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Resumo 

O cancro é uma das principais causas de mortalidade e morbidade em todo o mundo. 
Atualmente, os pacientes de cancro são tratados através de terapias tradicionais, como 

a quimioterapia, que causam vários efeitos secundários, uma vez que não são 

específicos para os tecidos tumorais.  

A nanotecnologia e os nanomateriais têm vindo a surgir como uma solução para 

contornar alguns problemas presentes na biomedicina atual. Os nanogeis têm sido 

estudados devido às suas propriedades físico-químicas e à sua biocompatibilidade.  

Neste trabalho, um nanogel plasmónico carregado com mitoxantrona e 2-deoxy-

D-glucose foi desenvolvido com o objetivo de ser aplicado para terapia combinada do 

cancro. O nanossistema foi completamente caracterizado por técnicas espetroscópicas 

e por microscopia eletrónica, tendo sido testado para o transporte e entrega controlada 

e sequencial de dois fármacos diferentes. O uso de um nanogel tem como finalidade 

melhorar a biodisponibilidade dos fármacos no local do tumor, evitando a sua ação em 

tecidos saudáveis. Para além disso, a sua libertação controlada permite diminuir a 

toxicidade e a dose de fármaco necessária. Por outro lado, as partículas plasmónicas 

têm a capacidade de converter radiação NIR em calor, tornando as células mais 

sensíveis à ação dos fármacos e permitindo atingir uma libertação sequencial dos 

diferentes fármacos, através da sensibilidade a diferentes estímulos endógenos e 

exógenos.  

Os resultados obtidos indicam que o sistema desenvolvido tem potencial para ser usado 
como agente de terapia multimodal do cancro, uma vez que não provocou efeitos 

citotóxicos em diferentes linhas celulares testadas, apresenta uma boa capacidade de 

encapsulação de fármacos e de conversão fototérmica, aumentando a eficiência da 

ação antitumoral.  

Palavras-chave: Terapia combinada do cancro, nanogéis, partículas plasmónicas, 

entrega de fármacos.   
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Abstract 

Cancer is one of the leading causes of mortality and morbidity worldwide. Currently, 
cancer patients are treated with traditional therapies such as chemotherapy, which cause 

several side effects due to their lack of specificity for tumor tissues. 

Nanotechnology and nanomaterials have emerged as promising solutions to overcome 

some of the limitations of current biomedical approaches. Among them, nanogels have 

been studied due to their physicochemical properties and high biocompatibility. 

In this work, a plasmonic nanogel loaded with mitoxantrone and 2-deoxy-D-glucose was 

developed with the aim of being applied in combined cancer therapy. This system was 

thoroughly characterized using spectroscopic techniques and electron microscopy, and 

it was tested for the controlled and sequential delivery of two different drugs. The use of 

a nanogel aimed to improve the bioavailability of the drugs at the tumor site, avoiding 

their action on healthy tissues. Moreover, its controlled release reduces both toxicity and 

the required drug dose. In addition, the plasmonic particles have the ability to convert 

near-infrared (NIR) radiation into heat, making cancer cells more sensitive to the drugs 

and enabling the sequential release of different therapeutic agents in response to various 

endogenous and exogenous stimuli. 

The results indicate that the developed system has potential to be used as a multimodal 
cancer therapy agent, as it did not cause cytotoxic effects in the tested cell lines and 

showed good drug encapsulation capacity and photothermal conversion efficiency, 

enhancing the antitumor effect. 

Keywords: Combined therapy of cancer, nanogels, plasmonic particles, drug delivery.  
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1. Introduction 
1.1. Cancer 
Cancer is one of the deathliest diseases in the world, responsible for at least 1 in 6 deaths 

worldwide. This disease is characterized by the abnormal rate of division of cells due to 

mutations in the genes related to growth, cell division and proliferation [1]. In 2022, 

approximately 20 million new cases were diagnosed, and 10 million deaths were 

reported [1]. Breast cancer is the most incident cancer among women and the number 

of new cases is predicted to keep increasing [2]. Traditional cancer therapies, such as 

surgery, radiotherapy and chemotherapy, have many disadvantages as they do not 

target the tumor cells, and therefore they cause damage in healthy cells. Besides, drug 

resistance and drug degradation are also important issues to consider when 

chemotherapy is used [3]. Nanotechnology is emerging as a solution to improve the 

outcomes of traditional therapies [4]. Nanoparticles can be used as carriers, 

encapsulating chemotherapeutic drugs, targeting cancer cells, passively or actively [5]. 

Their use as nanocarriers has shown to prevent the drug’s degradation and improve their 

half-life in the system [6]. Moreover, nanoparticles can be used as therapeutic agents, 

for photothermal therapy [7].  

1.2. Nanotechnology 
In 1959, during the American Physical Society’s meeting, Richard Feynman introduced 

the concept of nanotechnology. Since then, several advances concerning this topic have 

been made, and nowadays, nanotechnology is one the most promising areas to provide 

solutions to many unsolved problems. However, while reports of nanotechnological 

devices in medicine, energy and industry, are exponentially increasing, there are still 

some concerns regarding their environmental impact, the scalability of their synthesis 

and some ethical issues [8], [9]. 

1.3. Nanogels 
The first nanogel report, described in 1993 by Akiyoshi, was a physically self-assembled 

glucose polysaccharide and cholesterol network, in water [10], and since then, this type 

of particles have been shown to be useful for various purposes such as drug delivery, 

biosensing, biocatalysis, imaging, among others [11], [12], [13], [14]. 

Nanogel defines a chemically or physically three-dimensional cross-linked polymer 

network at a nanoscale range. It combines the characteristics of hydrogels and 

nanoparticles and can be classified based on the nature of its polymer composition, that 
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can be natural, synthetic, or a combination of both [15]. Their size allows for an easier 

crossing through biological barriers, due to the enhanced permeability and retention 

(EPR) effect present in solid tumors [16], [17]. Besides, the softness of nanogels also 

contributes for an increased penetration in tumors [16]. Regarding the surface charge of 

the particles, in some cases, positively charged nanoparticles showed better intracellular 

uptake [18]. However, in general, the surface charge seems not to have a significant 

impact on the EPR effect [16]. Depending on its composition, the nanogel will have 

different characteristics and properties, such as surface area, charge, swelling ability, 

biodegradability, biocompatibility, stability, and responsiveness. Physically cross-linked 

nanogels are formed through polymer non-covalent interactions, such as hydrophobic 

interactions and electrostatic interactions between opposite charged groups [19]. On the 

other hand, chemically cross-linked nanogels are usually synthesized by the formation 

of covalent bonds, like disulfide bonds, between the polymer groups [19]. Nanogels are 

synthesized through different methods, depending on the desired characteristics and the 

type of polymers. The synthesis begins with monomers or polymer precursors and it is 

usually based on crosslinking or sequential polymerization reactions. This cross-linked 

network provides the nanogel with the ability to swell or shrink, while conserving its 

structure or dispersing in the medium, in the case of physically cross-linked nanogels.    

The swelling of nanogels depends on its structure and composition, and also on external 

factors that can be physical or chemical, such as light, magnetic field, ionic strength, 

temperature, pH, redox environment, or the presence of a certain compound or enzyme 

[20], [21]. This expansion or shrinkage of the network is the main approach when the use 

of this type of nanomaterials as carriers is considered, as it allows a more predictable 

behavior of the material and a controlled diffusion of the nanogel’s content to the solvent 

[21].  

1.3.1. Chitosan nanogels 

Nanogels composed of natural polymers such as polysaccharides are usually more 

biocompatible and biodegradable. Additionally, they can be easily surface modified and 

have high water retention ability. Although they have many advantages over synthetic 

nanogels, they also have less reproducibility and higher variability between syntheses 

[22].  

Chitin is one of the most abundant biopolymers and can be found in the cell wall of fungi, 

algae and in the exoskeleton of crustaceans. Chitosan is a natural cationic 

polysaccharide obtained from the deacetylation of chitin and composed of glucosamine 

and N-acetyl-glucosamine residues (Figure 1) [23]. Besides being a natural sourced, 
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non-toxic, biocompatible, and biodegradable polymer, chitosan possesses other 

characteristics, such as antibacterial and antifungal activities and bioadhesion, 

advantageous for the application in various areas, such as industry, energy, materials 

and biomedicine.  

Chitosan can be used to form nanogels through self-assembly, ionic gelation, 

microemulsion, radical polymerization, either as a therapeutic agent or carrier [24], [25], 

[26]. Due to the use of non-harmful reagents and mild conditions, ionic gelation is one of 

the most used methods to produce chitosan nanogels. The addition of a negative cross-

linker, a counter ion, like tripolyphosphate (TPP), to the polymer, in acidic medium, 

initiates a spontaneous reaction between the opposite charged groups and triggers gel 

formation, resulting in a gel-like network precipitate [27], [28], [29]. This method, using 

TPP as a cross-linking agent was first described in 1997 by Calvo et al [30], when a 

suspension of chitosan-polyethylene oxide particles was developed to encapsulate 

bovine serum albumin. The size of the nanogel can be tuned by altering the 

concentration of TPP, the pH and the chitosan’s acetylation degree [31]. 

Chitosan has been applied in the production of nanogels due to its tissue-healing 

properties, and pH-sensitiveness enabling a sol-gel transition[32]. This polymer is 

insoluble in water but soluble in acidic aqueous medium due to the protonation of its 

primary amine on C2 (pKa 6.5) (Figure 1), allowing interactions with the solvent [33]. This 

protonation of the polymer provides it with the ability to interact and form complexes, 

nanoparticles or hydrogels/nanogels with negatively charged compounds, such as DNA 

and proteins [34]. On the other hand, at neutral pH, the polymer charge density is 

reduced, which leads to lower solubility and consequent aggregation. Besides the free 

amino groups on its backbone, it has also two hydroxyl groups (C3 and C4) that can be 

chemically modified, to achieve a polymer with different characteristics or to expand its 

properties, like improved biodegradability [35], [36], [37]. The thiolation of chitosan is a 

very commonly used modification that usually occurs by chemically modifying chitosan’s 

primary amine with a free thiol molecule [38], [39], [40], [41], [42], [43]. This modification 

can improve mucoadhesion, permeation, bioavailability and biodegradability of the 

nanogel, compared to the non-modified polymer particles. Liu et al.[39], used chitosan-

N-acetylcysteine to increase curcumin’s penetration and retention time in the precornea 

and cornea, improving its efficacy through the interaction of the thiol groups with the 

mucus[44]. Besides, chitosan can be modified to endow nanogels or nanoparticle 

coatings with responsiveness to different stimulus. Thioglycolic acid modified-chitosan 
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was used as a gate-keeper to control quercetin diffusion through the pores of 

mesoporous silica particles [45].  

 

Figure 1. Chitosan's structure, functional groups and possible chemical modifications. Carbon 2 is highlighted. Adapted 
from Aranaz et al, 2021 [33]. 

Chitosan nanogels can be used for several purposes, such as intracellular delivery. A 

study on the effect of the surface charge of chitosan nanoparticles on cellular uptake was 

performed by Yue Z. et al [46]. Due to their positive charge, chitosan nanoparticles can 

interact with the negatively charged cell membranes, and increase the cellular uptake, 

comparing with neutral or negative nanoparticles [46], [47]. There are reports that 

support that this conclusion can be extended to chitosan nanogels as well [48]. Chitosan 

nanogels are efficient at protecting drugs from being metabolized or eliminated from the 

system, increasing their bioavailability. Chitosan nanogels can be used as delivery 

agents for antitumor drugs, such as doxorubicin, 5-fluorouracil and methotrexate [49], 

[50], [51]. Their use can also be extended for the delivery of other therapeutic agents, 

like anti-inflammatory bioactives for the inhibition of inflammation processes [52]. 

Although chitosan nanogels are very promising, they still have some limitations, like poor 

solubility at physiological conditions, rapid clearance from the blood circulation and low 

mechanical strength and stability (as it dissolves at low pH) [53]. 
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1.3.2. Alginate nanogels  

Alginate is a natural anionic polysaccharide that can be found in brown algae and in 

some strains of bacteria and is composed of linear chains of residues of 

β-D-mannuronate (M) and α-L-guluronate (G) (Figure 2). The polymer chains can be 

homopolymeric (containing only one of the residues) or interposed with heterosequences 

(Figure 2). Its composition makes it a versatile polymer, that can be used in several ways 

for biomedical applications, as it is highly biocompatible, easily functionalized, and able 

to form hydrogels.  

 

Figure 2. Possible molecular structures of alginate polymer chains. Adapted from Paques J. et al, 2014 [54]. 

Alginate polymer chains can be functionalized due to the presence of two hydroxyl and 

one carboxyl groups (pKa 3.6), which allows for various chemical reactions, like 

acetylation, phosphorylation, sulfation, oxidation, or coupling [55]. The decrease of the 

pH of the alginate solution leads to the protonation of the carboxylic acids of the polymer 

chains, at a pH close to the pKa (pKa 3.6), which increases the viscosity of the solution. 

