.949-3.756, δ=3.756-3.529 and δ=3.412-3.3352, are identified in figure 4.6 B, with the letter B. 

The DSADH (%) was calculated using the equation 4.1. 
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Figure 4.6: 1H NMR of HA12.6 (A) and HA12.6--ADH (B), in D2O. 

 

DSADH (%) obtained for HA-ADH conjugation was 6.9 %. The average size and PdI values obtained 

over time are shown in figure 4.7. 
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Figure 4.7: Average size ( ) and PdI (  ) values obtained for HA-ADH6.9 over time, with the respective standard deviation (n=10). 

 

The HA-ADH6.9, produced from the amphiphilic HA12.6, exhibits a smaller average size (< 70 nm) 

when compared with HA12.6. The stability seems enhanced after ADH reaction, while the PdI slightly 

increased (around 0.5). 

The next step is the conjugation between DOX and HA-ADH by reacting the ketone group of DOX 

and the amine group of ADH, obtaining a pH-sensitive linkage. The reaction was performed using different 

solvents, DMSO or PBS. The results obtained regarding reaction efficiency are present in Table 4.3. 

 

Table 4.3: Results obtained for HA-DOX nanogels, via hydrazone. 

 HAHidra1 HAHidra2 HAHidra3 

Solvent DMSO PBS PBS 

DSC16NH2 (%) 8.0 8.0 12.6 

DSADH (%) 8.7 8.7 6.9 

DOX Concentration (µg/mg) 49 25 22 

% DOX theoretical (mol/mol) 36.1 37.2 30.1 

% DOX real (mol/mol) 39.6 20.5 22.5 

Reaction Efficiency (%) 109.5 55.1 74.6 

 

Absorbance spectrum of the HA-DOX conjugates, free DOX (25 µg/mL and 50 µg /mL) and HA-

ADH dissolved with 25 µg/mL of DOX (without reaction) are present in figure 4.8. All materials were 

dispersed in PBS buffer pH 7.4. 
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Figure 4.8: Absorbance spectra of free DOX at 25 µg/mL ( ) and 50 µg/mL ( ), HAHidra1 1.0 mg/mL ( ), HAHidra2 1.0 mg/mL ( ), HAHidra3 
1.0 mg/mL ( ) and HA-ADH 1.0 mg/mL with free DOX at 25 µg/mL ( ) when dispersed at PBS buffer pH 7.4. 

 

The DOX concentration was obtained from the calibration curve, shown in the Supplementary 

Data section, figure S.1 (DOX Calibration Curve). All calculations are exemplified at Calculation 

Example I in the Supplementary Data section. 

DSC16NH2 might affect the DSADH, since as DSC16NH2 value increases, the DSADH tends to decrease, as it 

was confirmed from the results presented in table 4.3. Since both compounds bond to the carboxyl 

groups available in the HA, the inverse relation between the grafted amount of each one could be 

expected. 

The solvent used might have some influence in the DOX conjugation. The NG produced in DMSO, 

presented a higher DOX concentration when compared with the two NG produced in PBS, suggesting that 

DMSO could be a better option as solvent for the conjugation reaction. The two NG samples produced in 

PBS presented similar DOX concentration, probably because the DSADH values were similar and the amount 

of ADH present in the HA will directly influence the DOX concentration obtained. 

Absorbance spectra show that all conjugates present a very similar spectra, exhibiting a peak at 

488 nm and a shoulder at 540 nm. The exception is HAHidra1, which presented a peak at 510 nm and a 

shoulder at 540 nm. The peak shift is not related with other reagents that can be present, such as: NHS 

presents a strong absorbance at 260 nm (Hermanson, 2013), EDC shows a high absorbance between 

213/214 nm (Wrobel et al., 2002) and the volume of TEA used was too low to have any interference. 

The average size and PdI values, over time, for these conjugates are shown in figure 4.9. 
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Figure 4.9: Average size ( ) and PdI ( ) obtained for the HA-DOX nanogels over time, HAHidra2 (A) and HAHidra3 (B), with the respective 
standard deviation (n=10). 

 

Although the promising results regarding the DOX incorporation of HAHidra1 (produced in DMSO), 

as seen in table 4.3, this material proved to be unstable, in the DLS evaluation (data not shown). 

The materials produced in PBS buffer present an average size suitable for DDS, below 100 nm, 

although presenting some polydispersity, around 0.5. 

HAHidra3 presented an average size of 70 nm, an average polydispersity index of 0.45 and DOX 

concentration of 22 µg/mg. This NG presents some interesting features and will be used on the upcoming 

work. 
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4.2.2 Amide Linkage 

In this approach, the doxorubicin grafting was performed directly to the amphiphilic HA, between 

the amine group of DOX and the carboxyl group present in HA. The results obtained regarding this reaction 

are presented in table 4.4. 

