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ABSTRACT 

Antimicrobial resistance (AMR) is one of the most concerning issues of today, posing a 

global public health threat already warned by the WHO. As one of the principal agents of 

mucosal and systemic infections, Candida albicans is a fungus that, when disseminated, can 

lead to life-threatening infections and has increased its incidence in the last decades, showing 

resistance to some current treatments. Considering this and recognizing the difficulty on cre-

ating new drugs, nanomaterials have been addressed as an answer to AMR. 

 This work has addressed the potential of silver-copper core mesoporous silica shell 

nanoparticles (AgCuMNs) against C. albicans, starting by synthesizing the nanoparticles (NPs), 

loading Amphotericin B (AMB), a drug used in C. albicans infections, and then, testing the re-

sulting nanomaterials against the fungus. Indeed, we were able to synthesize 49 nm diameter 

AgCuMNs with 2.52 nm diameter pores and a high surface area due to the mesoporous silica 

shell. Then, by achieving a loading percentage of 90.1%, we were able to prove that mesopo-

rous silica can indeed retain drugs, increasing massively their solubility, thus creating easier 

ways to administrate them. 

 Finally, our nanosystems were tested against C. albicans. Interestingly, not only did the 

drug loaded into the nanosystems showed effects, but also the AgCu core demonstrated syn-

ergetic effects with the drug, making the loaded AgCuMNs as the most effective nanosystem. 

Indeed, this nanosystem was able to have a Minimum Inhibitory Concentration (MIC) of 6.25 

µg/mL, which corresponds to a concentration of the drug of 0.089 µg/mL. Overall, AgCuMNs 

showed a great potential to be used as drug-delivery systems, hopefully helping the fight 

against antimicrobial resistance. 

Keywords: Antimicrobial Resistance, Candida albicans, AgCu alloy, mesoporous silica, drug-

delivery system.
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RESUMO 

Resistência antimicrobiana é uma das questões mais preocupantes da atualidade, re-

presentando uma ameaça global à saúde pública já alertada pela OMS. Como um dos princi-

pais agentes de infeções mucosas e sistémicas, C. albicans é um fungo que, quando dissemi-

nado, pode causar infeções potencialmente fatais, tendo aumentado a sua incidência nas últi-

mas décadas e demonstrando resistência a alguns tratamentos atuais. Considerando este ce-

nário e reconhecendo a dificuldade em desenvolver novos fármacos, os nanomateriais têm 

sido abordados como uma resposta à resistência antimicrobiana. 

Este trabalho focou-se no potencial de nanopartículas com núcleo de prata-cobre re-

vestido com sílica mesoporosa (AgCuMNs) contra C. albicans, começando pela síntese das na-

nopartículas (NPs), o carregamento de Amphotericin B (AMB), um fármaco utilizado em infe-

ções de C. albicans e, posteriormente, o teste dos respetivos nanomateriais contra o fungo. De 

facto, sintetizámos AgCuMNs com 49 nm de diâmetro, poros de 2.52 nm de diâmetro e uma 

elevada área de superfície devido à sílica mesoporosa. Atingimos uma percentagem de loading 

de 90.1%, comprovando que a sílica mesoporosa consegue, de facto, reter fármacos, aumen-

tando consideravelmente a sua solubilidade e, facilitando, assim, a sua administração. 

Por fim, os nanosistemas foram testados contra C. albicans. Curiosamente, não só a 

AMB carregada nos nanosistemas demonstrou efeitos, como também o núcleo de AgCu apre-

sentou efeitos sinérgicos com o fármaco, tornando as AgCuMNs carregadas no nanosistema 

mais eficaz. De facto, este nanosistema apresentou um MIC de 6.25 µg/mL, o que corresponde 

a uma concentração de fármaco de 0.089 µg/mL. Em geral, as AgCuMNs mostraram um grande 

potencial como sistemas de transporte de fármacos, contribuindo, assim, para a luta contra a 

resistência antimicrobiana. 

Palavas chave: Resistência antimicrobiana, C. albicans, AgCu alloy, sílica mesoporosa, sistemas 

de transporte de fármacos. 
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1  

 

INTRODUCTION  

1.1 Nanotechnology 

In a relatively short period of time, nanotechnology has taken control of multiple in-

dustries worldwide, defining the era we live in. From the commonly used mobile phone to 

medicine, nanotechnology has gained significant importance in our daily life, englobing areas 

such as physics, biology, and chemistry1,2.  

Although the Romans and some cultures throughout history had used nanoparticles in 

diverse applications, notably in staining objects, the awareness that such small particles existed 

or were even possible to manipulate was only first described in 1959 by Richard Feynman in 

his famous lecture “There’s Plenty of Room at the Bottom”. The now common term “nanotech-

nology” was first introduced by Norio Taniguchi in 1974 and the first book about nanotech-

nology was published in 1986 by K. Eric Drexler with the name of “Engines of Creation: The 

Coming Era of Nanotechnology”. Indeed, it was in the 1980s, with the creation of the first 

Scanning Tunneling Microscope (STM), enabling the visualization and manipulation of single 

atoms that the field began to grow, culminating in 1990 with Don Eigler being able to manip-

ulate single Xenon atoms to form the IBM logo. Carbon Dots were subsequently discovered by 

Xu et al. in 2004, marking another milestone. Commercial applications of nanotechnology also 

began to emerge in the early 2000s, raising public awareness of the field allied with some 

controversy. Then, during the 2010s the nanomaterial applications continued, highlighting its 

efficiency and sustainability in solar and fuel cells, with notable achievements culminating in 

the 2023 Nobel Prize in Chemistry being awarded for the discovery and development of quan-

tum dots1,3–6. 
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The prefix “nano” comes from the Greek nános, meaning “dwarf” and stands for some-

thing very small, also referring, in the metric system, to the thousand-millionths of a deter-

mined unit (10-9)7. Taniguchi defined nanotechnology as the “processing of separation, con-

solidation, and deformation of materials by one atom or one molecule” 1. Nevertheless, the 

definition has evolved through time and, nowadays, it is defined as the intentional design, 

production, characterization and application of materials, structures, and systems by control-

ling their shape and size in the nanoscale range (from 1-100 nm)8. Although this definition is 

widely accepted, in some fields like medicine, it can be more flexible, including nanodrug for-

mulations up to 200 nm or more6.  