Alginate can be used to form hydrogels by cross-linking, by interacting with divalent or 

trivalent cations like Ca2+ or Fe3+, resulting in ionic gels [56]. This method consists of the 

exchange of sodium ions from G residues with the cations, forming a structure usually 

called “egg-box”, with an adjacent chain (Figure 3) [57]. Cross-linking with cations results 

in a three-dimensional network with very high-water contents. As only the G residues 

participate in the interactions with the cations, alginate nanogels with a higher G content 
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and higher molecular weight, are usually more rigid and stable [58]. This technique does 

not allow to control the process, as it is a very quick reaction. To counteract this, there 

are some changes that can be made to improve the uniformity and slow the gelation 

process, such as the use of phosphate buffers, so that the phosphate groups compete 

with the interaction with the positive ions and slow the cross-linking [59]. Although this is 

a simple a low-cost method to obtain alginate nanogels, as they are physically linked, 

their stability is limited, as they can dissolve in the medium, when the calcium cations 

are released and exchanged with monovalent ions [54]. In drug delivery applications, the 

loss of structure of the nanogel provides them with a low retention capacity of the content. 

For nanogels composed only by alginate, an approach based on acidic gelation can also 

be used [58]. 

 

Figure 3. Scheme of cross-linking of alginate with the formation of "egg-box" structures with a divalent cation, Ca2+. 
Adapted from Paques J. et al, 2014 [54]. 

Another method to develop alginate nanogels is by chemical bonding between the 

polymer chains. This is possible because alginate contains functional groups, as 

mentioned before, hydroxyl and carboxyl groups, that are able to form covalent bonds 

and be modified. The resulting nanogels have better stability and increased mechanical 

properties [60]. However, the compounds used as catalysts are usually toxic and can 

interfere with the encapsulated cargo. Photo-crosslinking is a type of chemical cross-

linking that uses radiation, such as ultraviolet radiation, to initiate the polymerization [61]. 

This method has also some challenges, such as the difficulty to control the kinetics of 

the polymerization reactions, the unreacted bonds that can react with the active 

compounds and the use of UV radiation [61].   
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Alginate nanogels carry some limitations, such as unstable structure, low mechanical 

strength, and are easily degraded, as they have affinity to various ions [60]. To overcome 

these limitations and optimize their activity, alginate can also be combined with other 

polymers or particles to form nanogels with different properties. For example, the addition 

of magnetic or plasmonic particles to alginate nanogels adds responsiveness to a 

magnetic field and to near infrared radiation, respectively, allowing its application as a 

theragnostic agent, through magnetic hyperthermia and imaging, and photothermia [62], 

[63], [64].  

1.3.3. Alginate-chitosan nanogels 

Alginate can also be combined with other polymers, like cationic polymers, to form stable 

nanogels, through electrostatic interactions. Chitosan-alginate nanogels are the most 

frequent combination, as they are both of natural and abundant sources, versatile, highly 

compatible, but mostly because they can overcome each other limitations, like solubility 

and stability issues [65], [66], [67]. To be more specific, this combination allows for the 

decreasing of the porosity of alginate leading to a better retention of the entrapped 

molecules [68]. On the other hand, the complexation with alginate provides chitosan with 

a better mechanical stability [68], [69]. The formation of a polyelectrolyte complex 

between alginate and chitosan is possible due to the formation of electrostatic 

interactions between the amino groups of chitosan’s backbone and the carboxylic acids 

of alginate [70]. This combination can be achieved through ionotropic gelation, following 

a one-step or two-step procedure. The first, being the addition of one of the polymer 

solutions to the other, dropwise, to allow the formation of interactions [71]. The two-step 

method consists of firstly preparing an alginate nanogel by ionic cross linking with a 

bivalent cation, for example, and then adding it to the chitosan solution. To improve the 

particles polydispersity, size homogeneity and stability, this method can be combined 

with polyelectrolyte complexion [72]. In this case, adding the chitosan solution, previously 

linked to a counter ion, like TPP, to an alginate solution, results in chitosan core particles, 

with better mechanical stability, and lower polydispersity [73]. Segale et al. [74] 

addressed the swelling behavior of the polyelectrolyte complex, comparing it with the 

alginate nanogel, at different pH levels. When exposed to acidic medium (pH 1.0), the 

chitosan-alginate nanogels did not show significant differences in the swelling, 

comparing with alginate nanogels. At this pH, the carboxyl groups of alginate are 

protonated and the polymer becomes insoluble, blocking the fluid absorption. In the 

polyelectrolyte complexes, even though the chitosan is positively charged in this 

condition, the swelling is limited by the alginate structure. On the other hand, at more 

neutral pH, a higher swelling is observed in alginate nanogels, comparing with chitosan-
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alginate nanogels. This can be explained by an exchange of the ions that are keeping 

the “egg box” structure, with the ions present in the buffer medium, causing a loosening 

of the structure and an increase of the swelling, followed by a disintegration of the 

network (represented by a decrease of the weight). In contrast, chitosan-alginate 

nanogels display a lower swelling, and no erosion, probably due to a higher mechanical 

stability provided by the interactions between the two polymers. Those results suggest 

that chitosan-alginate nanogels are more stable and can provide a more controlled 

swelling and consequently, a more controlled release of the cargo, being more 

advantageous for drug delivery than alginate nanogels.  

This polyelectrolyte complexes are being extensively studied [75], [76], for the application 

in drug delivery, wastewater treatments, agriculture, theranostics, because of their 

unique and advantageous properties [77], [78], [79], [80].  

1.3.3.1. Drug delivery applications 

These nanosystems have been used in drug delivery applications, as carriers, to 

increase the drugs’ half-life in the blood, enhance the availability of hydrophobic 

molecules and target malignant cells. As a result of all its properties, chitosan-alginate 

nanogels, have been shown to be suitable for delivering molecules, throughout different 

administration routes, such as oral, ocular, nasal or intravenous [65], [81].  

The tumor environment presents some different physicochemical characteristics when 

comparing to healthy tissues. A slightly acidic pH, around 6-6.5, is usually reported in 

extracellular tumor environments and therefore, carriers that are chemically stable at 

pH 7.4 and that suffer alterations at lower pH values, are useful in the delivery to tumors 

[82]. Glutathione (GSH) is a protein involved in several processes, such as cell 

proliferation, and that is typically in higher concentrations in cells with high proliferation 

rates [83]. In physiological conditions, the extracellular concentration of GSH is around 

20 µM, comparing with the 80 µM reported in extracellular tumor environments [82]. 

Besides, GSH’s concentrations inside the tumor cells and cells with high proliferation 

rates, such as fibroblasts, is higher and can reach 10 mM [82]. Thus, using a GSH-

sensitive nanomaterial can be an attractive strategy for efficient delivery to tumor cells. 

Chitosan-alginate nanogel particles have been reported in previous studies to be 

excellent carriers for tumor applications, considering its size, surface characteristics, 

loading capacity, stability, and controlled release abilities. Due to its nanoscale size, they 

can easily penetrate the cell membrane and passively accumulate in tumor tissues 

because of the EPR effect. Moreover, chitosan-alginate nanogels can swell in a stimuli-
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responsive way and release its content through controlled diffusion from the polymer 

network.  

Chitosan’s free amino groups provide it with a pH-responsive behavior which means that 

in more acid environments, the amines are protonated, causing the gel to swell due to 

repulsion between the polymer chains, and leading to the release of the encapsulated 

content. On the other hand, at higher pH levels, as the protons are removed from the 

polymer, the nanogel particles suffer a decrease in size, due to a reduction of 

hydrophilicity. Alginate shows an opposite behavior as its negative charge is neutralized 

at lower pH levels [65]. This contrasting behavior leads to a decrease on the swelling of 

the polymer network and to the prevention of structural degradation, comparing to the 

one-polymer nanogel, due to the interaction between chitosan and alginate.  This 

behavior is a key factor for a more controlled release of the drugs in tumors, as the tumor 

microenvironment is slightly more acidic (around 6-6.5) than healthy tissues. 

Furthermore, chitosan-alginate nanogels, with a chitosan core, prevent the initial burst 

release observed in single polymer nanogels [84]. This initial burst release is unwanted 

as it can lead to toxicity, drug loss and, therefore, decrease the extent of the therapeutic 

effect [85].  

In addition, nanogels with thiol groups can form disulfide bonds and consequently are 

sensitive to the redox environment, being reduced in high concentrations of GSH. 

Disulfide bonds present between the thiol groups of the nanogel can be reduced and 

cleaved, leading to an alteration of the structure of the nanogel and promoting the release 

of the encapsulated cargo [86], [87]. On the other hand, in environments with low 

concentrations of GSH, such as the healthy extracellular tissues, the nanogel can 

maintain its structure, preventing the release of the active agents and decreasing their 

toxic effects. Therefore, the modification of chitosan-alginate nanogels with thiol groups, 

like cysteines and cysteamines, may amplify the physicochemical features of the 

nanogels, conferring GSH-responsivity, which is useful for intratumor delivery.  

1.4. Nanoparticles 
Particles of a nanometer scale, usually between 1-1000 nm, are referred to as 

nanoparticles, and often have different properties from the bulk material [88], [89]. Two 

main approaches are used to obtain nanoparticles with different charges, shapes and 

sizes, top-down and bottom-up. The first one, consists on reducing the size of a bulk 

material by different techniques, usually physical (laser ablation, inert gas 

condensation…), to reach the nanoscale particles [90]. The other approach relies on the 
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assembly of molecules and atoms, to create nanoparticles with the desired shape and 

size [91].  

Nanoparticles can be classified based on their composition, as organic (proteins, lipids, 

carbon-based) or inorganic (metallic) [92]. Another way to separate them in classes, is 

by their dimension, 0D, if all their dimensions are within the nanoscale range, as quantum 

dots; 1D, when one of their dimensions is bigger than 100 nm, like nanotubes and 

nanorods; 2D, like nanofilms, or 3D [92].  

1.4.1. Plasmonic nanoparticles 

Surface plasmon resonance is a phenomenon associated with the displacement of free 

electrons localized at the surface of a noble metal (gold, silver…) at the nanometer scale. 

When under specific wavelength radiation (comparable to the size of the particle), the 

oscillation of the electron cloud of the particle reaches the maximum amplitude, 

enhancing the electromagnetic field in that area, and induces the absorption and 

scattering, occurring the surface plasmon resonance (SPR) (Figure 4)[93], [94]. This 

optical property results in an absorption maximum localized in the visible or near-infrared 

(NIR) regions that is specific of the material, and depends on the size, shape and 

aggregation state of the particles, as well as the refractive index on the surface [95], and 

is the key factor for its use in sensing and other biomedical applications [96], [97], [98]. 

The strong absorption in the NIR region (750-1350 nm), also known as the biological 

window, is advantageous as it allows the use of NIR radiation for therapies. The NIR 

radiation provides better tissue penetration, and little absorption from the cells, avoiding 

tissue damages, when comparing with visible and ultraviolet radiation [99]. 

The energy absorbed when the electrons are excited decays through non-radiative 

relaxation of the electrons, through phonon-phonon relaxation, resulting in conversion of 

the energy into heat, leading up to the increase of the surrounding temperature [100], 

[101]. This light conversion capacity is commonly used for photothermal therapy in 

cancer, to induce cell death by local hyperthermia [102], [103]. The use of plasmonic 

nanoparticles for photothermal therapy allows for a more localized therapy and therefore 

decreases the damage caused to healthy tissues during irradiation in traditional 

phototherapy [104]. Studies revealed that cell death caused by plasmonic nanoparticles’ 

photothermal conversion, is carried through the destabilization of the membrane, leading 

to degradation of the actin network [105]. Photothermal therapy has many advantages 

as it is a non-invasive strategy, does not cause drug resistance and is controlled in time 

and space, being also used in combination with other therapies to achieve a synergistic 
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effect [106]. However, it has some challenges, such as the low efficacy to treat more 

internal tumors, due to the light penetration, and it cannot eliminate tumors alone.  

 

Figure 4. Scheme of the electron charge cloud oscillation of a sphere under an electric field. Adapted from E. Hutter et 
al, 2004 [107]. 

Gold nanorods (AuNRs), have an anisotropic shape which allows for two directions of 

oscillation of the electrons (transversal and longitudinal), resulting in two absorption 

bands. The oscillation in the transversal axis of the rod induces an absorption band in 

the visible region (≈ 510 nm), the transversal surface plasmon resonance (TSPR), while 

in the longitudinal axis, induces an absorption band in the visible or NIR, the longitudinal 

surface plasmon resonance (LSPR). This last one is very sensitive to variations in the 

aspect ratio (length/width) of the nanoparticle, being the shift linearly proportional to it. 

AuNRs with higher aspect ratios are more sensitive to changes, which is reflected in 

shifts on the LSPR absorption band [98].  

The most well described strategy for AuNRs synthesis is a seed mediated method, that 

involves the development of seeds through the reduction of HAuCl4 and their growth into 

rod shaped particles, in a controlled and two-step way [108]. This procedure allows for 

great control of the size and polydispersity of the particles. A method that has been 

gaining attention recently is the one-pot synthesis, or seedless method, that does not 

require the previous preparation of gold seeds. In this case, the addition of a strong 

reducing agent allows for the reduction of the gold precursor into smaller particles, that 

will then grow into AuNRs [109]. However, this method did not allow for a control of the 

shape and size of the particles, neither a control of the LSPR position. Recently, reports 

such as Roach et al [110], have been shown to improve the yield and the quality of the 

particles by using binary surfactants. In their procedure, sodium oleate is added besides 

cetyltrimethylammonium bromide (CTAB), to improve the monodispersity and to provide 

better control of the shape of the particles. Besides controlling the shape of the particles, 

CTAB also forms a layer at the surface, giving them a positive charge, which will cause 

repulsion between the particles, and therefore stability against aggregation. Silver ions 

are essential to regulate the initial growth and the anisotropy, due to their adsorption in 

the faces of the particles, controlling its growth. A mild reducing agent, usually ascorbic 
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acid, is used to primarily reduce the gold, in specific pH conditions. Lastly, sodium 

borohydride, a strong reducing agent, initiates the nucleation, and reduces the gold to 

the final state, Au0. The aspect ratio and the LSPR can be controlled by adjusting the 

concentrations of the reagents, temperature, and pH, so that the final particles possess 

the desired characteristics [111].  