 

Table 4.4: Results obtained for HA-DOX nanogels, via amide. 

 HAAmi1 HAAmi2 

DSC16NH2 (%) 10.5 12.6 

DOX Concentration (µg/mg ) 22 29 

% DOX theoretical (mol/mol) 4.6 3.3 

% DOX real (mol/mol) 1.7 2.3 

Reaction Efficiency (%) 37.1 71.3 

 

Absorbance spectrum of each conjugate, free DOX (25 µg/mL) and HA-C16NH2 dissolved with 25 

µg/mL of free DOX (without reaction) are presented in figure 4.10. All materials were dispersed in PBS 

buffer pH 7.4. 

 

Figure 4.10: Absorbance spectra of free DOX at 25 µg/mL ( ), HAAmi1 ( ), HAAmi2 ( ) and HA-C16NH2 1.0 mg/mL with free DOX 25 µg/mL 
( ) when dispersed at PBS buffer pH 7.4. 

 

The DOX concentration was obtained from the calibration curve, shown in the Supplementary 

Data section, figure S.1 (DOX Calibration Curve). All calculations are exemplified at Calculation 

example II in the Supplementary Data section. 

DSC16NH2 was expected to influence the conjugation of DOX to the HA backbone, considering that 

C16NH2 and DOX compete to the carboxyl groups in HA molecule. However, that was not verified according 

to the obtained results, probably due to the low DSC16NH2 (15 %) used, which means that 85 % of carboxyl 

groups in HA disaccharides are free for reaction with DOX. The DOX concentrations obtained are similar, 
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although the reaction efficiency is very different, being higher for HAAmi2. That could suggest that the higher 

DSC16NH2, the higher conjugation with DOX may be obtained, probably due to the higher hydrophobicity 

present in the NG. 

The absorbance spectrum of HAAmi2 presents a peak at 488 nm and a shoulder at 540 nm, as 

happened for the free DOX and the HA-C16NH2 solution with free DOX. These results suggest that probably 

the DOX is not grafted to the HA. The HAAmi1 presents a different peak, at 513 nm, and a shoulder at 560 

nm. These variations are not related to the use of NHS, TEA and EDC due to the previously reported 

reasons. 

These materials were evaluated regarding their average size and PdI values over time, the results 

obtained are shown in figure 4.11. 

 

Figure 4.11: Average size ( ) and PdI values (  ) for the HA-DOX nanogels, HAAmi1 (A), HAAmi2 (B), with the respective standard deviation 
(n=10). 
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Both NG present an interesting average size for DDS (< 150 nm), although the HAAmi2 has the 

smallest average size (< 70 nm), however its polydispersity value is higher (around 0.45). As HAAmi2 

presented the smallest average size and highest DOX concentration, 29 µg/mg, this NG may present 

some interesting features when associated with -Fe2O. 
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4.3 Release Studies 

The release studies were performed using two different pH values: 5.0, mimicking lysosomal pH 

(Cooper, 2000; Mindell, 2012) and 7.4, mimicking extracellular pH. 

It is important to study the kinetics of DOX release from the NG. It should not happen too fast, 

enabling the nanogel to reach the target site. On the other hand, it should not be too slow, enabling the 

nanogel recognition and remotion by the Mononucler Phagocytic System. Ideally, the release kinetics 

should be controlled by the microenvironmental pH. A higher DOX release at pH 5.0 from the nanogels 

conjugated via hydrazone linkage is expected, due to the pH-sensitive linkage, unlike nanogels produced 

via amide linkage, a stable linkage. Both NG should present low release at pH 7.4, avoiding the release 

of DOX before reaching the target site. 

The figure 4.12 presents the cumulative release profiles for HAAmi2, HAHidra3 and free DOX at pH 

5.0 or 7.4. All related calculations are presented at Release Data in the Supplementary Data 

section. 

 

Figure 4.12: Cumulative release (%) profiles for HAAmi2 ( ), HAHidra3 ( ) and free DOX ( ), at pH 7.4 (solid line) or pH 5.0 (dashed line), 
(n=3). 

 

As expected, free DOX is quickly released in the first 6 h: 78.4 % at pH 5.0 and 68.8 % at pH 7.4.  

In the case of nanogels, different release profiles are observed regarding linkage type and pH 

value. HAHidra3 presented different releases profiles at each pH, essentially in the first 9 h. Surprisingly, the 

release of DOX occurs faster at pH 7.4 than at pH 5.0, suggesting that the HAHidra3 obtained does not bear 

pH responsive properties. 
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Unexpectedly, the HAAmi2 nanogels presented higher % of cumulative release, at both pHs, than 

HAHidra3, which was not expected considering the stability of the amide linkage. It could be hypothesize that 

DOX is not conjugated to the HA, as it was observed 54 % of DOX release in the first 6 h, for both pHs. 