 

Figure 1 - The nano world. Main characteristics affected for nanomaterials: (A) higher surface-volume ratio; (B) fewer 

crystalline defects; and (C) quantum effects. (D) Scale comparing nanoparticles with other biological structures.  

Due to their small sizes, nanoparticles exhibit distinct physicochemical properties from 

their bulk material’s fundamental properties. Essentially, when entering the nanoscale sizes, 

there are properties that will be massively affected, especially due to the significantly higher 

surface-volume ratio, the fewer crystalline defects, and the appearance of quantum effects. 

These characteristics are depicted in Figure 1 (A-C) and will have an impact mainly on the 

materials’ structural, optical, mechanical, thermal, and electromagnetic properties. Some con-

sequences are that the increased contact surface will lead to stronger interactions and, as 
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electrical and optical properties undergo changes, fields like electronics and bioimaging will 

make use of their unique properties4. 

Nanomaterials can be divided into four main categories: carbon-based; inorganic-

based; organic-based; and composite-based4. Carbon-based nanomaterials, made exclusively 

of carbon, exhibit exceptional electronic and mechanical properties in various forms such as 

tubes, sheets, or spheres.9–11 Inorganic-based nanomaterials are composed essentially of met-

als and non-metals such as Ag, Au, Si, Se, Te, and others, englobing the famous Quantum Dots. 

Moreover, organic-based nanomaterials are composed of organic molecules like lipids, known 

for their bioavailability and non-toxicity, making them extensively studied in drug delivery sys-

tems. Finally, composite-based nanomaterials are mainly made of a polymer, ceramic or metal 

matrix, being then reinforced with other desirable molecules or compounds, having modifiable 

surface properties in a relatively easy way.11  

1.2 Metal core-shell mesoporous silica nanoparticles 

(Metal@MNs) 

Core-shell nanoparticles are hybrid nanomaterials that, by combining different materi-

als, can integrate diverse functionalities into a single nanoparticle. This term was first described 

in the early 1990s, having become very popular in the last years as it has numerous applications 

in a wide range of areas. This has special importance regarding metal nanoparticles as they are 

poorly suited for many practical applications, but their coating allows them to be integrated 

into functional devices12–14. 

Typically, it consists of an original nanoparticle (core) surrounded by one coating layer 

(shell), but there can be made several combinations, allowing practically unlimited possibilities.  

Generally, there are three main types of core-shell nanoparticles: core-shell, hollow core-shell 

and yolk-shell, also known as rattle core-shell. Briefly, the first one is when the core is directly 

connected to the shell, hollow core-shell, as suggested by the name, is when the core is re-

moved, creating a hollow space inside the nanoparticle and yolk-shell nanoparticles can be 

described as a mid-term of the previous two, having a core@void@shell structure. Moreover, 

adding to the fact that it is possible to have multiple cores, multiple shells, and many possible 

shapes, there are different types of cores, such as dense and porous and different types of 

shells, such as continuous and discontinuous dense shells and porous shells  12,13,15. 
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When designing a core-shell system, it is crucial to think thoroughly about several fac-

tors. Firstly, the selection of the materials for both the core and shell is critical. Secondly, it must 

be determined which type of core and shell is desired and parameters such as core size, thick-

ness of the shell and so on. Finally, there are details that must be understood and chosen such 

as morphology and size, pore size and surface modification. This will be of major importance 

as, in some cases, the formation of the shell can make the core exhibit new chemical or catalytic 

reactivity, which might be something desired or not 12,13,15. 

Regarding Metal core-shell nanoparticles, the shell will have several functions. Essen-

tially, the shell is a physical separation between the core and the outer medium, so, it will 

protect the core from environmental fluctuations and external factors such as oxidation and 

temperature, which will in turn make them more stable. Furthermore, it will provide specific 

properties according to the desired application, such as biocompatibility, tunable refractive  

index and surface plasmon band, and increase or decrease of reactivity. Finally, the shell itself 

may have increased affinity to or be functionalized with specific molecules, allowing to identify 

target molecules, creating superstructures, and working as improved imaging markers 12,13,16–

18.  

Generally, a shell can be made of metals, metal oxides, inorganic and organic com-

pounds, and polymers. Amongst the most used are Au, TiO2, silica, carbon, and polyethylene 

glycol (PEG)17,19,20. These shells enable metal nanoparticles to gain desired properties and be 

effectively used in areas such as catalysis, electronics, environmental remediation and biomed-

icine as several theranostics ways13,15,17,21–23.  

From these materials, silica-based nanomaterials have become one of the largest na-

nomaterials produced worldwide as they present impressive physicochemical properties and 

are considered safe by the US Food and Drug Administration (US-FDA).  These aspects enable 

their application in a wide range of areas, such as agriculture, environmental remediation, cos-

metics, industry and biomedicine24–26.  