1.4.1.1. Mesoporous silica coating 

AuNRs have several advantages and properties that can be used and applied for multiple 

purposes. However, despite all the advantages, they still have some issues related to 

their toxicity due to the CTAB capping and low colloidal stability in physiological 

conditions and under irradiation [112].  

Silica’s negative charged groups have high affinity for AuNRs’ CTAB capping, as it is 

positively charged, allowing for the deposition of a layer at the surface of the 

nanoparticles. The addition of the silica layer usually leads to a shift of the LSPR band 

of the AuNRs, as it changes the refractive index at the surface [113]. Adjustments in the 

synthesis’ parameters allows the control of the surface characteristics of the silica layer, 

such as its thickness, and the volume of the pores [114]. 

The addition of a mesoporous silica shell to the AuNRs surface improves their thermal 

and colloidal stability, preventing their aggregation and deformation in aqueous solutions 

[115], [116]. The addition of the mesoporous silica layer usually follows the Stöber 

method. This method involves the hydrolysis of a silica precursor, like tetraethyl 

orthosilicate (TEOS, ester of orthosilicic acid) (Figure 5), in an alcohol solution, with 

ammonia as a catalyst, at constant and high temperature [117]. A more recent procedure 

has been described by Gorelikov and Matsuura [118], for a more simple and direct 

coating of nanoparticles. This last method, uses CTAB as a template for the silica 

precursor’s polymerization, at the surface of the AuNR. The resulting particles present 

multiple disordered pores, and its thickness can be increased by adding more TEOS to 

the growth solution.  
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Figure 5. Molecular structure of TEOS. 

Another advantage is that mesoporous silica allows for easier surface modification, and 

for the encapsulation of small therapeutic agents, such as genes or drugs, increasing 

the encapsulation ability of the particles, making it useful for drug delivery applications 

[106], [119], [120]. Mesoporous silica nanoparticles have been extensively studied for 

their application as delivery agents. Their tunable size and thickness, controllable pore 

volume, and easy surface modification are appealing characteristics for the development 

of delivery systems [121]. The high number of disordered pores increases the surface 

area, allowing for the entrapment of a high number of compounds [122].  

However, despite all the advantages, mesoporous silica nanoparticles can lead to 

premature release of molecules physically entrapped, before reaching the target site 

[123]. This problem can be avoided by functionalizing the surface with molecules that 

can act as gatekeepers. There are different agents that can be used as gatekeepers, 

such as polymers and proteins. Depending on the gatekeeper, the release can happen 

after a stimulus that can be endogenous, such as pH, or exogenous, such as laser 

irradiation or magnetic field [124], [125], [126], [127]. Polymers can be used as 

gatekeepers, by interacting covalently or non-covalently with the mesoporous silica. The 

polymer chains cover the pores and block the release of its content. A stimulus like pH 

or temperature can induce a change in the polymers conformation, which will cause the 

unblocking of the pores and consequently, the content will be released [128]. However, 

this approach apports some limitations, as for it to be efficient, it is important that the 

polymer chains placement overlaps with the pores. In addition, the size of the polymer is 

also relevant, as small polymers may not be able to cover the pores and big polymers 

may not let the content be released properly [123].  

1.4.1.2. Liposomes coating 

Liposomes are generally spherical, closed lipid bilayers composed mostly of natural or 

synthetic phospholipids (Figure 6) [129]. Phospholipids comprise a polar hydrophilic 
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head and two hydrophobic chains and have the predisposition to form membranes by 

self-assembly in aqueous solutions [130].  

 

Figure 6. Schematic image of liposome structure with cholesterol. Adapted from Nsairat et al, 2022[129].  

This unique structure confers the capacity to interact and encapsulate both hydrophilic 

and hydrophobic molecules, on the aqueous interior or by adsorption at the surface, and 

on the interior of the hydrophobic membrane, respectively [131]. Liposomes are versatile 

particles, as their composition can be varied by altering the phospholipid composition, 

and consequently, changing their fluidity, phase transition temperature and surface 

charge. The structure of the phospholipids composing the membrane, the charge of the 

polar head, the degree of unsaturation and length of the fatty acid chains, will determine 

the membrane’s characteristics [132]. Furthermore, they are biocompatible, non-toxic 

and of simple preparation, as they can form through self-assembly. They can also be 

modified by adding sterols, proteins and polymers to the membrane [132], [133], [134]. 

The most common modification is the addition of cholesterol, a hydrophobic molecule 

that interacts with the phospholipids and increases the stability, reducing the fluidity and 

permeability [134], [135].  

Dipalmitoylphosphatidylcholine (DPPC) is a saturated zwitterionic phospholipid and is 

composed of two palmitic acids linked to a phosphate group and a choline (Figure 7). As 

this phospholipid contains saturated chains, it can pack and form layers with a higher 

phase transition temperature (≈ 41ºC) than unsaturated phospholipids. At temperatures 

above 41ºC, the layer undergoes phase transition and becomes more fluid and 

permeable.  
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Figure 7. Molecular structures of DPPC and cholesterol. Adapted from Victoria M. Katata et al, 2022 [136] 

Liposomes are widely used as cell membrane models, to study the interaction of the cell 

membrane with drugs, as they can simulate the lipid composition of natural cell 

membranes both in physiological and pathological circumstances  [137], [138]. 

These lipid bilayers have also been used as delivery agents, as they can encapsulate 

lipophilic and hydrophilic compounds [139]. Their biocompatibility, flexibility and 

response to temperature make them very useful tools for the transport and delivery of 

active agents, such as cosmetics, therapeutics and vitamins [140]. Furthermore, they 

can also be used to encapsulate nanoparticles. This combination fills some gaps on both 

liposomes and nanoparticles. The encapsulation of the nanoparticles in liposomes 

prevents the fusion between liposomes, increasing their stability. In addition to that, 

nanoparticles can maintain their characteristics, such as magnetism and fluorescence. 

On the other hand, liposomes increase the nanoparticles biocompatibility, while offering 

an easier way to enter the cells [141]. The incorporation of nanoparticles in liposomes 

depends on the physicochemical characteristics of the particles, but it is usually a simple 

process. They can be passively loaded during the assembly of the phospholipids, or after 

the formation of the liposomes [142]. In the latter case, they are added to the surface, 

through non-covalent interactions, for example. The most common method of 

preparation is the thin-film hydration, that can be used for the encapsulation of both 

hydrophilic and non-hydrophilic cargo [142], [143]. This technique requires the drying of 

a solution of the lipids in a volatile solvent, to obtain a thin film on the wall of the recipient. 

After that, the film is hydrated with an aqueous solution containing the hydrophilic 
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nanoparticles. In the case of hydrophobic nanoparticles, they can be added to the lipid 

solution. The hydration of the lipid film will allow for the formation of the liposomes around 

the particles.  

As for drug delivery applications, liposome-coated nanoparticles are very useful systems 

and have been widely explored, due to their advantageous characteristics. As already 

mentioned, mesoporous silica particles have the ability to encapsulate a great amount 

of cargo, however, they do not usually display a controlled release. Liposomes can be 

used as carriers of these particles, acting as a gatekeeper [121], [123]. This gatekeeping 

action prevents the unwanted premature release of the content, providing a controlled 

liberation when the particles reach the target site [144]. Besides acting as a barrier to the 

release, liposomes are also temperature-sensitive, which adds a stimuli response to the 

release [123]. When below the phase transition temperature, the liposome is in a gel 

state, being less permeable. On the other hand, as the temperature surpasses the phase 

transition temperature, the lipids undergo a phase transition and the liposome becomes 

more fluid and permeable, allowing the release of the content inside [144].  

1.5. Plasmonic nanolipogels  
Plasmonic nanogels consist of the combination of the characteristics of nanogels with 

the characteristics of plasmonic nanoparticles. This novel material possesses new 

properties, that can be tuned, depending on the nanoparticle’s physicochemical 

characteristics and the nanogel’s composition, and that would not be possible to achieve 

with the original materials individually [145]. The materials can interact non-covalently, 

by hydrogen bonds or electrostatic interactions, or they can form covalent bonds, which 

can result in the alteration of the swelling ability of the nanogels, as well as its porosity 

and structure [146]. 

The incorporation of plasmonic nanoparticles, such as AuNRs, in the nanogels’ network, 

confers them with bioimaging capacity, in addition to photothermal ability, making them 

interesting materials for theranostics, phototherapy and sensing [147]. In addition to that, 

the incorporation of a silica layer increases the encapsulation capacity of the nanogel 

[106], [148], adding a new encapsulation site and the possibility of a sequential release. 

The use of liposomes as gatekeepers allows to prevent the early release of the content 

inside the pores of the silica [123]. Besides, the lipid layer introduces a new stimuli-

responsivity to the system, as the liposomes become more fluid when the temperature 

is higher than the lipid’s phase transition temperature, allowing the release of the cargo 

[75]. 
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Studies reported that the combination of plasmonic nanoparticles with high photothermal 

conversion efficiency and temperature-responsive nanogels can trigger the swelling of 

the nanogels’ matrix when the temperature arises the lower critical solution temperature 

(LCST), and consequently the release of the encapsulated cargo, in drug delivery 

applications [149], [150], [151], [152].   

1.6. Mitoxantrone 
Mitoxantrone (1,4-dihydroxy-5,8-bis[2-(2-hydroxyethylamino)ethylamino]antracene-

9,10-dione, also known by its commercial name Novantrone, is an anthracenedione, a 

polycyclic aromatic molecule, with antitumor effects. This molecule contains a 

chromophore composed of three planar rings, and two side chains with ionizable amino 

groups (pKa 8.3 – 8.6) (Figure 8) [153]. The absorption spectrum of mitoxantrone 

presents absorption maxima at 610 nm and 660 nm. Mitoxantrone’s antitumor effect is 

related to the capacity of inhibiting deoxyribonucleic acid’s (DNA) replication and 

ribonucleic acid (RNA) synthesis, by intercalation in the DNA, within its planar rings, 

supported by electrostatic interactions between its amino groups and the DNA’s 

phosphate groups [154], [155]. Besides that, it also inhibits the enzyme responsible for 

repairing damaged DNA, topoisomerase II, causing an increase of damaged genetic 

material in the cell.  

 

Figure 8. Structure of mitoxantrone. 

Mitoxantrone (MTX) was approved for clinical use by Food and Drug Administration 

(FDA), in treatments of adult acute myeloid leukemia (1987), of symptomatic hormone-

refractory prostate cancer (1996), of worsening relapsing-remitting multiple sclerosis, 

secondary progressive multiple sclerosis (2000), breast cancer as a second line therapy 
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and others [156], [157], [158]. In vivo studies revealed good efficacy against advanced 

breast cancer, non-Hodgkin’s lymphoma, advanced breast cancer, and advanced 

prostate cancer [157], [159], [160], [161]. Moreover, it was also employed as a palliative 

treatment in patients with advanced ovarian carcinoma, stabilizing the progression of the 

disease [162]. MTX’s administration combined with other chemotherapeutic agents has 

been assessed. Combination with corticosteroids as hydrocortisone presented 

significant pain reduction, comparing with combination with prednisone [159]. The 

combination with a glycolysis inhibitor, 3-BP, has shown, in vitro and in vivo to decrease 

drug resistance and to slow tumor growth [163]. 

MTX has been shown to be a more tolerable chemotherapeutic agent, having less 

aggressive side effects, like nausea, than other drugs, as doxorubicin, being used as an 

alternative [162]. MTX was tested in patients with breast cancer and prostate cancer, 

and its toxicity and efficiency were compared to doxorubicin, showing slightly less 

activity, but significantly less cardiotoxicity [164]. The lower cardiotoxicity of MTX can be 

related to the type of toxicity induced, as MTX creates energy imbalance in the cells, 

comparing with doxorubicin that interferes with the redox cycle [165]. 

1.7. 2-Deoxy-d-glucose  
Tumors usually have high rates of proliferation with hypoxic areas, which exhibit slower 

growth and have low concentrations of oxygen [166]. Besides, cancer cells can also 

present mutations in the mitochondria genetic material, causing a reduction of the 

oxidative phosphorylation [167]. Thereby, anaerobic glycolysis is a mechanism for 

energy production that cancer cells depend on to achieve rapid cell growth and 

proliferation, as it is the only pathway that allows for the production of adenosine 

triphosphate (ATP) in the lack of oxygen. Moreover, the energy production is also used 

to produce lactate and acidify the environment, which, consequently, will protonate 

ionizable molecules, such as basic chemotherapeutic drugs. The protonated drugs are 

less likely to enter the cells and therefore its treatment efficacy is reduced [168]. 