From the literature, DOX has been used to develop different pH-responsive drug release systems. 

One example is the one performed by Gillies et al. (Gillies & Fréchet, 2005), in which, DOX-loaded micelles 

were developed. For the release study of DOX-loaded micelles, different pH values (4.0-7.4) were used, 

while for free DOX pH 5.0 or 7.4 were used. The results showed that free DOX achieved higher releases 

(100 % for pH 5.0 and 90 % for pH 7.4) after 18 h, while for the DOX-loaded micelles only achieved 

releases near 100 % after 72 h (at pH 4.0). These results demonstrated that the carriers used by Gillies 

et al. decreases the release rate of DOX when compared to free DOX. In the present study, the DOX 

release was also retarded by conjugation with nanogels, mainly in the first 12 h, however the conjugation 

procedure should be optimize. 
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4.4 -Fe2O3 incorporation 

-Fe2O3 incorporation into HA-DOX NGs was performed according to Gonçalves et al. (Gonçalves 

et al., 2013). The concentration of the amphiphilic HA was 1.3 mg/mL and a concentration of 13.3 mM 

of Fe was added. 

Two formulations were prepared using HAAmi2 and HAHidra3 for -Fe2O3 stabilization. The results 

obtained are presented in figure 4.13. 

 

Figure 4.13: Result of the iron quantification after the incorporation of -Fe2O3 into different NG, with the respective standard deviation 

(n=6). 

The -Fe2O3 quantification was performed using a calibration curve, which is presented at -Fe2O3 

incorporation in the Supplementary Data section, as well as all associated calculations. After the 

-Fe2O3 incorporation into the NG, the nanosystem is designed nanomagnetogels. 

HAAmi2 presented 0.6 mM of incorporated -Fe2O3, while HAHidra3 incorporated 0.8 mM of -Fe2O3. 

Gonçalves et al. (Gonçalves et al., 2013) achieved higher iron incorporation with dextrin nanogels (about 

4.0 mM of -Fe2O3 incorporated). The presence of anionic charges in the HA-based NG may influence the 

incorporation of -Fe2O3 NPs. 

The average size and PdI of nanomagnetogels were measured. The results are presented in the 

figure 4.14. 
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Figure 4.14: Average size ( ) and PdI ( ) distribution for HA-DOX conjugates after the incorporation with -Fe2O3, 
(nanomagnetogels), with the respective standard deviation (n=5). 

 

All nanomagnetogels present very similar average size (100-160 nm). The incorporation of -

Fe2O3 increased the average size of the nanogels, which remains interesting for DDS. Regarding the 

polydispersity index, lower values were obtained for the nanomagnetogels. 

Zeta Potential of nanomagnetogels was evaluated. The results are presented in figure 4.15. 

 

Figure 4.15: Zeta Potential of free -Fe2O3 ( ), NG ( ) and the nanomagnetogels ( ), each value presents its standard deviation, 

(n=5). 

 

The zeta potential values are positive for bare -Fe2O3 and negative for empty nanogels. The zeta 

potential remains negative after the iron incorporation (nanomagnetogels). Similar zeta potential values 



 

46 

are obtained for nanogels and nanomagnetogels, therefore it can be concluded that the iron nanoparticles 

were incorporated into the nanogels. According to the literature, negatively charged nanoparticles present 

a lower phagocytic uptake, leading to a longer blood circulation time, in contrast to positively charged 

nanoparticles (Duan et al., 2013). Therefore, it could be expected improved and satisfactory circulation 

time for nanomagnetogels. 

The magnetic properties of HAAmi2 and HAHidra3 were measured and the results are presented in 

figure 4.16. 

 

Figure 4.16: Magnetization versus magnetic applied field of HAHidra3 ( ) and free -Fe2O3 ( ). Nanomagnetogels were dispersed in 

distilled water pH 7.4, while bare -Fe2O3 in distilled water pH 2.0. 

 

The magnetization obtained for bare -Fe2O3 was 62 emu/g, while for the nanomagnetogel HAHidra3 

was 65 emu/g. The magnetization measurement of HAAmi2 was not possible. The magnetic properties of 

bare -Fe2O3 are conserved after their stabilization within nanogels, since the magnetization profile of bare 

-Fe2O3 is similar to the one obtained for HAHidra3. This result confirms that the -Fe2O3 NPs are incorporated 

into the NG, otherwise -Fe2O3 NPs would not be stable in aqueous solution losing their magnetization 

profile. 
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4.5 Cytotoxicity 

HA is classified according to its Molecular Weight (MW). High MW HA (> 1000 kDa) may induce 

a possible inhibition of cell proliferation, while low MW HA (< 50 kDa) did not induce a similar result 

(Boeckel et al., 2014; Kunze et al., 2010; Pilloni et al., 1998). As the HA used in this work has an MW 

of 7.68 kDa, it is not expected to reveal any cytotoxicity. 