Silicon dioxide (SiO2), commonly known as silica, is one of the most abundant materials 

on earth, being able to be obtained from either several minerals or synthetic production. Usu-

ally, the Si atom presents a tetrahedral coordination, with four oxygen atoms around the central  

Si atom, which in turn allows the possibility of other arrangements such as siloxane (Si-O-Si) 

and silanol (Si-OH) functional groups27,28.  

Therefore, silica nanoparticles, more specifically, mesoporous silica nanoparticles (MNs) 

are highly required given their colloidal, chemical and thermal stability, biocompatibility, con-

trolled particle and pore sizes, and large surface area27,29,30. By some, silica is considered ideal 
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for encapsulating metal nanoparticles as it is chemically inert and can retain its structural and 

morphological integrity under several conditions18,22.  

 

 

Figure 2  - Mesoporous silica nanoparticles. Possible core-shell structures, main properties and applications. 

Indeed, adding to the properties referred above, silica shells are reported to stabilize 

the metal cores, prevent their aggregation, protect them from the surrounding medium, con-

trol the molecular or ion transport through the pores, and create novel structures with molda-

ble properties14,31. These characteristics can be attributed to two main factors. First, the exposed 

silanol groups cause the accumulation of cations near silica surfaces, which, by turn, will gen-

erate long-range electrostatic repulsion forces between particles, resulting in  better solubility 

in both water and even organic solvents and preventing aggregation. Then, due to its improved 

mechanical stability, mesoporous silica shells may be used to prevent morphological changes, 

a subject especially important during the alloying of bimetallic nanoparticles14,32. 

All these properties will be slightly changed according to the type of ordered 

mesostructured architecture that is a result of using different types of surfactant templates, 

consequently altering the pore symmetry, size, and volume30. The best-known arrangements 
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are Mobile Composition of Matter 41 (MCM-41) and Santa Barbara Amorphous 15 (SBA-15), 

both displaying a 2D hexagonal pore symmetry in the case of MCM-41 and SBA-1528. Usually, 

MCM-series exhibit pore sizes of around 2-5 nm and SBA-series have larger pore sizes of 

around 6-8 nm33,34. Additionally, there are the MSU-series, FDU-series, IBN-series, KIT-series, 

and several other28,30,33.  

1.2.1 Synthesis and characterization of Ag@MNs and alloys 

AgCu@MNs 

Generally, there are two main strategies for nanoparticles synthesis. The top-down ap-

proach consists of breaking down the bulk material in order to obtain smaller particles, while 

the bottom-up approach is the opposite, starting with atoms or molecules and assembling 

them in a controlled way to obtain nanoparticles.17,35 Typically, top-down relies on lithography 

and mechanical techniques while bottom-up opts more for chemical synthesis such as sol-gel 

synthesis and chemical vapor deposition. 17,18,35 None of these is properly better than the other, 

each has advantages and disadvantages that may suit better one particular type of nanoparti-

cle. Briefly, top-down approach tends to be faster, although using great amounts of energy, 

while bottom-up enables better precision and complete control of the process. Since synthe-

sizing core-shell nanoparticles requires a lot of control, bottom-up approaches have proven 

more appropriate.18 

MNs are mainly synthesized by two methods: Stöber´s method and reverse micro emul-

sion. Both these methods are considered sol-gel methods with a surfactant-templating ap-

proach, once they require firstly a hydrolysis to generate free silanol groups and then the con-

densation between silanol groups around the micelle structure to form, after removing the 

template, the mesoporous silica structure.27,30 The main difference between these methods it’s 

that Stöber´s method is performed in water, ethanol, or a mixture of both, while reverse micro-

emulsion is performed in water-in-oil (w/o) microemulsion where the silicate slowly diffuses 

into the nanodroplets of water that are dispersed in an organic solvent.25,36 Other innovative 

methods include the swelling-shrinking mechanism and new modifications of the Stöber´s 

method in order to get a greener synthesis, using a surfactant-free synthesis through the pre-

Ouzo effect. 37,38 

Typically, metal cores are synthesized by reducing the metal salts, but they can also be 

obtained by other chemical, physical, and even biological methods. In fact, over the last few 

years, green synthesis of metal nanoparticles has been highly requested once it allows to 
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reduce the organic compounds.18,39 Briefly, the green synthesis uses natural extracts containing 

substances with reducing power that are present in living organisms to substitute the organic 

and inorganic reducing agents.40,41  

Regarding chemical methods for the synthesis of AgNPs, they differ particularly in how 

the Ag+ ions are reduced into Ag0, being possible through a chemical reductant agent, photo-

chemical, electrochemical, microwave-assisted, and sonochemical methods.42 Furthermore, to 

obtain AgNPs there are essentially two stages: nucleation and growth. Nucleation happens 

when monomer concentration rises above the critical level of supersaturation, which triggers 

the “burst-nucleation” and precipitation. This generates the birth of new seeds and the drop-

ping of the concentration below the critical level of supersaturation. Then, the monomers will 

be added to the seeds, promoting their growth.42,43 For this purpose, both capping and reduc-

ing agents play a critical role in obtaining the desired nanoparticle.44 

Moreover, when synthesizing bimetallic AgCuNPs, they can either end-up being in a 

core-shape structure if consecutively reductions are performed or they can present an alloy 

configuration if the reductions are performed simultaneously.45 As such, when talking about 

bimetallic AgCu alloys, there are many methods that are capable of obtaining such particles 

with the most common consisting in a co-reduction process. This is a simple method that in-

volves the mixture of both metal precursors (typically salts) and then, by adding a reducing 

agent to the solution, both will precipitate into bimetallic alloys.45,46 Other methods include 

chemical precipitation, thermal decomposition, sol-gel, microemulsion, and hydrothermal.45 