In glycolysis, glucose is phosphorylated to glucose-6-phosphate, by a hexokinase, and 

then it can enter the pentose phosphate pathway (to produce the building blocks for 

nucleic acid production), by becoming substrate of glucose-6-phosphate dehydrogenase 

or it can continue the glycolysis pathway and form fructose-6-phosphate. At the end of 

glycolysis, one glucose molecule originates two pyruvate molecules and two ATP 

molecules. The pyruvate molecules can follow two directions depending on the presence 

or absence of oxygen, the citric acid cycle at the mitochondria, or it is converted in lactate, 

respectively [169]. 
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2-Deoxy-D-arabino-hexose, or 2-deoxy-D-glucose (2DG), C6H12O5, is a glucose 

analogue. This compound has a very similar molecular structure to glucose, a hexose, 

differing only on the carbon 2, where glucose has a hydroxyl and 2DG has a hydrogen 

(Figure 9) [170].  

 

Figure 9. Molecular structure of glucose and 2DG. Adapted from Jyostna Bere et al, 2021 [170].   

As 2DG is very similar to glucose, it can pass through the membrane by the same means 

as glucose, competing with it, and entering by facilitated diffusion, by transporters. After 

that, 2DG enters the glycolysis pathway, being phosphorylated to 2-deoxy-D-glucose-6-

phosphate (2DG-6-P). 2DG-6-P, due to the lack of the hydroxyl group on the carbon 2, 

cannot be substrate of the next enzyme of the pathway, the isomerase, and 

consequently, accumulates and stops the glycolysis. The increase of the concentration 

of 2DG-6P causes the inhibition of the hexokinase who phosphorylates glucose/2DG to 

start glycolysis. The arrest of the glycolysis pathway, prevents the production of energy 

(ATP), leading to energy stress (Figure 10).  

On the other hand, 2DG is also very similar to mannose, and can be converted to 2-DG-

GDP and interfere with the N-glycosylation of proteins, which will affect the correct folding 

and synthesis of glycoproteins, leading to stress in the endoplasmic reticulum (Figure 10) 

[171]. 
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Figure 10. Effects of 2DG uptake on the cell: glycolysis pathway; synthesis of glycoproteins. Adapted from Zhang D. et 
al, 2014 [167]. 

2DG is still not FDA approved, however it has been shown to be efficient against breast, 

pancreatic and ovarian cancer cells, but also in patients with castrate-resistant prostate 

cancer [172], [173], [174], [175], [176]. Besides its application in tumors, 2DG has also 

been tested as treatment for other diseases, as covid-19 [177]. In vitro studies, in breast 

cancer cell lines (human, canine and rat), showed that the reduction of glycolysis output 

resulted in inhibition of invasion and migration of the tumor cells [178]. 

The administration of 2DG alone has proven to be insufficiently efficient in causing cell 

death. So, combination therapies have been explored, using 2DG as an agent to weaken 

the cells, so that the therapy can have better results, leading to higher tumor growth 

reduction. The combination of 2DG with mitochondrial enzyme’s inhibitors improved 

results when compared with single therapy [178]. Combining photothermal therapy and 

a chemotherapeutic agent, doxorubicin, with 2DG, allowed to enhance the photothermal 

effect as well as the drug bioavailability, by inducing starvation, inhibiting the production 

of energy, consequently inhibiting the production of heat shock proteins and reducing 

the cells thermoresistance [179]. 

1.8. Combination therapy 
Monotherapy is the most used approach for the traditional chemotherapy of several 

cancers. However, it has several limitations, as it can lead to drug resistance and to 
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damage in proliferating healthy cells, such as fibroblasts, due to low tumor selectivity 

[180].  

The combination of different drugs with different mechanisms can produce a synergistic 

effect, potentially allowing for reduced dosages and consequently decrease the toxicity 

to healthy tissues and increase the treatment’s efficacy [181], [182]. Li et al [183] reported 

that the co-delivery of doxorubicin and methotrexate, using nanomicelles improved 

antitumor efficacy.  

On the other hand, the combination of different therapies, such as chemotherapy, 

immunotherapy, phototherapy or starvation therapy can also have some advantages and 

lead to a synergistic effect [184] . Phototherapy can cause cell death through local 

hyperthermia, however it cannot alone eradicate tumors. On the other hand, 

immunotherapy is only efficient in small and primary tumors, as it has no effect in bigger 

and advanced malignancies. Starvation therapy relies on the obstruction of glycolysis to 

delay the tumor’s proliferation but cannot eliminate it. The combination of different 

therapies results in an addictive and/or synergistic effect, achieving better results in 

tumor elimination [185]. Li et al [186], developed a delivery system to transport and 

deliver a chemotherapeutic agent, doxorubicin and a photosensitizer, indocyanine green, 

and achieved promising results at reducing the tumor size. 

Hereby, this work focused on the development, optimization and characterization of a 

plasmonic nanogel for the application in combined therapy of cancer, as a carrier of two 

active agents and a photothermal agent (Figure 11). The encapsulation of MTX and 2-

DG in the nanogel network and in the plasmonic nanoparticles, respectively, aimed to 

achieve a sequential and stimuli-controlled release, as well as decrease their cytotoxicity 

in healthy tissues. The designed system will be tested to verify the stimuli-responsive 

release, and its cytotoxicity will be assessed in fibroblasts and breast cancer cell lines, 

to evaluate its potential as an intratumoral delivery agent.  

 

Figure 11. Scheme of the proposed nanosystem. 
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2. Experimental Section 
2.1. Development of the plasmonic nanolipogels 
2.1.1. Preparation of plasmonic particles  

2.1.1.1. Synthesis of AuNRs  

AuNRs were prepared following a seedless method, adapted from Roach et al [110]. The 

apparatus of the synthesis is represented in figure 12. First, in a flask, at 30 ºC with 

stirring, CTAB (200 mM) and sodium oleate (200 mM) stock solutions in Milli-Q water 

were added, at final concentrations of 38 mM and 12.5 mM, respectively. The volume 

was topped up to 5 mL with Milli-Q water. Then, at 5 minutes intervals, 5 mL of 𝐻𝐴𝑢𝐶𝑙! 

(1 mM), 240 µL of 𝐴𝑔𝑁𝑂" (4 mM), 50 µL of HCl 37%, 75 µL of ascorbic acid (85 mM), 

were added. To start the reaction, 7.5 µL of freshly prepared 𝑁𝑎𝐵𝐻! in Milli-Q water 

(10 mM) was injected in the reaction, and the stirring was rapidly stopped. The reaction 

was kept at 30 ºC for 4 hours. The prepared AuNRs were washed twice with Milli-Q water 

and centrifuged at 9000 g for 20 minutes. 

Stock solutions mentioned above were all prepared by dissolving in Milli-Q water. 

 

Figure 12. Apparatus for AuNRs synthesis. (1) round bottom flask, (2) utility clamp, (3) AuNRs solution. 

1 

2 

3 
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2.1.1.2. AuNRs’ coating with mesoporous silica  

The AuNRs were then coated with mesoporous silica, following a reported method, with 

some adaptations [118]. The AuNRs were resuspended in 20 mL of CTAB 800 µM in 

Milli-Q water. To adjust the pH of the reaction, 200 µL of NaOH 0.1 M were added under 

stirring, at 26 – 30 ºC. Finally, 60 µL of TEOS 20% in methanol, were injected three times 

in the solution, at 30 minutes intervals. The reaction was kept at 26 – 30 ºC, for 3 days 

under gentle stirring. To remove the CTAB remaining inside the silica pores, AuNRs@Si 

were centrifuged 20 min, at 9000 g, and resuspended in 10 mL of ethanol. Under stirring, 

100 µL of 1% (v/v) HCl was added. After 1 day under stirring, at 60 ºC, the prepared 

silica-coated gold nanorods (AuNRs@Si) were washed twice with ethanol and 

centrifuged for 20 min at 9000 g and stored in 2 mL of ethanol.  

2.1.1.3. Addition of lipid bilayer 

The coverage of the nanoparticles’ surface with a lipid bilayer was optimized by 

assessing different DPPC:Cholesterol concentrations (0.1 mM, 0.2 mM, 0.3 mM and 

0.4 mM), at a 7:3 ratio. Stock solutions of 10 mM DPPC and 10 mM cholesterol were 

prepared in chloroform. The lipid solutions were evaporated with a stream of ultrapure 

nitrogen gas, forming a film. Then, 0.1 mg of AuNRs@Si in ethanol were added to the 

lipid film, sonicated for 20 minutes and evaporated with a stream of ultrapure nitrogen 

gas. The resulting film was resuspended in 1 mL of phosphate buffer 10 mM, pH 7.4. 

2.1.1.4. Characterization of the plasmonic nanoparticles  

The nanoparticles were characterized through different techniques to assess their 

surface charge, size, shape and to confirm modifications, like the addition of the 

mesoporous silica layer and the lipid bilayer. 

UV-Vis-NIR spectrophotometry characterization of the nanoparticles was carried using 

a Shimadzu UV-3600 Plus UV-Vis-NIR spectrophotometer (Shimadzu Corporation, 

Kyoto, Japan), with quartz cuvettes with an optical path of 1 cm and 1 mm. All the 

absorption spectra of AuNRs, AuNRs@Si and lipid and silica-coated gold nanorods 

(AuNRs@Si@Lip) were obtained between 300 and 1200 nm, at room temperature and 

using Milli-Q water as baseline. AuNRs and AuNRs@Si spectra were obtained with a 

dilution of 1:10, and AuNRs@Si@Lip spectra were obtained without any dilution. 

The hydrodynamic size and zeta potential of the nanoparticles were obtained in a 

Dynamic Light Scattering (DLS) equipment Litesizer™	500 from Anton Paar (Anton Paar 

GmbH, Graz, Austria), using a semiconductor laser diode of 40 mW and 𝜆 = 658 nm, 

and controlled temperature of 25 ºC. The measurements were carried in Milli-Q water, 

with a dilution of 1:10 for AuNRs@Si@Lip and of 1:100 for AuNRs and AuNRs@Si. Zeta 



FCUP 
Plasmonic nanolipogels for combined photothermia and photodynamic therapy 

24 

 
 

 

potential measurements were obtained in triplicates with 100 runs, using an Omega 

cuvette Mat.No. 225288. To assess the hydrodynamic size, a polystyrene disposable 

cuvette was used, and the samples were filtered with a 0.45 µm cut-off syringe filter. The 

measurements were obtained in triplicate, with a maximum of 60 runs of 10 seconds 

each.  Hydrodynamic size of AuNRs was obtained setting gold as the material (refractive 

index of 0.648 and absorption coefficient of 3.2) and water as the solvent. Regarding 

AuNRs@Si measurements, they were obtained setting Silica (amorphous) as the 

material (refractive index of 1.46 and absorption coefficient of 0.1), water as the solvent 

and a measurement angle of 175º (backscattering geometry). As for AuNRs@Si@Lip, 

the material was set as phospholipids (refractive index of 1.45 and absorption coefficient 

of 0.001) and the solvent as water.  

Transmission Electron Microscopy (TEM) images of the nanoparticles (AuNRs and 

AuNRs@Si) were captured with a high contrast JEOL JEM-1010, operating at 100kV 

(CACTI, Vigo, Spain). 

2.1.2. Preparation of the plasmonic nanogels 

2.1.2.1. Modification of chitosan  

To prepare the nanogel, chitosan was previously modified with cysteine. The chemical 

modification of chitosan with L-cysteine, was based on a reported method with some 

adjustments [187]. First, 175 mg of L-cysteine was slowly added to a 0.238 M HCl 

solution, followed by the addition of 222.5 mg of EDC (1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide). To prepare the chitosan solution, 125 mg of 

chitosan was dissolved in 7.5 mL of 2% acetic acid. Finally, the L-cysteine solution was 

added to the chitosan solution, and kept under stirring, for 5 hours. The modified polymer 

was purified by dialysis with a 10 kDa cut off 𝑆𝑙𝑖𝑑𝑒–𝐴– 𝐿𝑦𝑧𝑒𝑟#$	MINI Dialysis Device 

(𝑇ℎ𝑒𝑟𝑚𝑜	𝑆𝑐𝑖𝑒𝑛𝑡𝑖𝑓𝑖𝑐#$ , 69570), against Milli-Q water, for 1 day, at room temperature. The 

purified cysteine-modified chitosan, CS-CYS, was stored at 5 ºC. 

2.1.2.2. Preparation of the nanogel formulation  

Several formulations and ratios of the nanogel were tested to assess the most 

appropriate ratio of CS-CYS:Alginate:TPP (Table 1). Concentrations of CS-CYS ranging 

from 0.035 mg/mL to 0.35 mg/mL were combined with different concentrations of alginate 

between 0.025 – 0.4 mg/mL, while maintaining TPP’s concentration of 0.1 mg/mL. To 

evaluate and optimize the concentration of TPP, concentrations of CS-CYS and alginate 

were kept at 0.1 mg/mL and TPP’s concentration was varied between 0.025 – 

0.4 mg/mL. For the plasmonic nanogel preparation, the solution of AuNRs@Si@Lip was 

centrifuged 20 minutes at 9000 g, redispersed in 100 µL of 0.1 mg/mL of TPP, and added 
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dropwise to 900 µL of 0.1 mg/mL of the CS-CYS solution, under stirring. After 10 minutes, 

1 mL of Milli-Q water was added. The chitosan nanogel was added dropwise to 2 mL of 

0.1 mg/mL of alginate, under stirring, and the pH was adjusted to 7.1-7.5 with NaOH 

0.1 M or HCl 0.1 M. The nanogels were centrifuged at 3500 g, 15 minutes, and 

redispersed in 1 mL of phosphate buffer 10 mM, pH 7.4, and stored at 5 ºC, until further 

use. 