HA-DOX nanogels were incubated with cells using two different DOX concentrations, 15 and 10 

µg/mL, which determined the NG concentration of both amide and hydrazone linkage. Besides the HA-

DOX nanogels, the reagents used in the nanogels production were also tested individually: HA12.6, HA-

ADH6.9, C16NH2, ADH and free DOX as controls, to assess cytotoxicity. To evaluate the number of viable 

cells after different incubation times, MTT assay was used. 

The % cell viability was calculated using equation 4.2: 

% 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑡𝑛

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑚𝑒𝑑𝑖𝑢𝑚 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑡𝑛
∗ 100 (Equation 4.2), 

The absorbance of cells growth in the culture medium (negative control) at each incubation time 

was compared to the absorbance of each test condition, for the calculation of the % of cell viability. The 

results are presented in figure 4.17. 



4
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Figure 4.17: Cell viability of A549 cells was determined by MTT assay at 24 h ( ), 48 h ( ) and 72 h ( ). For all nanogels the concentration is represented in mg/mL while for free DOX is expressed in 
µg/mL. 
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The PBS, ADH and C16NH2 controls did not exhibit much influence on cell viability up to 72 h of 

incubation, revealing a percentage of cell viability close to 100 % or superior. 

HA-ADH6.9 and HA12.6 presented strong toxicity to the A549 cell line at all time points, with values 

of cell viability (%) below 50 %. These are surprising results demonstrating cytotoxicity of modified HA. In 

the literature, other modified HA has been produced, such as the HA-AT (HA grafted via amide with a 

C11 alkyl chain) produced by Pedrosa et al. (Pedrosa, Gonçalves, David, & Gama, 2014). The HA-AT’s 

cytotoxicity was assessed by MTT assay and it was observed that the nanogel did not affect the cell 

viability for the tested cell lines (3T3, HMEC and RAW 264.7); however, a reduced cell proliferation was 

observed in 3T3 and RAW for a longer incubation time (72 h) (Pedrosa et al., 2016). The HA12.6 used in 

the present study is very similar to the one produced by Pedrosa et al., being the main difference the 

length of the alkyl chain (C11 vs C16) that probably is not enough to explain the present results. The 

unexpected HA cytotoxicity can be related with the HA modification that requires a previous ion exchange 

using a resin that is removed by centrifugation and could be contaminating the material, supposing an 

inefficient removal. 

Free DOX presented the expected cytotoxicity that increases along time. HAHidra3 and HAAmi2 also 

have a cytotoxic effect, time-dependent, more pronounced for HAAmi2. 

The cytotoxic results for HAAmi2 supported the ones obtained in the release assay, where HAAmi2 

presented the highest release, which could suggest a good therapeutic effect. 
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5. CONCLUSIONS AND FUTURE PERSPECTIVES

In the present work, two different HA-DOX nanogels were produced, via hydrazone linkage (pH-

sensitive linkage) or via amide linkage from an amphiphilic HA. In addition, -Fe2O3 was incorporated 

physically into both nanogels without using any organic solvent or salt. 

The degree of substitution should be balanced, in order to have enough hydrophobic chains for 

nanogels formation and on the other hand, maintain water dispersibility and prevent cytotoxicity eventually 

associated with long alkyl chains. Nanogels with DS15% were selected for further characterization, since 

HA12.6 presented an average size lower than 150 nm and a polydispersity index lower than 0.5, that are 

interesting features for the development of a new DDS.  

HAHidra3 nanogels produced via hydrazone linkage were produced in PBS pH 7.4, as it showed to 

be a more appropriate solvent for the reaction. HAHidra3 nanogels were produced with a DOX concentration 

of 22 µg/mg, an average size of 100 nm, a polydispersity index around 0.5, presenting good stability up 

to 40 days, evaluated by DLS. 

HAAmi2 nanogels produced via amide linkage in DMSO presented a DOX concentration of 29 

µg/mg, an average size of 70 nm and a polydispersity index around 0.45. 

The DOX release studies were performed at two different pH values: 5.0, mimicking lysosomal 

pH or pH 7.4, mimicking the extracellular pH. Sink conditions were verified for free DOX. Unexpectedly, 

the amide nanogels revealed a faster release than the hydrazone nanogels, and the pH-responsiveness 

was not verified. 

The incorporation of -Fe2O3 within nanogels was achieved resulting 0.6 mM -Fe2O3 for HAAmi2 and 

0.8 mM -Fe2O3 for HAHidra3. The incorporation of -Fe2O3 led to an increased average size and a decrease 

of polydispersity values. 