Then, after obtaining the metal cores, the most common method is by performing a 

template assisted sol-gel or microemulsion method to produce the silica shell.14,47,48 Addition-

ally, there are two ways of performing this. Either the core particles are synthesized separately 

and only then introduced in a solution that will coat the shell around it or the core nanoparticles 

are synthesized in situ and it is followed by the coating of the shell. The main advantage is that 

the first allows to obtain cores in a pure form, limiting the impurities on its surface, while the 

in situ synthesis is a simpler method that can in some cases enhance the interactions between 

core and shell.18,48 The main difficulties of this method are the agglomeration of core particles 

in the reaction media, the incomplete coverage of the core surface and the formation of sep-

arate particles of shell material instead of coating the core nanoparticles.18 

Finally, there are several characterization techniques available to analyze nanoparticles, 

each one according to which feature is expected to be characterized. The most important prop-

erties in a mesoporous core-shell nanoparticle are its morphology, topology, chemical, electri-

cal and optical properties.45 
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Morphology must be completed using techniques such as Dynamic Light Scattering 

(DLS), Transmission Electron Microscopy (TEM), Scanning Electron Microscopy (SEM) and oth-

ers, allowing to determine the size and shape of nanoparticles. On the other hand, topology is 

determined with the help of accessory instruments to TEM such as Energy Dispersive Spec-

trometry (EDS) that enables to characterize the chemical nature of the nanosystem and even 

produce an elemental mapping, as well as gas adsorption techniques like Brunauer-Emmett-

Teller (BET), which determines the specific area of the porous structures.47 Additionally, chem-

ical and optical properties can be assessed using techniques like UV-Vis, Fourier Transform 

Infrared (FTIR) and Raman Spectroscopy, while electrical properties will be assessed by obtain-

ing the zeta-potential.45 

1.2.2 Metal core-shell MNs as Drug-delivery Systems 

Drug delivery systems are described as drug formulations that can effectively deliver 

therapeutic agents to the active site. These systems can either be of immediate or controlled 

release. The main difference is that while the firsts typically release all or most of the drug in 

an initial burst without any control, a controlled drug delivery system releases the drug over a 

period of time, maintaining its concentration at the active site relatively constant.49 Ideally, drug 

delivery systems should control both the release rate and for how long it happens as well as 

specifically directing it to a target site.50 

The first nanoparticles to serve as drug-delivery systems were pegylated liposomes, but 

in the last few years MNs have been intensively studied due to its physicochemical features.49,50 

Indeed, silica-based nanoparticles present better stability and higher drug loading capacity 

compared to lipid nanoparticles and have already been approved by the US-FDA, recently en-

tering clinical trials.24,50 The BIOSCOPE Research Group has extensive experience in the synthe-

sis of silica-based nanoparticles as drug delivery systems. These studies encompass several 

designs, ranging from simple MNS to core-shell MNs using gold, silver, platinum, palladium, 

superparamagnetic iron oxide (SPIONS) and even silicon quantum dots (QD) as cores. These 

drug-delivery systems show efficacy against both cancer cells and bacteria and some are even 

capable of producing stimuli-responsive mechanisms.51–58 

Firstly, mesoporous silica presents a high pore volume that enables a high loading of 

drugs and a great variety, being able to carry and deliver from small molecules to macromol-

ecules such as nucleic acids. Allied to the pore volume, the fact that it has a  large surface area 

allows it to enhance the respective drug solubility, effectively carrying it to the targeted site. 

Moreover, its highly ordered structure delays the premature release of drugs and prevents their 
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degradation while its surface-active groups, namely silanol groups allow an easy functionali-

zation process, being able to add more complexity to the system.50,59,60 

Additionally, its tunable properties have a key role regarding drug-delivery systems. As 

interactions and dynamics between drug and system change from drug to drug, it is crucial 

that a system can adapt accordingly. Therefore, as MNs present tunable properties, it allows to 

modify its characteristics in order to better suit the respective drug being delivered. Also, stud-

ies show that toxicity of a determinate nanoparticle is highly dependent on features like shape, 

size, surface chemistry and charge. Thus, by adjusting these characteristics, it is possible not 

only to reduce toxicity, but also to improve other factors like biocompatibility, avoiding side 

effects and control biodistribution.50,61 

Finally, due to functionalization processes, there are a great deal of possible modifica-

tions to improve the drug delivery-system. First, while passive targeting is possible, especially 

in cases of cancer, active targeting is a more specific targeting that involves ligands that selec-

tively interact with the target cell or bacteria. For this kind of targeting, it is possible to chemi-

cally bind ligands to the silanol groups, which will thereafter improve bioavailability and mini-

mize systemic toxicity.18,50,59  

More than that, as silanol groups have such a variety of possible chemical bindings, it 

is even possible to perform a dual targeting, for example for the membrane cells and for an 

organelle such as mitochondria.60 Moreover, it is also possible to use functional groups as 

gatekeepers in order to guarantee a sustained and controlled release only at the target site. 

Finally, smart polymers can be functionalized on the drug-delivery system surface, responding 

to exogenous or endogenous stimuli like pH, temperature, redox agents and others in order 

to release the drug only at the target site.50,60,62 

In fact, the combination of metal core-shell MNs can be used exactly as a smart drug-

delivery system. By combining both, not only silica will provide protection and stability to the 

metal core, but this last one will also play an important role in the drug-delivery system.17,30 

Metal cores can serve as a complementary approach both by acting as a secondary mechanism 

of treatment and by providing diagnostics, enabling the system to perform theranostics.14,15 

Briefly, metal cores can be used for imaging purposes, providing a diagnostic, act as a trigger 

for the release of the encapsulated drug or perform hyperthermia by plasmonic heating. 