Table 1. CS-CYS:Alg:TPP formulations tested. 

[Alginate] 

mg/mL 

[CS-CYS] mg/mL [TPP] 

mg/mL 

 [TPP] 

mg/mL 

0.025 0.035 0.07 0.1 0.2 0.35 0.1  0.025 

0.05 0.035 0.07 0.1 0.2 0.35 0.1  0.05 

0.1 0.035 0.07 0.1 0.2 0.35 0.1  0.1 

0.2 0.035 0.07 0.1 0.2 0.35 0.1  0.2 

0.4 0.035 0.07 0.1 0.2 0.35 0.1  0.4 

 

2.1.2.3. Characterization techniques 

To optimize the formulation of the nanogel, the zeta potential and the hydrodynamic size 

were assessed. DLS measurements were carried out as previously described, using a 

dilution of 1:10. 

The nanogel particles were also characterized at different pH levels using DLS, diluting 

the nanogel sample in buffers with different pH values (acetate buffer 10 mM pH 3, pH 4 

and pH 5; phosphate buffer 10 mM pH 6, pH 7.4 and pH 8; bicarbonate buffer 10 mM 

pH 9), and assessing the hydrodynamic diameter and the zeta potential. The 

measurements were obtained as mentioned before, and changing the solvent to PBS.  

The nanogel’s stability was assessed by incubating the nanogel in phosphate buffer 

10 mM pH 7.4, at different temperatures, 37 ºC, 25 ºC and 5 ºC. Hydrodynamic diameter 

and zeta potential measurements were carried out every week, for 30 days, as already 

described. 

Characterization of the nanogel hydrodynamic diameter under heating was also carried 

using DLS. The assays consisted on the measurement of the hydrodynamic size of the 

sample, at different pH levels, while increasing its temperature. All the assays were 

performed starting at 25 ºC and measurements were carried at 2 ºC intervals, until the 

temperature of the solution reached 50 ºC.  
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The nanogel was subjected to characterization under heating and cooling cycles, at pH 6 

and 7.4. The assays started with the sample at 25 ºC and were based on its rapid heating 

until 50 ºC and rapid cooling until 25 ºC. Hydrodynamic size measurements were taken 

when the sample reached 25 ºC or 50 ºC.  

The responsivity of the nanogel to an oxidative/reductive environment was evaluated by 

the exposition to 𝐻%𝑂% and different concentrations of GSH, respectively. The assays 

were conducted by incubating the nanogel particles in phosphate buffer 10 mM pH 7.4, 

10% 𝐻%𝑂% and leaving it overnight. Different concentrations of GSH (80 mM, 10 mM, 

80 µM and 20 µM) were added to the nanogel solution. The changes in the nanogel’s 

hydrodynamic diameter and zeta potential were followed by DLS measurements, 

performed as described before.  

Raman spectroscopy measurements of CS-CYS, non-modified chitosan, nanogel, and 

alginate were performed at room temperature using a LabRAM HR Evolution confocal 

microscope system (HORIBS France SAS, Palaiseau, France), equipped with a high-

resolution grafting of 1800 grooves mm-1. The excitation line, 532 nm, of an NIR diode 

laser was focused onto the sample by an ×50 objective with a numerical aperture (NA) 

value of 0.80 in a backscattering geometry. The spectra were acquired with a measured 

power of about 1.43 mW on the sample, with a spectral acquisition time of 5 s averaged 

over 10 accumulations and the range 500-1800 cm-1. 

For Fourier-Transform Infrared Spectroscopy (FTIR) measurements, a PerkinElmer 

Spectrum TwoTM IR spectrometer (PerkinElmer Inc., Waltham, MA, USA), with a diamond 

ATR (Attenuated Total Reflection) single reflection accessory, was used. PerkinElmer 

Spectrum 10 Software (PerkinElmer Inc., Waltham, MA, USA) was used to draw the 

spectra. The analysis was performed in the mid-infrared wavenumber range, at a 

resolution of 4 cm−1, averaging 4 scans. 

Scanning Transmission Electron Microscopy (STEM) images of the nanogels and the 

plasmonic nanogels were obtained with a NanoSEM-FEI Nova 200 equipment, operating 

at 15kV, coupled to an Electron Dispersive Spectroscopic analyzer (EDS) and Electron 

Backscatter Diffraction EDAX- Pegasus X4M analyser and detection system (EBSD), at 

SEMAT/UM (Serviços de Caracterização de Materiais, Guimarães, Portugal). A small 

portion of the sample was placed onto a TEM 400 mesh copper grid with 

Formvar/Carbon (ref. S162-4 from Agar Scientific, London, UK), held by tweezers, and 

the excess solution was dried.  
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2.2. Drug release assays  
2.2.1. Drug loading  

2DG and carboxyfluorescein (CF) were encapsulated in the mesopores of AuNRs@Si 

(1:1 mass ratio), through incubation in 200 µL of acetone, for 24 hours. Afterwards, the 

nanoparticle solution was added to the lipid film, evaporated with a stream of ultrapure 

nitrogen gas, and redispersed in ethanol, as mentioned before. The aqueous solution 

was then centrifuged for 20 minutes at 9000 g, and the supernatant was stored for the 

calculation of the encapsulation efficiency. Finally, the particles were added to the 

nanogel as mentioned before. CF’s encapsulation efficiency was determined by 

collecting the fluorescence intensity of the supernatant at 515 nm, at an excitation 

wavelength of 440 nm and using a standard calibration curve.  

On the other hand, MTX was encapsulated in the nanogel’s network. The encapsulation 

efficiency was assessed at different concentrations of MTX, by adding 0.05 mg, 0.1 mg 

or 0.2 mg of MTX to the 900 µL solution of 0.1 mg/mL CS-CYS. The preparation of the 

drug loaded nanogel followed the already mentioned technique, with the addition of 

0.2 mg of MTX to the CS-CYS solution. Finally, the nanogel was centrifuged, 15 minutes 

at 6500 rpm, and the supernatant was stored to determine the non-encapsulated MTX 

and assess the encapsulation efficiency. The nanogel was resuspended in 1 mL of 

phosphate buffer 10 mM, pH 7.4. MTX’s encapsulation efficiency was determined by 

measuring the absorbance at 670 nm and using a standard calibration curve. 

The encapsulation efficiency was calculated using the following equation 

𝐸𝐸	% =	 &'&()	+,-./	0'0/102(34-)(&1+	+,-.		
&'&()	+,-.	

	× 	100%, 

2.2.2. Release assays 

Nanogels loaded with 0.2 mg of MTX, 0.1 mg 2DG and 0.1 mg of CF were used to 

perform release assays. 500 µL of nanogel and 100 µL of phosphate buffer (pH 7.4) were 

transferred to a 𝑆𝑙𝑖𝑑𝑒 − 𝐴 − 𝐿𝑦𝑧𝑒𝑟®	𝑀𝐼𝑁𝐼 dialysis unit, that was placed in a flask with 

1.8 mL of 10 mM phosphate buffer (pH 7.4) (total volume of the assay: 2.4 mL). The 

influence of the presence of a high concentration of GSH was assessed by adding a 

200 mM GSH stock solution to a final concentration of 10 mM. For the assays with laser 

irradiation at 808 nm (1 𝑊/𝑐𝑚%), the samples were irradiated for 10 minutes after each 

aliquot, after the 2 hours’ time point. The flasks were kept under stirring in an orbital 

shaker at room temperature, and aliquots of 200 µL were taken from the outside of the 

dialysis unit and replaced with fresh buffer at 0.5, 1, 2, 4, 6, 24, 48 and 72 h. The same 
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assay was performed for the release at pH 6.0 and all the assays were performed in 

triplicate. 

The concentration of drug in each aliquot was determined to quantify the drug release. 

MTX’s release was measured using UV-Vis-NIR spectrophotometry, between 

450-900 nm, at room temperature and using 10 mM phosphate buffer pH 7.4 as 

baseline. CF’s release was determined by collecting the fluorescence intensity at 

515 nm, at an excitation wavelength of 440 nm.  

The concentrations obtained were converted to percentage of release using a standard 

calibration curve and plotted against time.  

2.3. In vitro assays 
2.3.1. Cell culture 

L929 (obtained from European Collection of Authenticated Cell Cultures, ECACC, 

Salisbury, UK, CVCL_0462) and MDA-MB-231 (obtained from ECACC, Salisbury, UK,  

CVCL_0062) cell lines were cultured at 37ºC in a 5% CO2 atmosphere (HERA cell 150 

incubator, Heraeus, Hanau, Germany) in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) 1% Penicillin-Streptomycin (Pen-

Strep). For every 2 to 3 days cell medium replaced by fresh supplemented DMEM. Cells 

were subcultured at 80 to 90% confluence by chemical detachment with trypsin-EDTA 

followed by centrifugation at 300 g for 5 min (Multifuge X1R, Thermo Fisher Scientific, 

USA) and re-suspension in fresh medium. Cell counting was performed in a Neubauer 

chamber (Improved Neubauer Bright-line, Boeco; Germany) after addition of 90% (v/v) 

Trypan Blue solution (0.4% (w/v) in PBS) to exclude non-viable cells.  

2.3.2. Cell viability assay 

To assess the cytotoxicity of the loaded and unloaded nanoformulations, a resazurin 

assay was performed. The resazurin assay is a simple and rapid colorimetric assay 

based on the metabolization of the non-fluorescent molecule resazurin into a fluorescent 

molecule, resorufin, by mammalian cells and bacteria [188]. The fluorescence intensity 

obtained is directly proportional to the number of metabolically viable cells. L929 and 

MDA-MB-231 cells were seeded in 96-well tissue culture plates at a density of 2.5 × 10! 

cells per well and incubated for 24 hours at 37 ºC, 5% CO%.The nanogels were prepared 

for a concentration of 0.1 mg/mL of AuNRs, 0.05 mg/mL of MTX and 0.1 mg/mL of 2DG. 

After that, nanogels were diluted to a final concentration of 20.8 µg/mL of AuNRs in 

DMEM and incubated with the cells for 24 hours, at 37 ºC, 5% CO%. Then, the medium 

was replaced by fresh medium containing 10% (v/v) of resazurin (final concentration of 
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0.01 mg/mL). After 3 hours of incubation at 37 ºC, 5% CO%, the fluorescence of resorufin 

(λ67 = 560	nm;	λ68 = 590	nm) was measured using a plate reader (Biotek Instruments, 

Winooski, VT, USA). A positive control was included using untreated cells. 

2.3.3. Cellular uptake assays 

The internalization of the loaded nanogel with 2DG and MTX in MDA-MB-231 cells was 

evaluated using Confocal Laser Scanning Microscopy (CLSM). Confocal microscopy 

assays were carried out at the Confocal and Fluorescence Lifetime Laboratory at Centro 

de Materiais da Universidade do Porto (CEMUP), Portugal.  

Firstly, MDA-MB-231 cells were seeded at a density of	2.5 × 10! cells per well in 8 well-

μ-slides (Ibitreat, Ibidi GmbH, Munich, Germany) and incubated for 24h, at 37 ºC, 5% 

CO%.  Afterwards, the cells were incubated with 200 µL of the loaded nanogel (1.3 µg/mL 

AuNRs; 0.65 µg/mL MTX), for 1 hour and 3 hours. After the incubation time, the cells 

were rinsed three times with PBS and were fixed with a formalin solution for 30 minutes, 

at room temperature, and stained with Hoechst 33342® (8 µM in PBS) for 10 minutes. 

The images were acquired on a Leica Stellaris 8 Confocal Microscope (Leica 

Microsystems, Wetzlar, Germany) using a 𝜆19/𝜆1: of 405/ 420-480 nm (Hoechst 33342) 

and 𝜆19/𝜆1: of 610/650-690 nm (MTX). The images were acquired with a resolution of 

1024 × 1024 using a 63×/1.4 oil immersion objective.  

 

3. Results and Discussion  
3.1. Development of plasmonic nanolipogels 
3.1.1. Preparation of plasmonic particles 

The AuNRs were synthesized by a seedless method, described by Roach et al [110]. In 

this method, the gold salt solution is added to a solution of CTAB and sodium oleate, 

changing the color of the solution to dark yellow, due to the complexation of [𝐴𝑢𝐶𝑙!]/ 

and [𝐶𝑇𝐴];. The reduction of 𝐴𝑢"; by sodium oleate causes a change of the color of the 

solution back to a transparent solution. After that, silver nitrate is added to contribute to 

the anisotropic growth of the particles, through its reduction on the surface of the particles 

by ascorbic acid, a mild reducing agent.  The synthesis requires a strong reducing agent, 

sodium borohydride, to reduce the gold to 𝐴𝑢< and start the nucleation of the particles. 