The zeta potential is negative and similar for empty nanogels and nanomagnetogels, while bare 

-Fe2O3 presents positive values, suggesting -Fe2O3 incorporation within nanogels. 

The magnetization studies performed for HAHidra3 demonstrated similar profiles for bare -Fe2O3 

nanoparticles and for nanomagnetogels indicating that the magnetic properties are preserved after -

Fe2O3 incorporation. This result also supports that the -Fe2O3 particles are incorporated into the HAHidra3 

nanogel. 

Regarding cytotoxicity evaluation, HA-ADH6.9 and HA12.6 presented strong toxicity to the A549 cell 

line, revealing cytotoxicity of modified HA (without DOX), in opposition to the expected results. This result 



52 

may be related to the iron exchange performed previously to the HA modification. Free DOX presented 

the expected cytotoxicity that increases along time. HAHidra3 and HAAmi2 also demonstrated time-dependent 

cytotoxic effect, more pronounced for HAAmi2.  

As future work, it would be interesting to study some of the following aspects: 

o Guarantee the biocompatibility of modified HA;

o Optimize the HA-DOX conjugation to obtain higher efficiency and ascertain DOX linkage to achieve

higher stability for amide linkage and pH-responsiveness for hydrazone;

o Study the HA-DOX nanogels internalization by CD44 responsive cells, with and without blocking

receptors with HA;

o Test the nanogels in different cells lines (non-tumor), such as epithelial cells;

o Study nanomagnetogel stability after intravenous injection in animal models.
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SUPPLEMENTARY DATA 

 Production of HA-DOX nanogels

o DOX Calibration curve

Figure S.1: Calibration curve for DOX dissolved in PBS buffer pH 7.4. Absorbance quantified at 488 nm. The curve obtained is 𝑦 =

0.0032𝑥 − 0,0135, associated with a square error of 0.9986. 

o Calculations examples I

The example calculation presented here uses HAHidra1 results. 

% DOX theoretical was calculated using the relation between the number of DOX moles used in 

the reaction mixture and the ADH moles presented in the HA. For this quantification the HA moles are 

multiplied by DSADH. 

𝑛𝐷𝑜𝑥 =  
0.670 ∗ 10−3𝑔

620.52 𝑔/𝑚𝑜𝑙
= 1.67974 ∗ 10−6 𝑚𝑜𝑙 

𝑛𝐴𝐷𝐻 =  
15 ∗ 10−3𝑔

435.41 𝑔/𝑚𝑜𝑙
∗ (

8.68

100
) = 2.99029 ∗ 10−6 𝑚𝑜𝑙 

% DOX theoretical (
mol of Dox

mol of ADH
) =  

1.67974 ∗ 10−6 𝑚𝑜𝑙

2.99029 ∗ 10−6 𝑚𝑜𝑙
∗ 100 = 36.1 % 

% DOX practical was calculated by using the same equations, although it was used the real DOX 

effectively conjugated to the HA, which was calculated by the amount of DOX present in each mg of NG 

and the mass of HA recovered, which was used to calculate the moles of ADH. 
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𝑛𝐷𝑜𝑥 =  
0.621 ∗ 10−3𝑔

620.52 𝑔/𝑚𝑜𝑙
= 1.00122 ∗ 10−6 𝑚𝑜𝑙 

𝑛𝐴𝐷𝐻 =
12.7 ∗ 10−3𝑔

435.41 𝑔/𝑚𝑜𝑙
∗ (

8.68

100
) = 2.53177 ∗ 10−6 𝑚𝑜𝑙 

% DOX practical (
mol of Dox

mol of ADH
) =  

1.00122 ∗ 10−6 𝑚𝑜𝑙

2.53177 ∗ 10−6 𝑚𝑜𝑙
∗ 100 = 39.6 % 

The Reaction Efficiency was calculated through the relation between % DOX practical and % DOX 

theoretical. 

Reaction Efficiency  (%) =  
% DOX practical 

% DOX theoretical 
=

39.6

36.1
∗ 100 = 109.5 % 

 

o Calculations examples II 

The calculation presented here uses HAAmi1 results. 

% DOX theoretical was obtained by calculating the relation between the moles of DOX used and 

the moles of free HA that would be able to react, for this it is needed to multiple by 100 less the DS % of 

the C16NH2. 