14,15,34,63 

 Marcelo et al. engineered such a system, comprising a SPION core with a mesoporous 

silica shell functionalized with aliphatic chains that were subsequently cross-linked to SiQD 

probes. This system was made to address not only cancer cells, but also opportunistic bacterial 
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infections that appear during therapy. Thus, by loading it with two distinct drugs, one specific 

to cancer cells and the other specific to bacteria, they were able to produce a smart system 

with sustainable, biocompatible and biodegradable materials. Brief ly, the release process was 

mediated by the SiQDs, that controlled pore access and allowed a higher release in pH 5 rather 

than pH 7.4, optimal for acute cancer environments. Moreover, the SPION core, due to its 

magnetic properties, allowed to perform hyperthermia treatment, which resulted in a higher 

release of both drugs and, therefore, an increased efficacy. Finally, although not entirely inves-

tigated, the fact that the SiQDs exhibit fluorescence might be a further application, as it can be 

used as imaging.55 

 This way, metal core-shell MNs are considered as a drug-delivery system with multi-

functional properties that not only delivers the drug but stabilizes and takes the metal core to 

the site in a stealth and effective way, making it suitable for theranostics. 

1.3 Antimicrobial Nanomaterials 

In the last decades, due to the extensive use of antibiotics and lack of creating new 

ones, antibiotic-resistant microorganisms have had a rapid expansion, posing a global public 

health concern already expressed by the World Health Organization (WHO) and Centers for 

Disease Control and Prevention (CDC).64,65 Indeed, approximately between 40-50% of surgery-

related infections are caused by bacteria resistant to the conventional antibiotics and in the 

period of 1997 to 2006, the number of infections related to antibiotic-resistant bacteria in-

creased by 359% in the USA.66 For these reasons, in the last few years there have been incen-

tives to develop novel and more effective antimicrobial compounds as well as reformulate and 

repurpose old antimicrobial agents.64,66 

 Recently, alongside antimicrobial resistance, WHO has alerted to the growing problem 

of sexually transmitted infections (STIs), registering more than one million cases daily world-

wide.67 Amongst the more than 30 distinct bacteria, viruses and parasites considered as sexual 

transmitted pathogens, there are eight accountable for the majority of STIs. From these, half 

are incurable viral infections, namely herpes simplex virus (HSV), hepatitis B, papillomavirus 

(HPV) and HIV, and the other half are curable caused by the protozoan parasite Trichomonas 

vaginalis and the bacteria Chlamydia trachomatis, Treponema pallidum and Neisseria gonor-

rhoaea.68 

Nanomaterials have been intensely studied in the last years as a way to improve current 

antibiotics, both by serving as a drug-delivery system and by having an innate antimicrobial 
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effect.69,70 Indeed, a wide range of nanomaterials have already been studied against STIs and 

reproductive tract infection (RTI), a wide term that involves STIs, referring more to the site of 

the infection rather than the way of transmission.71,72 These systems allowed to improve vaginal 

retention with consequent increased drug permeation, also serving as a preventive and diag-

nostic tool in some cases.71 Mesoporous silica, as already discussed, has been used with the 

purpose of improving drug delivery systems, but metal nanoparticles present special attention 

as most of them possess antimicrobial properties, being even described as a viable alternative 

to traditional antibiotics.39,73 

 The antimicrobial activity of metal nanoparticles is dependent on factors like their com-

position, surface area, and size. In general, their interaction with microorganisms triggers oxi-

dative stress mechanisms, enzymatic inhibition and protein deactivation, changing the gene 

expression. Typically, its mechanisms involve oxidative stress, metal ion release, and non-oxi-

dative mechanisms.64 

Silver antimicrobial properties have been reported throughout human history. Indeed, 

AgNPs are the most studied antimicrobial agents, having antimicrobial activity against many 

bacteria, fungi, and viruses.65,74 This intrinsic property, although not fully understood due to its 

complexity, is mainly caused by two processes: the dissolution and release of Ag+ ions; and the 

reaction of AgNPs and Ag+ ions with the cells themselves. These two factors will make possible 

the interactions between AgNPs/Ag+ and the cell membrane, even being adsorbed on its sur-

face. Only by being adsorbed, AgNPs can cause the production of reactive oxygen species 

(ROS) and when interacting with proteins such as ion channels can lead to their inactivation. 

Then, as smaller NPs and Ag+ ions may enter the cell, both these processes will only continue 

and aggravate, destroying organelles and even DNA. All these mechanisms are described in 

Figure 3 and will lead to the cease of cell activity, disruption of its membrane and, eventually, 

its death.44,75 

Similarly, although not in such highlight, CuNPs have also been extensively researched 

due to their properties. Indeed, their antimicrobial activity has been reported against many 

microorganisms while also being highly biocompatible.73,76 
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Figure 3  - AgNPs and CuNPs mechanisms of action against microorganisms.  
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Although the mode of action of CuNPs is not completely comprehended, some suggest 

that it might have resemblances to the mechanism of AgNPs, being depicted the main mech-

anisms in Figure 3. Indeed, both the dissolution and release of Cu2+ ions as well as the interac-

tions of CuNPs/Cu2+ with the cells are of major importance.76 As the superficial Cu atoms are 

oxidized, they originate Cu2+ ions, which will play a key role in this mechanism. Firstly, when 

CuNPs interact with the cell membrane, they can cause depolarization, inhibiting the mecha-

nism of defense of some bacteria, the cell filament formation. Then, as Cu 2+ ions are released 

into the medium, they will interact with the membrane, but will also be able to be uptake into 

cells. More than the fact that this will lead to the generation of ROS, it is also suggested that 

Cu2+ ions may have a high affinity to phosphorus and sulfur-containing biomolecules like DNA 

and proteins, leading to the structure distortion and consequently to the disruption of bio-

chemical processes. All these combined will eventually lead to cell death.77 

Finally, bimetallic nanoparticles formed by combining these two metals have already 

been investigated as they are important antimicrobial agents. One of the biggest issues when 

synthesizing AgNPs and CuNPs is their stability and the susceptibility of forming oxide species. 