After 4 hours reacting, the solution of AuNRs presents a dark red color (Figure 13A), 

indicative of a LSPR band located at around 800 nm. The obtained suspensions were 

characterized through UV-Vis-NIR spectrophotometry, DLS and TEM. 
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The absorption spectrum of AuNRs (Figure 14A) displays an LSPR band maximum in 

the NIR region, that varies between 800-862 nm, which is ideal for biomedical 

applications, and a TSPR band maximum of 509-511 nm [189]. The evidence of the two 

absorption bands indicates the presence of anisotropic (rod shaped) nanoparticles in the 

suspension. With DLS measurements, the hydrodynamic diameter and the zeta potential 

of the AuNRs was assessed. The hydrodynamic diameter corresponds to the diameter 

of a spherical particle with the same diffusion coefficient as the nanoparticles of the 

measured sample. The AuNRs’ sample had two populations with different hydrodynamic 

diameters, one around 42 nm ± 22 nm (polydispersity index <0.3), correspondent to the 

AuNRs and a smaller one with 6 nm ± 0.1 nm, that may be associated with the presence 

of gold spheres or CTAB micelles. The zeta potential (the charge at the surface of the 

particles) of the nanoparticles, + 64 mV ± 8 mV is in line with published works [190], 

[191], and is associated with the CTAB molecules present at the surface of thegold.  

The addition of the mesoporous silica layer is based on the use of the CTAB coating as 

a template for the polymerization of TEOS on the surface of gold nanoparticles 

(Figure 13B). AuNRs@Si’s absorption spectrum (Figure 14A) presented a shift of the 

LSPR band of ≈9 nm ± 4 nm to ≈ 848 nm, that can be associated with a change of the 

refractive index on the surface of the AuNRs [190], [192]. The addition of the mesoporous 

silica layer may have exposed the AuNRs to the solvent, water, which has a smaller 

refractive index than CTAB molecules, therefore causing a blue shift in the LSPR band 

[192]. The hydrodynamic diameter of the AuNRs@Si was around 148 nm ± 25 nm 

(polydispersity index <0.3), which represents an increase comparing with the non-coated 

AuNRs’ hydrodynamic diameter, suggesting a successful coating. Besides, a negative 

Figure 13. Photographic register of the (A) AuNRs suspension in water and (B) AuNRs@Si in ethanol. 

A B 
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zeta potential of -24 mV ± 3 mV was obtained, and can be associated with the presence 

of Si-OH bonds, indicating the formation of a silica layer.  

 

 

 

 

Figure 14. (A) Absorption spectra of AuNRs and AuNRs@Si dissolved in ultrapure water, in 1:10 ratio. (B) TEM image 
of AuNRs and of (C) AuNRs@Si. 

The TEM images show well dispersed rod-shaped nanoparticles (Figure 14B) with an 

average size of 61 nm ± 6 nm of length and 17 nm ± 2 nm of width, corresponding to an 

aspect ratio of ≈ 3.6 ± 0.5, which is in line with other published works [193]. TEM images 

of AuNRs@Si (Figure 14C) confirmed the addition of a silica layer and the presence of 

random mesopores. The images show mesoporous particles containing a single AuNR 

inside and without AuNRs. In addition, the thickness of the silica was ≈ 37.8 nm ± 0.6 nm 

and the average size of the particles increased to 112.6 nm ± 6 nm of length and 87.9 

nm ± 1.8 nm of width. Besides, the aspect ratio of the nanoparticles decreased to ≈1.3, 

which is similar to results published in other works [194]. 

Different lipid concentrations were tested to optimize the particles’ coverage with a lipid 

layer. All the concentrations (0.1 mM, 0.2 mM, 0.3 mM and 0.4 mM) were assessed for 

a DPPC:cholesterol ratio of 7:3. The lipid bilayer was added through the preparation of 

a thin lipid film and its resuspension in the particle solution, promoting the formation of a 

lipid layer around the dispersed nanoparticles. DLS measurements were carried out to 

obtain the zeta potential and the hydrodynamic diameter of the particles. The particles 

with higher lipid concentrations presented a less negative zeta potential compared with 

the lower concentrations. The zeta potential shows a decrease of the surface charge of 

B C A 
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the particles from -24 ± 3 mV to -19 ± 1 mV with the addition of the lower concentration 

of lipids, and -11 ± 0.1 mV with the higher lipid concentration. This less negative surface 

charge of the particles suggests their coverage with the lipid layer, as DPPC is a 

zwitterionic phospholipid and may neutralize the surface charge. The hydrodynamic 

diameter of the particles increased from 148 ± 25 nm to 167 ± 3 nm with the addition of 

the lipid bilayer. The change of the hydrodynamic diameter is more pronounced when 

adding higher lipid concentrations, reaching 256 ± 10 nm at the higher concentration 

tested, suggesting some aggregation of the AuNRs@Si@Lip or an increase of size due 

to the addition of a new layer. The concentration 0.4 mM of lipids was chosen as the one 

that indicated a better coverage of the particles, without destabilizing the nanoparticles.  

3.1.2. Development of modified nanogels 

Cysteine was covalently bonded to chitosan by firstly activating the carboxyl group with 

a coupling agent, EDC, to promote its nucleophilic attack to the free amines of the 

glucosamine residues (Figure 15). The reaction was performed under acidic pH 4.5-5 to 

keep the chitosan soluble, with the amines protonated. 

Figure 15. Reaction scheme for the conjugation of chitosan with L-cysteine. 
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Figure 16. FTIR spectra of CS (blue) and CS-CYS (black). 

The modification of chitosan with L-cysteine was evaluated with FTIR spectroscopy 

(Figure 16). The FTIR spectrum of chitosan showed a broad absorption band with 2 

peaks at 3300-3400 cm⁻¹, corresponding to the stretching vibrations of the free primary 

amine and hydroxyl groups [195], [196]. A peak at 2884 cm⁻¹ was also observed, 

attributed to –OH stretching. The amide I band, due to the C=O stretching of secondary 

amides, appeared at 1640 cm⁻¹, while the amide II band, related to the N–H bending of 

N-acetylated residues, was detected at 1585 cm⁻¹ [195], [197]. Additional peaks around 

1428 cm⁻¹ - 1320 cm⁻¹ corresponded to N–H stretching of amide and ether bonds, 

and amide III bands. The peak at 1026 cm⁻¹ can be assigned to C–O stretching 

vibrations of secondary hydroxyl groups (–CH–OH, typical of cyclic alcohols) 

and primary hydroxyl groups (–CH₂–OH, typical of primary alcohols).  

Chitosan was conjugated with cysteine forming an amide bond between the free primary 

amines of chitosan and the carboxyl groups of cysteine. The CS-CYS’s FTIR spectrum 

(Figure 16) shows an attenuation of the 2 peaks at 3400-3300 cm⁻¹ observed before the 

modification. This attenuation suggests that a modification of chitosan may have 

occurred, like the formation of an amide bond, weakening the free amine’s signal.  
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Raman spectroscopy of the polymers and the nanogel was performed to confirm the 

modification with cysteine and the composition of the nanogel and the obtained spectra 

are represented in figure 17.  

The Raman spectrum of chitosan presents peaks around 1455 cm⁻¹ and 945 cm⁻¹ that 

can be attributed to the stretching vibration of the rings of the backbone (–CH–CH₂–OH) 

[198]. The stretching vibrations of the free primary amine is associated with the peak at 

755 cm⁻¹[196].  Alginate’s spectrum also presents peaks around 940-1000 cm⁻¹, 

characteristics of the vibration of the rings of the constituent monomers. 

In the CS-CYS spectrum, a peak at 505 cm⁻¹ can be associated to the stretching of C-

S, which suggests that the modification of chitosan with the aminoacid was successful 

[199].  Besides, the peak of the free primary amine at 755 cm⁻¹, present in the spectrum 

of the non-modified polymer, is not observed in the CS-CYS spectrum, which may 

indicate that a modification occurred in the amine, corroborant of the conjugation of 

chitosan and cysteine. 

Figure 17. Raman spectra of chitosan (black), CS-CYS (red), alginate (blue) and the nanogel (green). 

) 
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The nanogel spectrum presents the peaks that are characteristic of chitosan and alginate 

and also the peak at 505 cm⁻¹, that may suggest the presence of a modification of the 

chitosan, confirming the theoretical constitution of the nanogel. 

The nanogels were prepared by combining ionic gelation and polyelectrolyte 

complexation. Firstly, a CS-CYS nanogel was prepared by ionic gelation. The addition 

of a counter ion, TPP, to a CS-CYS solution creates a network via electrostatic 

interactions with the positively charged groups of the chitosan polymer chains. Then, the 

CS-CYS nanogel is added dropwise to an alginate solution to allow the surrounding of 

the droplet by an alginate layer, forming nanoparticles with a chitosan core. Different 

concentrations of CS-CYS, alginate and TPP were assessed to optimize the nanogel’s 

formulation. In general, the solutions were turbid and well dissolved, except for some 

formulations which contained some aggregates, which suggests some instability of the 

particles (Table 2 and figure 18).  

Table 2. Visual observations of the obtained nanogel’s formulations. With aggregates (X) or without aggregates (Ø). 

[Alginate] 

mg/mL 

[CS-CYS] mg/mL [TPP] 

mg/mL 

 [TPP] 

mg/mL 

- 0.035 0.07 0.1 0.2 0.35 0.1  - 

0.025 Ø X X X Ø 0.1  0.025 

Ø 

0.05 X X Ø X X 0.1  0.05 
Ø 

0.1 X X Ø Ø X 0.1  0.1 

Ø 

0.2 X X Ø Ø Ø 0.1  0.2 

X 

0.4 X Ø Ø X X 0.1  0.4 

X 
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Figure 18. Photographic register of the nanogels with 0.1% alginate, 0.1% CS-CYS and different concentrations of TPP: 
0.025%, 0.05%, 0.2% and 0.4% (from left to right).  

DLS measurements of the nanogel were performed to characterize and optimize the 

formulation. When maintaining alginate’s concentration and increasing chitosan-

cysteine’s, the zeta potential of the particles (Figure 19A) increased (in absolute value) 

until 0.1% of chitosan and then it started decreasing at higher concentrations. This 

suggests that the same concentration of alginate cannot cover higher concentrations of 

CS-CYS. At 0.1% of CS-CYS, the particles were more negatively charged, and 

consequently, had better colloidal stability, which can explain the absence of aggregates 

in solution. However, when using concentrations of alginate ≥ 0.2%, a zeta potential of 

< -25 mV was obtained for every concentration of CS-CYS used, suggesting that full 

coverage of the CS-CYS layer was reached. The variation of the concentration of TPP, 

the counter-ion, did not cause a very significant change in the zeta potential of the 

particles, varying from -33 mV (0.025% TPP) to -20 mV (0.4% TPP). The increase of 

TPP’s concentration, also increases the degree of chitosan’s crosslinking, decreasing 

the content of free amines [200]. This may reduce the electrostatic interactions between 

chitosan and alginate, leading to a decrease of the thickness of the alginate layer and 

consequently a decrease in the zeta potential of the nanogel. 

Besides that, the hydrodynamic size (Figure 19B) was also an important parameter for 

choosing the nanogel formulation, as smaller particles can easily cross biological barriers 

like cell membranes. In general, with the increase of the concentration of CS-CYS for a 
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fixed concentration of alginate, an increase in size and polydispersity was observed, 

starting at ≈ 208 nm (0.05% alginate + 0.035% CS-CYS) and reaching ≈ 535 nm (0.025% 

alginate + 0.4% CS-CYS). At lower concentrations of CS-CYS (<0.07%), the 

hydrodynamic size increases with the concentration of alginate, reaching 294 nm, at the 

highest concentration. The solution of particles obtained with 0.4% of alginate and 0.4% 

of CS-CYS was more viscous, and therefore, could not be filtered and measured. When 

varying the TPP’s concentration, the hydrodynamic size decreased from 388 nm 

(0.025% TPP) to 250 nm (0.1% TPP) and then increasing to 314 nm at the highest 

concentration (0.4% TPP). 

Nanogels developed with 0.1% CS-CYS, 0.1% alginate and 0.1% TPP comprised a 

smaller hydrodynamic size and a more negative zeta potential, suggesting more colloidal 

stability and better physicochemical features. 

  

Figure 19. DLS characterization of the different formulations of nanogel. Zeta potential in absolute value (A) and 
hydrodynamic diameter (B) values. Concentrations assessed: CS-CYS 0.035-0.35 mg/mL; Alginate 0.025-0.4 mg/mL; 
TPP 0.1%. 

The selected nanogel formulation displayed a negative zeta potential of -32 ± 1.4 mV, 

when measured diluted in Milli-Q water, and a hydrodynamic size of 250 ± 8 nm 

(polydispersity index ≈0.3), which is in line with the literature reports [197]. 

The nanogel particles were characterized at different pH levels from pH 3 to pH 9, using 

DLS to assess changes in the hydrodynamic diameter and zeta potential (Figure 20). 

When diluted in 10 mM phosphate buffer pH 7.4, the particles presented a zeta potential 

of ≈ -26 ± 0.6 mV, which is in line with other reports for chitosan/alginate nanogels [197]. 

This surface charge indicates stability of the nanogel in physiological conditions of cells 

[197]. Besides, the nanogel also presented a hydrodynamic size of 322 ± 6 nm and better 

CS-CYS (%) CS-CYS (%) 

A 
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polydispersity (≈0.1). The increase in the hydrodynamic diameter, comparing with the 

results obtained in Milli-Q water, can reflect a swelling of the nanogels particles in buffer 

solution. The most negatively charged nanoparticles, with zeta potential of -28 ± 0.8 mV, 

were obtained when using a pH 9 buffer solution. The zeta potential of the particles 

becomes less negative with the decrease of the pH level, reaching ≈ -5 ± 0.4 mV at pH 

3. At higher pH values, the outer layer, composed of alginate, is not protonated (pKa 3.6), 

and acquire a negative charge and, as the pH level decreases, the concentration of H+ 

in the medium rises. The increase of H+ in the medium leads to the protonation of the 

carboxyl groups of the alginate layer and the surface charge of the nanoparticles is 

almost neutralized.  