𝑛𝐷𝑜𝑥 =  
1.8 ∗ 10.3𝑔

620.53 𝑔/𝑚𝑜𝑙
= 2.90079 ∗ 10−6 𝑚𝑜𝑙 

𝑛𝐻𝐴 =  
30 ∗ 10.3𝑔

426.55 𝑔/𝑚𝑜𝑙
∗ (

100 − 10.52

100
) = 6.29325 ∗ 10−5 𝑚𝑜𝑙 

% DOX theoretical (
mol of Dox

mol of free HA
) =  

2.90079 ∗ 10−6 𝑚𝑜𝑙

6.29325 ∗ 10−5 𝑚𝑜𝑙
∗ 100 = 4.6% 

% DOX practical was calculated using the same equations, although it was used the real DOX 

effectively conjugated to the HA, which was calculated by the amount of DOX present in each mg of NG 

and the mass of HA recovered, and the free HA was calculated by the total mass recovered after the 

process of freeze-dried multiplied by 100 less the DS % of the C16NH2. 

𝑛𝐷𝑜𝑥 =  
0.488 ∗ 10.3𝑔

620.53 𝑔/𝑚𝑜𝑙
= 7.86924 ∗ 10−7 𝑚𝑜𝑙 

𝑛𝐻𝐴 =  
21.93 ∗ 10.3𝑔

426.55 𝑔/𝑚𝑜𝑙
∗ (

100 − 10.52

100
) = 4.60039 ∗ 10−5 𝑚𝑜𝑙 

% DOX practical (
mol of Dox

mol of free HA
) =  

7.86924 ∗ 10−7 𝑚𝑜𝑙

4.60039 ∗ 10−5 𝑚𝑜𝑙
∗ 100 = 1.7% 

The Reaction Efficiency was calculated through the relation between % DOX practical and % DOX 

theoretical. 

Reaction Efficiency  (%) =  
% DOX practical 

% DOX theoretical 
=

1.7

4.6
∗ 100 = 37.1 %  
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 Release Studies

DOX concentration was calculated using the absorbance at 488 nm and the equation presented

at DOX calibration curve in the Supplementary Data section. For each measurement, the volume 

present inside the dialysis bag was measured, and considering the DOX concentration, the DOX mass 

was calculated by the following equation: 

𝐷𝑂𝑋 𝑚𝑎𝑠𝑠 = 𝐷𝑂𝑋 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 ∗ 𝑉𝑜𝑙𝑢𝑚𝑒 

After the calculation of the DOX mass present at each time point, the % of cumulative release 

was quantified through the following equation: 

% of cumulative release = (1 −
𝑚𝐷𝑂𝑋 𝑡𝑛

𝑚𝐷𝑂𝑋 𝑡0
) ∗ 100, 

where mDOX tn is the DOX mass in the respective time point, while mDOX t0 is the mass of DOX present 

at the beginning, t0, of the release study. 
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 -Fe2O3 incorporation 

Calibration curve used for the quantification of the Fe incorporation represented in the Figure 

S.2. 

 

Figure S.2: Calibration curve obtained for Fe dissolved in HNO3 2%. Absorbance quantified at 260 nm. The curve obtained is 𝑦 =

9708192,1𝑥 − 12347,638, associated with a square error of 0.9999. 

 

From the figure S.2, it was possible to calculate the iron concentrations for the NG, as presented 

at Table S.1. 

 

Table S.1: Table containing the results for each NG used in the incorporation of the -Fe2O3. 

Material 
Designation 

Intensity Dilution factor 
Iron Concentration 

(mM) 
Standard 
Deviation 

HAHidra3 575669.09 13,3 0.81 0.02 

HAAmi2 270851.42 20 0.58 0.03 

 

The iron concentrations, from the table S.1, were obtained by the following equation: 

𝐼𝑟𝑜𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑚𝑀) = (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 − (−12347,638)

9708192,1
) ∗ 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 
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 HA 4.0 kDa

The reactions performed with the HA 4.0 kDa followed the methods described above, with the

exception of temperature, which was 37 ºC and the dialysis membrane MWCO, which was 2.0 kDa. 

o Amphiphilic HA

The synthesis of HA-C16NH2, using HA 4.0 kDa, was performed for a theoretical DS (%) of 15 % 

and 1H RMN was used to quantify the degree of substitution. 

The DSC16NH2 (%) obtained for this modification was 11.0 %, and the material was designated HA11.0. 

The average size and PdI were also evaluated over time. The results are presented in the figure 

S.3.

Figure S.3: Average size ( ) and PdI ( ) values obtained for HA11.0, over time, with the respective standard deviation (n=10). 

HA11.0 presents a higher average size when compared to HA12.6, which could be originated by the 

difference regarding the DSC16NH2 or due to the MW of the HA, although its average size is interesting for 

DDS (< 200 nm). The HA11.0 have an associated PdI value around 0.3, which is smaller than the one from 

HA 7.68 kDa, HA12.6. 
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o Production of HA-DOX nanogels

As performed to the HA 7.68 kDa, the conjugation of amphiphilic HA with DOX was performed 

via hydrazone or amide linkage. 