Therefore, by combining them both, due to electronic attraction, it is possible to synthesize 

nanoparticles with higher stability and lower toxicity while also presenting synergistic proper-

ties. As such, the bimetallic AgCuNPs typically exceed the antimicrobial activity of either mon-

ometallic nanoparticle, reported to be more effective against Gram-positive bacteria rather 

than Gram-negative.45,46,65,78–80 

1.3.1 Ag@MNs and AgCu@MNs as antimicrobial agents against 

Candida albicans 

Alongside STIs, which their concern was highlighted in the 2023 WHO world congress, 

Candida albicans presents itself as the principal cause of Vulvovaginal candidiasis (VVC), one 

of the most common vaginal infections.81 VVC is considered a RTI and is classified as a dysbio-

sis, which means a disruption in the vaginal microbiota balance. This is usually associated with 

genital inflammation, estimated to affect 40-45% of women worldwide twice or more times, 

with 5-9% experiencing recurrent VVC, defined as three or more infections per year.82–85 

 From Candida spp, C. albicans stands out as the most extensively researched species, 

playing a pivotal role as one of the most important agents of mucosal and systemic infections, 

being responsible for over 70% of all fungal infections worldwide. Moreover, it is considered 
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one of the most common life-threatening fungal species once, whenever it disseminated 

throughout the body, it leads to severe conditions, with a mortality rate of up to 40%.86–88 

 C. albicans also presents a threat to public health worldwide as its infection’s occur-

rences have grown in the last two decades, getting more and more difficult to cure. Indeed, 

Candida species have the ability to form drug-resistant biofilms, which turns the disease more 

severe and harder to deal with.89 Moreover, C. albicans, by causing a disruption in the vaginal 

microbiota balance, can be a risk factor for STIs.90 

Metal nanomaterials, specifically silver and copper nanoparticles, have already been 

proved effective against these microorganisms. In fact, AgNPs have already been proved ef-

fective against multi-resistant strains of N. gonorrhoeae, not showing relevant cytotoxicity 

against mammalian cells and having synergetic effects with current ineffective antibiotics. This 

is highly important as is presents AgNPs both as bactericidal agents and potential adjuvants 

for available antibiotics.91–95 Similarly, the efficacy of AgNPs against C. albicans has also been 

corroborated, not only inhibiting its growth, but leading to the death of the fungus, even show-

ing enhanced activity compared to some conventional antifungal agents.43,79,96 

 Additionally, AgCu nanoalloys have been assessed against C. albicans, although the 

available literature on this subject is not extensive. Although some studies suggest that 

AgCuNPs only have inhibition properties, not been able to kill the fungus, there are several 

that prove its biocidal properties, mostly dependent on the intrinsic characteristics of the na-

noparticles themselves. Nevertheless, in general, it is shown a synergistic effect of AgCuNPs 

against fungi, exhibiting better results that either AgNPs, CuNPs or even both monometallic 

nanoparticles mixed, therefore suggesting that the combination of the metals in a nanoalloy 

creates something not existent in both separately.97–99 Finally, some articles prove that 

AgCuNPs can even exhibit stronger antifungal effects at lower concentrations that monome-

tallic nanoparticles.97–102 
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Figure 4  - Mesoporous silica and Silver nanoformulations. Ag-MNs: Janus like NPs. MNs-AgNPs: MNs coated with 

AgNPs; MSAgNPs: Mesoporous silica core with Ag shell NPs; AgMNs:  Ag core with mesoporous silica shell.  Adapted 

from [103–106]. 

Moreover, regarding nanomaterials against C. albicans, several nanosystems have been 

studied over the years, but indeed silver nanoparticles are highlighted, as they present signifi-

cant antifungal activity and can even be conjugated with AMB, promoting a synergetic activ-

ity.107 Even within silver nanormulations against C. albicans, there are several possible systems 

as seen in Figure 4 Nevertheless, when searching for nanosystems with Ag and SiO2, it is more 

common to encounter articles that study MNs loaded with AgNPs on its pores and surface 

rather than a core shell Ag@MNs nanosystem.105,108–110 Nevertheless, the MNs loaded with 

AgNPs exhibit promising results when tested against C. albicans. These kinds of systems were 

found to be very efficient, inhibiting biofilm formation and adhesion as well as decreasing the 

fungus viability and even successfully active against multi-drug-resistant strains.105,108–110 More-

over, AgMNs have already been described as promising nanocarrier systems, as it decreases 

substantially the toxicity of silver and has the mesoporous structure, able to carry several types 

of drugs.111 

 To the best of our knowledge, despite its potential as described previously, there is no 

reported literature containing AgCu@MNs. Also, there are no reports on the impact of AgMNs 

on C. albicans and there is only one article reporting the conjugation of AMB in MNs.112 
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Table 1  - Summary of different Ag, Cu and SiO2 based nanosystems used against desired microorganisms. 