 

 

Figure 20. DLS characterization, zeta potential (A) and hydrodynamic diameter (B) of the nanogel at different pH 
conditions pH 3-9. 

On the other hand, the hydrodynamic diameter displays a different behavior. At pH 9, 

the hydrodynamic diameter of the particles is ≈ 325 ± 2 nm (polydispersity index (pdi) = 

0.2) and it decreases until pH 4.8, reaching ≈ 201 ± 2 nm. As the pH decreases, the free 

primary amines of the chitosan’s chains (pKa 6.5), start becoming protonated and the 

electrostatic interactions between chitosan and alginate are enhanced, leading to a 

contraction of the nanogel’s network and a decrease in size. From pH 4.8 to pH 3, an 

increase in the hydrodynamic diameter of the nanogel is observed, reaching 

≈ 362 ± 85 nm. The decrease of pH, results in the protonation of a significant number of 

carboxyl groups of the alginate’s chains and of the free primary amines of chitosan, 

leading to a neutralization of alginate and a weakening of the electrostatic interactions 

B 
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between the two polymers. This weakening of the interactions leads to a loosening of 

the polymers network and consequently to an increase in the hydrodynamic diameter.  

As the nanogel will be used as a vehicle to transport and deliver plasmonic nanoparticles 

for combined chemophototherapy, the nanogel’s hydrodynamic diameter was followed 

under heating at different pH levels (Figure 21). In this assay, the temperature of the 

sample was increased, and the hydrodynamic diameter was measured in 2º C intervals, 

until 50º C.  

 

Figure 21. Hydrodynamic size characterization of the nanogel upon the increase of the temperature. Measurements were 
taken under 2ºC intervals, from 25 ºC to 51 ºC. 

Between pHs 6 and 8, the hydrodynamic diameter varied in maximum 28 nm, which is 

not a significant variation, and suggests stability of the particles in those conditions. At 

pH 9, 4 and 3, a higher variation was observed and can reflect some degradation of the 

alginate layer and a swelling of the polymer’s network, leading to an increase in the 

apparent size (figure 21). This assay indicates that the nanogel is stable and doesn’t 

degrade under slow heating at physiological and pathological pH conditions. 

The nanogel was also subjected to characterization under heating and cooling cycles, at 

pH 7.4 and 6 (Figure 22A and 22B, respectively). The assays started with the sample at 

25 ºC and were based on its rapid heating until 50 ºC and rapid cooling until 25 ºC. 

Hydrodynamic size measurements were taken when the sample reached 25 ºC or 50 ºC. 

The results are represented in figure 22 and show a rapid variation of the hydrodynamic 

diameter when the nanogel is subjected to rapid heating and cooling. At pH 7.4 

(Figure 22A), the nanogel’s hydrodynamic diameter suffered a maximum variation of 
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123 nm, while at pH 6 (Figure 22B), the maximum variation was 56 nm. The results 

suggest that the nanogel’s network has better resistance to temperature-induced stress, 

at pH 6, indicating stronger electrostatic interactions between the two polymers, 

stabilizing the particles.  

 

 

Figure 22. Hydrodynamic size characterization of the nanogel upon heating cycles (50ºC) and cooling cycles (25ºC), at 
different pH levels, pH 7.4 (A) and pH 6 (B). 

Comparing the results obtained under slow heating (Figure 21) and rapid heating 

(Figure 22), at pH 7.4 and 6, it can be inferred that the particles displayed different 

behaviors. When under rapid heating, the particles suffered a significant change in the 

hydrodynamic diameter (>55 nm), while under slow heating, the variation was not 

significant (<30 nm). This indicates that when the nanogel is slowly heated, it has time 

to distribute the energy evenly and minimize the internal stress caused by the increase 

of the temperature. On the other hand, when increasing the temperature rapidly, the 

nanogel’s outer layers may be heated faster than the inner layers, causing stress and 

expansion of the structure.  

The nanogel is composed of cysteine modified chitosan. Cysteine’s thiol groups can 

interact with each other and originate disulfide bonds that are formed under oxidative 

conditions and broken under reductive conditions. To evaluate the nanogel’s responsivity 

to an oxidative/reductive environment, it was exposed to 𝐻%𝑂% and different 

concentrations of GSH (20 µM, 80 µM, 10 mM and 80 mM), respectively. The 

concentrations of GSH were chosen according to reported values to simulate the 

conditions of the extracellular physiological environment (20 µM), the extracellular tumor 
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environment (80 µM) and the intracellular tumor environment (10 mM) (Figure 23). The 

changes in the nanogel’s hydrodynamic diameter and zeta potential were followed by 

DLS measurements. 

The results obtained from DLS measurements are displayed in figure 24. 

At the beginning of the assay the nanogel exhibited a zeta potential of -32 ± 1.9 mV and 

a particle size of 271 ± 16 nm. The particles were then incubated in phosphate buffer 10 

mM pH 7.4, 10% 𝐻%𝑂%, to promote the formation of disulfide bonds between cysteine 

residues. After the addition of 𝐻%𝑂%, the zeta potential of the nanogels increased to -24 

± 3 mV and the hydrodynamic size slightly decreased to 240 ± 9 nm. This variation may 

suggest that disulfide bonds were formed, causing the contraction of the nanogel’s 

network and a decrease of the hydrodynamic size.

Figure 23. Photographic register of the nanogels 20 µM, 80 µM and 10 mM (from left to right) of GSH, at the 144 hours’ time 
point.  
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Figure 24. Characterization of the nanogel, zeta potential (A) and hydrodynamic diameter (B) measurements, during the 
redox sensitivity assay. 𝐻!𝑂! was added to the nanogel after the first mesaurement; GSH was added after 24 hours of 
incubation with 𝐻!𝑂!. DLS measurements were performed at different time point, until 144 hours. 

After incubation with 𝐻%𝑂% overnight, different concentrations of GSH were added to 

reduce the disulfide bonds and the samples were characterized at different time points 

to follow the nanogel’s behavior. The lower concentrations of GSH, 20 µM and 80 µM, 

caused an initial small increase of the zeta potential, to -22 ± 1 mV, and a small increase 

of the hydrodynamic diameter, to 275 ± 10 nm and 250 ± 1 nm, respectively. These 

changes may reflect a loosening of the nanogel’s network due to the breaking of some 

of the disulfide bonds, but without compromising the structure and stability of the 

particles. On the other hand, with the addition of 10 mM of GSH, the nanogel’s surface 

charge shifted to -15 ± 2 mV and the hydrodynamic diameter to 183 ± 4 nm. When 

increasing the concentration of GSH even more, to 80 mM, a positive zeta potential of 

+16 ± 0.1 mV and a hydrodynamic size of 124 ± 56 nm was observed. Visually, in the 

samples with higher concentrations of GSH, a turbid deposit was formed (Figure 23). In 

these cases, the concentration of GSH led to a significant decrease of the size and 

increase of the surface charge, suggesting some disintegration of the structure of the 

particles, through total or partial detachment of the alginate layer.  

After 72 hours of incubation in GSH, the samples suffered some changes and stabilized. 

In the case of the lower concentrations of GSH, 20 µM and 80 µM, the nanogel’s zeta 

potential decreased to -39 ± 6 mV, and the hydrodynamic diameter decreased to 182 ± 

9 nm and 204 ± 8 nm, respectively. However, when incubated with 10 mM of GSH, the 

zeta potential of the nanogels increased, almost reaching neutrality, -9 ± 0.8 mV, and the 

hydrodynamic diameter increased, reaching 349 ± 34 nm. The results may suggest a 

thinning of the alginate layer and a swelling of the chitosan layer, due to the loosening of 

  

𝑯𝟐𝑶𝟐	𝑯𝟐𝑶𝟐	
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the network, after the exposure to the buffer and due to the disruption of the disulfide 

bonds. Finally, the sample incubated with 80 mM of GSH, presented a positive zeta 

potential of +13 ± 0.4 mV and a hydrodynamic size of 2.5 ± 0.5 nm, which points to a 

total degradation of the nanogel. These results may reflect the nanogel’s behavior inside 

the healthy and tumor cells, showing some degradation in diseased cells and maintaining 

its integrity in physiological environments.  

The nanogel’s stability was assessed by incubating the nanogel in phosphate buffer 

10 mM pH 7.4, at different temperatures, 37 ºC, 25 ºC and 5 ºC and characterizing it 

every week, for 30 days (Figure 25). The zeta potential of the nanogel presented a higher 

shift when stored at 25 ºC, increasing 15 mV in 30 days, which may suggest some 

degradation of the alginate layer, resulting in a slight neutralization of the surface charge. 

As for the hydrodynamic diameter, when stored at 5 ºC, the variation was more 

prominent, decreasing 89 nm, maybe due to the contraction of the network, to less 

aggregation of the particles or to some disintegration of the structure.   

  

Figure 25. Storage stability of the nanogel at different temperatures, 37 ºC, 25 ºC and 5 ºC. Zeta potential (A) and 
hydrodynamic diameter (B) measurements of the nanogel were performed over 30 days. 

After the characterization of the nanogel, the plasmonic nanoparticles were 

encapsulated in the nanogel’s network, through a procedure reported in previous works 

[75]. The empty nanogel particles displayed very good polydispersity (< 0.1), a negative 

zeta potential of ≈ -26 ± 0.6 mV with a hydrodynamic size of 322 ± 6 nm (Figure 26). 

Plasmonic nanogels displayed a similar zeta potential of -27 ± 2 mV and a hydrodynamic 

size of 288 ± 25 nm (Figure 26). The smaller hydrodynamic size may indicate a 

contraction of the nanogel’s network due to interactions with the plasmonic nanoparticles 

or the formation of a gel layer around the nanoparticles. 
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Figure 26. Size and zeta (𝜁) potential characterization of AuNRs, AuNRs@Si, AuNRs@Si@Lip, NGs@NPs and NGs. 

SEM images of the empty nanogels revealed particles with no defined morphology 

(Figure 27A). On the other hand, the images of the plasmonic nanogels displayed regular 

and round particles with an apparent smooth surface, and an average size of 107 ± 6 nm 

(Figure 27B). The size of the particles is significantly smaller than the one obtained by 

DLS measurements. Electron microscopy is performed using a dried sample and in 

vacuum, while the hydrodynamic size is performed with the particles in solution. A higher 

hydrodynamic size can be explained by the swelling of chitosan and alginate in aqueous 

solution. In the center of the rounded particles, in both SEM and STEM images of the 

plasmonic nanogels (Figure 27B and 27C), it can be observed a rod shape figure, which 

suggests that the encapsulation of AuNR@Si@Lip was successful and that the 

plasmonic nanoparticles are coated with the nanogel. 
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Figure 27. SEM images of empty nanogel (A); scale bar 2 µm.  SEM (B) and STEM (C) images of plasmonic nanogel; 
scale bar 500 nm and 2 µm, respectively.  

3.2. Drug release assays 
The release profile of MTX from the nanogel’s network, and the release profile of CF 

from the mesopores of the silica layer were assessed under different conditions. The 

absence and the presence of 10 mM of GSH, different pH levels (6 and 7.4) and laser 

irradiation were the conditions used to evaluate the release profiles of the different 

agents. 2DG doesn’t absorb in the UV-Vis-NIR window and doesn’t emit fluorescence, 

making it difficult to detect and quantify. To simulate the release profile of 2DG, CF was 

used as a model compound. The obtained results were used to compare with the release 

profile of MTX and assess if the release is sequential and controlled by different stimuli.   

  

Figure 28. In vitro release profiles of MTX from the plasmonic nanogels, over 72h, at pH 7.4 (A) and 6 (B) at different 
conditions (10 mM GSH and 808 nm laser irradiation). The assays were performed at room temperature and in triplicate. 

A B C 
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MTX is a molecule composed of three planar rings and two carbonated chains with 

hydroxyl groups and secondary amines. Mitoxantrone was encapsulated in the 

chitosan-cysteine layer of the nanogel and the encapsulation efficiency was 

evaluated for different concentrations of MTX, 0.05, 0.1 and 0.2 mg/mL. The loading 

efficiency decreased with MTX’s concentration being 98%, 70% and 67% 

respectively. For the release assays, the nanogels were loaded with 0.2 mg/mL of 

MTX. 