 Hydrazone Linkage

As for HA 7.68 kDa, it was required to perform a conjugation between HA11.0 and ADH. The grafting 

of the hydrophobic chain and the respective DS was confirmed by 1H NMR spectroscopy. 

The DS (%) obtained for the HA-ADH was 16.1 %, and the material was designated as HA-ADH16.1. 

Then it was performed a conjugation with DOX, to obtain an hydrazone linkage (HAHidra4). The results are 

presented in the table S.2. 

Table S.2: Results from the conjugation of HA-ADH with DOX. 

HAHidra4 

DSC16NH2 (%) 11,0 
DSADH (%) 16,1 

DOX Concentration (µg/mg) 29 

% DOX theoretical (mol/mol) 21,7 
% DOX real (mol/mol) 13,4 
Reaction Efficiency (%) 61,7 

Absorbance spectra of HAHidra4, free DOX (25 µg/mL) and HA-ADH dissolved with 25 µg/mL of 

DOX (without reaction) are present in figure S.4. All materials were dispersed in PBS buffer pH 7.4. 

Figure S.4: Absorbance spectra of free DOX at 25 µg/mL ( ), HAHidra4 1.0 mg/mL ( ) and HA-ADH 1.0 mg/mL with free DOX at 25 
µg/mL ( ) when dispersed at PBS buffer pH 7.4. 
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The DOX concentration obtained was 29 µg/mg, which was higher than the one obtained for the 

HAHidra3. The absorbance spectra show that the HAHidra4 presents a peak around 500 nm while maintaining 

its shoulder at 540 nm, as free DOX or HA-ADH solution with free DOX. 

The average size and PdI over time of this material are shown in figure S.5. 

 

Figure S.5: Average size ( ) and PdI ( ) values distribution for HAHidra4, with the respective standard deviation (n=10). 

 

The HAHidra4 exhibit an average size below 200 nm and PdI value around 0.6, suggesting that this 

NG is suitable for the development of DDS, however, more measurements would be required. 
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 Amide Linkage 

The DOX grafting was performed directly to the amphiphilic HA between the reaction of amine 

group in DOX and the carboxyl group present in HA. The results obtained for this reaction (HAAmi3) are 

presented in table S.3. 

 

Table S.3: Different conjugations of amphiphilic HA with DOX. 

 HAAmi3 

DSC16NH2 (%) 11,0 
DOX Concentration (ug/mg) 98,4 
% DOX theoretical (mol/mol) 5,2 
% DOX real (mol/mol) 7,6 
Reaction Efficiency (%) 147,6 

 

Absorbance spectra of HAAmi3, free DOX (150 µg/mL) and HA-C16NH2 dissolved with 25 µg/mL of 

free DOX (without reaction) are presented in figure S6. All materials were dispersed in PBS buffer pH 

7.4. 

 

Figure S.6: Absorbance spectra of free DOX at 150 µg/mL ( ), HAAmi3 ( ) and HA-C16NH2 1.0 mg/mL with free DOX 25 µg/mL ( ) when 
dispersed at PBS buffer pH 7.4. 

 

HAAmi3 presented a higher concentration of DOX grafted in the HA, although the reaction efficiency 

value is higher than 100 %. This efficiency value was not expected, since it was used a dialysis membrane 

with a MWCO of 2.0 kDa, that would allow the removal of all free DOX (MW of 620.52). The DOX 

concentration obtained was 98.4 µg/mg, which was the highest one from all NG produced. 

Absorbance spectra show that the HAAmi3 presents its peak around 513 nm and its shoulder 

around 545 nm, while the free DOX and HA-C16NH2 with free DOX present their peak at 488 nm and a 

shoulder at 540 nm. 
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The average size and PdI over time of this material are shown in figure S.7. 

Figure S.7: Average size ( ) and PdI values ( ) values distribution for HAAmi3, with the respective standard deviation (n=10). 

HAAmi3 presents a very interesting average size (< 50 nm), however, more assays should be 

performed. This NG has a smaller average size and PdI than the HAAmi2 produced with HA 7.68 kDa. 
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o Release Studies 

The same release study, using the same conditions, was performed for conjugates produced with 

HA 4.0 kDa. The obtained results are presented in the figure S.8. 

 

Figure S.8: Cumulative release (%) profiles for HAAmi3 ( ), HAHidra4 ( ) and free DOX ( ), at pH of 7.4 (solid line) or pH 5.0 (dashed line), 
(n=3). 

 

The release of free DOX is faster, as in the previous assay. 