NP Microorganism Main conc lusions MIC 

(µg/mL)  

AGAR dif .  

ø mm  

Ref 

AgNPs C. albicans 

Antifungal activity comparable to 

AMB 
2.0 --- 113 

AgNPs produced with peppermint 

extract have high efficacy  
--- --- 114 

Synergic effect with fluconazole 16 --- 115 

AgNPs / 

CuNPs 
C. albicans 

AgNPs have a higher effect than 

CuNPs 

Ag - 50 

Cu - 3200 
--- 116 

Submitting both NPs together has 

an effect comparable to AgNPs and 

superior to CuNPs 

--- 

Ag - 18 

Cu -15 

Ag+Cu - 18 

100 

AgCuNPs C. albicans 

Ability to detach mature C. albicans 

biofilms 

0.5 

2.8 
--- 101,102 

Ability to inhibit its proliferation 

completely 
0.78 --- 99 

Ability to inhibit its growth after just 

1 min 
N.D --- 117 

AgNPs / 

AgCuNPs 
C. albicans 

AgCuNPs are more effective than 

AgNPs 
--- --- 98 

AgNPs / 

CuNPs / 

AgCuNPs 

C. albicans 

AgCuNPs are the most effective and 

showed antibiofilm activity 

Ag - 12.5 

Cu - 100 

AgCu - 1.562 

--- 118 

AgCuNPs are the most effective 

Ag - 250 

Cu - 300 

AgCu - 400 

--- 119 

AgCuNPs showed lower efficacy 

compared to AgNPs 

Ag - 31 

Cu - 250 

AgCu - 62.5 

Ag - 0.85 

Cu - 1 

AgCu - 0 

120 

AgCuNPs showed lower efficacy 

compared to AgNPs 
--- --- 121 

MNs-

AgNPs 

C. albicans 
Antimicrobial activity comparable to 

AMB 
1.0 --- 108 

C. albicans 

E. coli / S. aureus 

Significant antimicrobial activity, 

even at low concentrations 
--- --- 109 
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Increased mechanical properties of 

PMMA matrix and antiadhesive ef-

fect 

--- --- 110 

Antimicrobial activity related to the 

production of ROS 
6.0 --- 105 

Long lasting antimicrobial activity --- 12 122 

Janus NPs have higher antibacterial 

activity than AgNPs 
[40-80] --- 104 

Ag-MNs C. albicans Kills up to 99.96% of the fungi within 

18H 
0.8 --- 123 

MSAgNPs S. mutans Lower antimicrobial activity than 

AgNPs, but better cytotoxicity  
600 --- 124 

AgMNs 

E. coli / S. aureus 

Significant antibacterial and bacteri-

cidal effects, especially against 

Gram-negative bacteria 

--- -- 125 

E. coli / S. aureus 

E. coli / S. aureus 

B. cereus 

AgMNs have higher antibacterial ef-

fects than AgTiO2 
100 --- 126 

Significant antibacterial effects --- --- 127 

S. enterica / 

E. coli /B. cereus 

Significant bactericidal effects, espe-

cially against Gram-negative 
[18.2-36.4] --- 106 

E. coli / S. aureus 

P. aeruginosa / … 

Bactericidal efficacy is inversely pro-

portional to the Ag core diameter 

and silica shell thickness 

--- 10 128 

A. naeslundii / E. 

faecalis / … 

AgMNs possess longer antimicrobial 

activity than AgNPs 
--- --- 129 

K. pneumoniae /  

S. aureus / … 

AgMNs show better efficacy than 

AgNPs 
177 10 130 

C. albicans AgMNs show strong antifungal 

 activity 
--- 26.5 131 

--- 
Human endothelial cells take up 

high amounts of these nanosystems 
--- --- 132 

SNPs-

AMB 

C. albicans 

Highly efficient, long-lasting activity 

and do not exhibit significant cyto-

toxic effects 

--- --- 133 

Mainly efficient through contact 100 --- 134 

--- 

Ability to load AMB into MNs and 

have a slow release for up to 56 days 

in Yeast Malt broth 

--- --- 112 

Note - MNs-AgNPs: MNs coated with AgNPs; Ag-MNs: Janus like NPs. MSAgNPs: Mesoporous silica core with Ag 

shell NPs; AgMNs:  Ag core with mesoporous silica shell. SNPs-AMB: Silica NPs functionalized with AMB. 
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OBJECTIVES 

Following this introduction and understanding the benefits of creating a nanosystem 

that contains silver, copper and mesoporous silica, the present work has three main objectives. 

Firstly, it is aimed to synthesize AgCuMNs and properly characterize them. After this, these 

nanoparticles will be loaded with AMB and evaluate if it is able to be a nanocarrier. Finally, 

these nanosystems will be tested against one of the most important RTI (C. albicans) and will 

be assessed for its antifungal activity. 

 

Figure 5  - General concept of the performed work with a schematic representation of the main objectives. 
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MATERIALS AND METHODS 

3.1 Materials and Reagents 

Ammonium nitrate (NH4NO3), hexadecyltrimethylammonium bromide (CTAB, ≥98%), 

sodium borohydride (NaBH4, 99%), sodium citrate tribasic (Na3C6H5O7, 99%), and Amphotericin 

B trihydrate (AMB) were acquired from Sigma-Aldrich. Hydrogen peroxide (H2O2, 30%), potas-

sium bromide (KBr, 99%), and sodium hydroxide (NaOH) were purchased from PanReac Appli-

Chem, while Dimethyl sulfoxide (DMSO), ethanol (EtOH), and methanol (MeOH) were bought 

from Honeywell. Sabouraud Dextrose Agar (SDA) and Muller Hinton Broth (MHB) were ac-

quired from Biokar diagnostics, silver nitrate (AgNO3, 99%) was from Alfa Aesar and ethylene 

glycol (EG) was bought from CarloErba. Tetraethyl orthosilicate (TEOS, 99.9%) was purchased 

from thermoscientific. All reagents were used as bought and all solutions were prepared in 

deionized MilliQ H2O unless otherwise indicated.  