The results of the release assay of MTX are displayed in figure 28. Overall, the 

nanogels displayed an initial burst release that slows after 6 hours of assay, similarly 

to previous reports envolving chitosan/alginate nanogels [75]. This initial release can 

be associated with the presence of drug molecules adsorbed in the interface of CS-

CYS and alginate’ layers. In general, a higher release was observed at pH 6, 

reaching a maximum release of 31% of the initial content after 72 hours of release, 

while at pH 7.4, the maximum release was around 20%. At pH 6, chitosan’s free 

amines are more protonated and can cause the swelling of the particles and promote 

the release of the content. Besides, MTX is more protonated at pH 6, increasing its 

affinity for the aqueous environment and creating more repulsion with chitosan’s 

amines. Moreover, DLS measurements of the nanogels indicate that at pH 6, the 

nanogel has a smaller hydrodynamic diameter than at pH 7.4 (previously mentioned 

in Figure 20B), which will increase the repulsion between MTX and chitosan and 

promote MTX’s release. The results suggest that the laser irradiation slightly 

enhances the drug release from the nanogel’s network. When subjected to rapid 

heating the nanogel suffers an increase in size, possibly due to the expansion of the 

network, which may promote the release of mitoxantrone. Besides, the presence of 

GSH in the medium,  which can degrade disulfide bonds that might be present 

between the cysteines of the nanogel, also increased the release of the drug. DLS 

measurements of the nanogels subjected to the same concentration of GSH, allowed 

to observe a reduction of the zeta potential of the particles (previously mentioned in 

Figure 24A), which suggest a desintegration of its structure. Besides, the increase of 

the hydrodynamic size (previously mentioned in Figure 24B) suggests a swelling of 

the chitosan layer, when exposed to the aqueous acidic medium. The DLS results 

indicate that in those conditions, in the presence of 10 mM of GSH and pH 6, the 

nanogel degrades which leads to a higher release of the cargo (Figure 28B).  

These results clearly suggest that the drug’s release from the nanogel’s network can 

be triggered by different stimuli, endogenous and exogenous, such as acidic pH and 

high concentrations of GSH, and also by laser irradiation.  
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Figure 29. In vitro release profiles of CF from the plasmonic nanogels, over 72 h, at pH 7.4 (A) and 6 (B) at different 
conditions (10 mM GSH and 808 nm laser irradiation). The assays were performed at room temperature and in triplicate. 

Furthermore, the release of drugs from the mesopores of the silica layer of the plasmonic 

nanoparticles was also evaluated to infer if a sequential release could be achieved. CF 

was encapsulated inside the pores, by incubation overnight in acetone. CF is a molecule 

composed of four planar rings and has one hydroxyl and two carboxyl groups. The 

release profile of CF from the silica layer was obtained by measuring the released 

content by fluorescence spectroscopy. The encapsulation efficiency of CF in the 

plasmonic particles was around 46% ± 11%, lower than the MTX’s, which can be due to 

the large size of the molecule, and the encapsulation being into small pores.  

The results of the release assay are represented in figure 29. According to the figure, 

the nanogel doesn’t exhibit a initial burst release. This indicates that the lipid bilayer and 

the nanogel are acting as a barrier to the release of the content inside the mesopores of 

the silica layer coating the AuNRs, preventing the initial burst release, unwanted leaking, 

and possible toxic effects in healthy tissues. In general, the total CF released was very 

low, reaching a maximum release of 3% of the initial content, at pH 6, upon NIR 

irradiation, after 72 hours of assay. Furthermore, it can be inferred that at pH 7.4, there 

was no release of CF from the plasmonic particles. The release profile of CF indicates 

that the lipid bilayer and the nanogel act as a gatekeeper, preventing the leakage and 

the initial burst of the cargo. Besides, it suggests that the release can be triggered by 

NIR irradiation, as it causes a local increase of the temperature due to photothermal 

conversion of the AuNRs, inducing a phase transition of the lipid gate, achieving a slow 

and stimulli-controlled release.  
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The CF’s release profile is a model release to simulate the 2DG’s release profile, as it 

couldn’t be quantified. This way, it can be inferred that 2DG will probably have a higher 

release under slightly acidic pH and upon NIR laser irradiation.  

The results of the release assays present two different release profiles, suggesting that 

the nanosystem is capable of achieving a sequential release of the cargo, with a rapid 

release from the drug encapsulated in the nanogels network, enhanced by acidic pH and 

the presence of GSH; and a slower release from the cargo entraped in the plasmonic 

particles, triggered by NIR laser irradiation. Therefore the developed system shows great 

potential for controlled intratumoral delivery.  

3.3. In vitro assays 
3.3.1. Cytotoxicity assays 

The cytotoxic effects of the developed nanosystem were assessed by performing a 

resazurin assay in a normal cell line L929 (fibroblastic cell line), which was selected 

according to the guidelines of ISO 10993-5 for biocompatibility evaluation, and a tumor 

cell line MDA-MB-231 (highly aggressive triple negative breast cancer cell line).The 

resazurin assay is a simple and rapid method to evaluate the metabolic activity of the 

cells and therefore infer about their viability. Resazurin is internalized by the cells and 

metabolized by enzymes, resulting in a pink, fluorescent molecule that can be quantified.  

 

Figure 30. Evaluation of the metabolic activity of L929, determined by the resazurin assay. The cells were treated with 
different concentrations of the unloaded and loaded system with MTX; 2DG and 2DG+ MTX. The assays were performed 
in triplicate. 
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Figure 31. Evaluation of the metabolic activity of MDA-MB-231, determined by the resazurin assay. The cells were treated 
with different concentrations of the unloaded and loaded system with MTX; 2DG and 2DG+ MTX. The assays were 
performed in triplicate. 

In this assay, cells were incubated with the unloaded and loaded system at 

concentrations between 0.65-20.8 µg/mL of AuNRs. The viability is expressed in 

percentage and is represented in figure 30, for L929, and in figure 31 for MDA-MB-231. 

The results show that the unloaded system did not cause any cytotoxic effect, even at 

the highest concentration tested, 20.8 µg/mL, being close to 100% in both cell lines. In 

addition, the nanogel loaded with 2DG didn’t present significant cytotoxic effects, in L929 

and MDA-MB-231, reaching 88% ± 8% and 87% ± 19% of cell viability, respectively. This 

reduced toxicity of the system containing 2DG indicates that the drug release might be 

low, as no laser irradiation is being applied or it doesn’t cause any cytotoxic effect alone. 

By the analysis of CF’s release profile (Figure 29), discussed in the previous section, it 

can be inferred that the release of 2DG is probably very low, not being enough to have 

a significant effect on the cells. On the other hand, the loaded system (with only MTX 

and with both drugs – MTX + 2DG) led to a dose-dependent decrease of the cell viability. 

In these cases, at 1.3 µg/mL and lower, there were no significant toxic effects, as the cell 

viability was higher than 70% in L929 cells (according to ISO 10993-5). This suggests 

that those concentrations can be used for complementary studies, such as cellular 

uptake and a future evaluation of the effect of laser irradiation in the cell viability. The 

highest toxicity in L929 was observed when the cells were incubated with the system 

loaded with both active agents, causing a decrease of around 50% of the cell viability 
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(Figure 30). On the other hand, in MDA-MB-231 cells, the system loaded with MTX was 

more cytotoxic to the cells than the combination of the drugs, resulting in a cellular 

viability of 40%, in the highest concentration used (Figure 31).  

The in vitro results, indicate that the developed unloaded nanosystem did not cause 

cytotoxic effects, in the concentrations evaluated, in both L929 and MDA-MB-231 cell 

lines, and that any toxicity observed can be attributed to the encapsulated drugs.  

3.3.2. Cellular uptake 

The cellular uptake of the developed nanosystem was observed in MDA-MB-231 cells, 

using confocal microscopy. As MTX has fluorescence properties, it was used as a probe 

to identify the localization of the system and evaluate its uptake. The internalization was 

observed at two different time points, 1 hour and 3 hours from the moment the nanogel 

was added to the cells. A negative control, with untreated MDA-MB-231 cells was used. 

The nucleus of the cells was stained with Hoechst 33342® .  

The images (Figure 32) show a time-dependent cellular uptake. It is noticeable that after 

3 hours of incubation, a significant amount of fluorescence can be observed inside the 

cells, comparing with the control. This indicates that the fluorescence found is attributed 

to the emission of MTX, which demonstrated that the nanosystem was efficiently 

delivered to breast cancer cells. Furthermore, the images indicate that, after 1 hour of 

incubation, the nanogel could also be internalized and deliver a significant amount of 

MTX to these cells, highlighting the potential of this nanosystem for drug delivery in 

cancer therapeutics. 

   

Figure 32. MDA-MB-231 cellular uptake of 2DG + MTX loaded nanogels after 1 hour and 3 hours of incubation visualized 
by confocal microscopy. The scale bar corresponds to 50 µm. 

 

  

Control 1H 3H 
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4. Conclusions 
In this work, a novel plasmonic nanogel was developed, optimized, characterized and 

explored as a potential intracellular drug delivery system for combined cancer 

chemo/phototherapy.  

Considering the general characteristics of the intracellular tumor environments, such as 

slightly acidic pH and high concentrations of GSH, a pH and GSH-sensitive nanogel 

formulation was developed, through the modification of chitosan with cysteine, and the 

gelation with alginate. This modification led to the formation of a network held by 

electrostatic interactions and disulfide bonds, which are sensitive to pH and GSH levels. 

The nanogel’s responsivity to those stimuli was assessed and confirmed with DLS 

measurements.  

Plasmonic nanoparticles were developed by covering AuNRs with a mesoporous silica 

layer and then with a lipid membrane. The plasmonic nanoparticles allowed to add an 

additional stimuli response to the nanosystem, to achieve a sequential release and to 

proportionate a combined therapy, as they can be used as photothermal agents.  

The plasmonic nanogels were evaluated for the release of MTX and 2DG, and the 

release profiles (of MTX and CF) showed that a sequential and stimuli-controlled release 

could be achieved. The presence of GSH and the acidic pH promoted the release of the 

nanogel’s content. Laser irradiation, which leads to photothermal conversion of the 

AuNRs, increased the release of the encapsulated cargo.  

The developed system’s cytotoxicity as assessed in L929 and MDA-MB-231 cell lines 

and presented no significant cytotoxic effects, when unloaded. The loaded system 

caused the decrease of the cell viability at higher concentrations in a dose-dependent 

manner. A more pronounced effect was observed with the combination of both drugs in 

L929, leading to a reduction of around 50% of the viability. On the other hand, the system 

loaded with MTX, presented more cytotoxicity in MDA-MB-231, leading to a cell viability 

of 40%. The cellular uptake was also evaluated, in MDA-MB-231 cell lines, and the 

results indicate that the particles are effectively internalized after 1 hour  of incubation. 

The plasmonic nanogels developed in this work, due to their physicochemical properties 

and in vitro behavior, hold great potential for biomedical applications in combined chemo-

phototherapy of cancer. 
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5. Future perspectives 
Considering the initially proposed work plan, reflected in the title of the thesis, the 

combination of photothermal therapy (PTT) with photodynamic therapy (PDT) and 

chemotherapy could be assessed by incorporating a photosensitizer, such as a 

porphyrin, and/or by evaluating the intrinsic photodynamic capacity of the particles 

themselves. 

The use of materials like metal-organic frameworks (MOFs) could be an innovative 

strategy to enhance the encapsulation efficiency, as an alternative to the mesoporous 

silica layer. On the other hand, the MOFs could be tested as photodynamic agents. 

Another important aspect to be evaluated is the effect of different phospholipid 

formulations in the lipid bilayer, to understand their influence on encapsulation efficiency, 

phase transition behavior, release profiles and interaction with the other components of 

the system. 

Despite the promising results obtained, it would be interesting to use a different polymer 

in the nanogel formulation, such as a synthetic polymer and determine whether the 

physicochemical properties of the nanogel and/or its drug encapsulation efficiency could 

be improved. On the other hand, other modifications, with other functional groups, can 

be performed in the nanogel’s polymers, besides the conjugation with a thiol-bearing 

molecule, to improve the mechanical properties or the stimuli-response of the nanogel. 

Gold nanorods presented positive results as photothermal agents, however, their 

synthesis is hardly scalable, limiting their commercialization. So, exploring alternatives 

to replace the gold nanoparticles, such as silver nanoprisms, could facilitate the 

scalability and commercialization of the system.  

The use of alternating layers of chitosan and alginate could also be tested to evaluate 

their impact on particle internalization and encapsulation efficiency. The use of multiple 

layers of the polymers can also be assessed to improve the release profiles of the 

encapsulated cargo, to prevent the initial unwanted burst release. 

The release profiles of the different drugs showed that a sequential and stimuli-controlled 

release could be achieved. The release profile of 2DG can be obtained through HPLC 

or mass spectrometry, to verify and confirm its laser-triggered release. On the other 

hand, the encapsulation of other therapeutic molecules can also be evaluated, to assess 

the possibility of the application of the system in treatments for different pathologies.  
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Regarding laser irradiation, its effect on cell death can be tested in 2D cell models, to 

evaluate the effect of the combination of photothermia and chemotherapy, and the 

combination of the action of 2DG and mitoxantrone, in tumor cell death. To better mimic 

the tumor microenvironment, the effect of laser irradiation can also be evaluated in 3D 

models, as they can reproduce the cellular heterogeneity of the tumors. These 

experiments can be complemented by computational simulations to predict local 

temperature distribution and its biological effects, thus confirming effective cell death 

induction. 

Other in vitro studies can be performed to assess the hemocompatibility of the system, 

investigate the cellular metabolism following particle internalization, and evaluate the 

potential carcinogenicity of the nanosystem. Understanding the interactions between 

particles and cells, particularly at the cell membrane level, is also crucial to understand 

the internalization mechanism, for example. Evaluating particle stability in biological 

fluids and their release profiles in the presence of enzymes is important to understand 

the release at physiological conditions.  

To determine the best administration route of the developed system, in vivo studies 

assessing local and intravenous administration can be conducted, including the 

evaluation of particle retention, biodistribution, half-life in circulation, and elimination 

pathways. 

Finally, it would be of interest to explore the potential use of this system for treating other 

pathologies via oral administration, by assessing its absorption in the stomach and 

intestine. 
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