In this study, the HAHidra4 at pH 5.0 showed higher release than at pH 7.4, as expected due to its 

labile linkage (Patil et al., 2012). A higher release at pH 5.0 could indicate an effective pH-responsive 

formulation and more effective, since the release at this pH would occur inside the cells. Comparing 

different linkages, HAHidra4, released 65 % of DOX, while HAAmi3 released of 55 % after 48h, at pH 5.0. From 

the literature, different responsive systems, to pH and/or to enzyme, have been developed, as the one 

developed by Kim et al. (Kim, Oh, Youn, & Lee, 2014). For their release study, they associate to the pH 

5.0 an enzyme, named hyaluronidase, which cleaves the HA and when used it lead to an increase of the 

DOX release. 

At physiologic pH, both amide and hydrazone linkage presented low release, 27.5 % and 44 % 

respectively, after 48 h. This is a huger difference compared to free DOX release, and indicate that 

nanogels could be stable at the extracellular pH, allowing an efficient therapy. 

In conclusion, these results suggested that it was possible to produce a pH-sensitive nanogel, 

HAHidra4, which present a higher release at pH 5.0 than at pH 7.4, as expected. The produced nanogels 

affectively decrease the release rate of DOX when compared to free DOX.   
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o -Fe2O3 incorporation

The -Fe2O3 incorporation was performed as for the HA 7.68 kDa. The results of the iron 

incorporation in the NG from HA 4 kDa are presented in figure S.9. 

Figure S.9: Results for the iron quantification after -Fe2O3 incorporation into the different NG using HA 4.0 kDa, with the respective standard 

deviation (n=6). 

HAAmi3 exhibited 4.2 mM of -Fe2O3 incorporated, seven times more than HAAmi2 produced with HA 

7.68 kDa. On the other hand, HAHidra4 exhibited 0.3 mM, less than the value obtained for HA 7.68 kDa. 

For these materials, average size and PdI values were evaluated. The results are presented at 

figure S.10. 

Figure S.10: Average size ( ) and PdI ( ) distribution for the nanomagnetogels, with the respective standard deviation (n=5). 
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Regarding the average size of the nanomagnetogels, HAHidra4 showed a similar average size, while 

HAAmi3 had an increased size. The polydispersity index decreased. 

The Zeta Potential was also evaluated for these nanomagnetogels. The results are presented in 

figure S.11. 

 

Figure S.11: Results from the Zeta Potential for the free -Fe2O3 ( ), for the nanogel ( ) and for the nanomagnetogels ( ), each 

value presents its own standard deviation, (n=5) 

 

The HAAmi3 nanogel presents an unexpected positive zeta potential value. All nanomagnetogels 

present negative zeta potential, as expected. 

For HAAmi3, magnetic properties were studied. The results are presented in figure S.12. 

 

Figure S.12: Magnetization versus magnetic applied field of HAAmi3 ( ) and free -Fe2O3 (  ). Nanomagnetogel was dispersed in distilled 

water pH 7.4, while bare -Fe2O3 in distilled water pH 2.0. 
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The magnetization result for free -Fe2O3 was 62 emu/g, while for the nanomagnetogel, HAAmi3 

was 65 emu/g. The magnetic properties of bare -Fe2O3 are conserved after their stabilization, since the 

magnetization profile of bare -Fe2O3 is similar to the one obtained for HAAmi3, confirming the incorporation 

of the -Fe2O3 NPs into the NG, otherwise -Fe2O3 NPs would not be stable in aqueous solution losing their 

magnetization profile. 



72 

o Cytotoxicity

The NG produced from HA 4.0 kDa were incubated with cells in the same conditions that were 

used for the HA 7.68 kDa. MTT assay was used to evaluate the number of viable cells at each time point. 

The % cell viability was calculated using equation 4.2 presented before. The results are presented in 

figure S.13. 



7
3

 

Figure S.13: Cell viability of A549 cells was determined by MTT assay at 24 h ( ), 48 h ( ) and 72 h ( ). For all nanogels the concentration is represented in mg/mL while for free DOX is expressed in 
µg/mL. 
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As for the HA 7.68 kDa assay, PBS, ADH and C16NH2 controls did not exhibit much influence on 

cell viability up to 72 h of incubation, revealing % cell viability close to 100 % or superior. 

HA11.0 presented pronounced toxicity to the A549 cell line at 24 h, 50 % of cell viability, on the 

other hand, HA-ADH16.1 did not present so significant toxicity, since cell viability is higher than 50 % at all 

time points. Lower cytotoxicity was observed than for HA 7.68 kDa. Free DOX presented a lower 

cytotoxicity than the one observed for the assay with HA 7.68 kDa, however, it was decreased along time. 

HAAmi3 exhibited low toxicity, although a decrease on the % cell viability was verified. This result was not 

expected since this nanogel presented the highest DOX grafted. While HAHidra3 exhibit a cytotoxic effect and 

time-dependent, more pronounced than free DOX in this assay 

The cytotoxic results for HAHidra4 supported the ones obtained in the release assay, where HAHidra4 

presented the highest release, which could suggest a good therapeutic efficacy. 
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