Also, due to its importance as a RTI and one of the main causes for vaginal infections, 

Candida albicans (Robin) Berkhout (ATCC(R) 10231TM) was selected to study the antifungal prop-

erties of the selected nanomaterials.  

3.2 Instrumentation 

UV-vis absorption spectra were acquired on a Jasco V-650 spectrophotometer (Jasco 

Corporation, Tokyo, Japan) and Infrared spectra (FTIR) were collected on an Alpha II (Bruker, 

Massachusetts, USA). Nanoparticle size distributions and zeta potential were measured using 

a dynamic light scattering (DLS) Malvern Nano Zetasizer, with a 633 nm laser diode, from PRO-

TEOMASS–BIOSCOPE Research Group facility (Caparica, Portugal). AMB concentration (both at 
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loading and release) was determined using a Nanodrop 1000 Spectrophotometer (Ther-

moFisher). Antifungal assays were conducted in asepsis guaranteed by a laminar flux chamber 

Steril-VBH. Sterile flat-bottom transparent 96-well plates were from Greiner Bio-One (Dreieich-

Buchschlag, Germany). Incubations were executed in a Mermmet Incubator B10 and the read-

ing of the plates was conducted in a UV-Vis CLARIOstar spectrophotometer (BMG Labtech). 

3.3 Synthesis of mesoporous silica-based nanoparticles 

3.3.1 Synthesis of mesoporous silica nanoparticles (MNs)  

The synthesis of mesoporous silica nanoparticles (MNs) was achieved according to 

Galhano et al.57 First off, 150 mg of CTAB (CH3(CH2)15N(Br)(CH3)3) were dissolved in 30 mL of 

MilliQ H2O and left stirring for 30 min at 50 ⁰C under smooth agitation. Then, it was added to 

the solution 10 mL of ethylene glycol, 700 µL of a 1M NaOH aqueous solution, and 750 µL of 

TEOS drop by drop, leaving the resulting mixture under stirring for 3 hours at 80 ⁰C.  

Finally, having obtained MNs, it was only necessary a template removal step. With this 

purpose, a procedure of Zhang et al.135 was followed, which consisted of suspending the na-

noparticles in a 30 mg/mL ammonium nitrate solution in methanol and leaving it stirring for 1 

hour at 60 ⁰C, being washed thrice with methanol. This procedure was repeated, ending up by 

leaving the clean MNs to dry at room temperature (r.t.).  

 

3.3.2 Synthesis of silver mesoporous silica nanoparticles 

(AgMNs) 

The synthesis of silver mesoporous silica nanoparticles (AgMNs) was performed in two 

consecutive steps. Firstly, spherical AgNPs were synthesized by the method proposed by Frank 

et al.136 Briefly, it was successively added in a round bottom flask freshly prepared 2 mL of a 

solution 1.25 × 10−2 M of sodium citrate, 5 mL of a solution 3.75 × 10−4 M of silver nitrate, 5 

mL of a solution 5 × 10−2 M of hydrogen peroxide, 40 µL of a solution 1 × 10−3 M of potassium 

bromide, and 2.5 mL of a solution5 5 x 10−3 M sodium borohydride in MilliQ H2O. After having 

all solutions in the flask, it was carefully stirred for approximately 3 min at room temperature. 

After obtaining AgNPs, the formation of a mesoporous silica shell was performed ac-

cording to Nuti et al.58 Briefly, 30 mL of MilliQ H2O was added to the AgNPs previous solution, 

followed by the addition of 150 mg of CTAB, and, after being left under stirring for 30 min at 
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50 ⁰C, it was added to the solution 10 mL of ethylene glycol, 700 µL of a 1M NaOH aqueous 

solution, and 750 µL of TEOS drop by drop, leaving the resulting mixture under stirring for 3 

hours at 80 ⁰C. Finally, having obtained AgMNs, the same template removal protocol was per-

formed on MNs. 

3.3.3 Synthesis of silver-copper mesoporous silica nanoparticles 

(AgCuMNs) 

The synthesis of silver-copper mesoporous silica nanoparticles, in similarity with 

AgMNs was achieved in two consecutive steps: synthesizing AgCu cores and their encapsula-

tion in a mesoporous silica shell. AgCu cores were provided by the PROTEOMASS-BIOSCOPE 

Research Group. Then, a similar protocol used to obtain AgMNs was carried out for 1mL of 

AgCu cores suspension.  

3.4 Nanoparticles characterization  

After their synthesis, it was important to properly characterize the nanoparticles, deter-

mining their size, stability, pore size distribution, and others. With this purpose, five different 

characterization techniques were used: absorption spectroscopy; FTIR; DLS; TEM; and N2 ad-

sorption/desorption isotherms.  

Absorption spectroscopy was used to characterize AgNPs, specifically its shape. This is 

only possible due to previous reports where a correlation between maximum absorption peak 

and shape was determined.136 Therefore, it was performed a simple dilution of the obtained 

AgNPs suspension with MilliQ H2O, which were respectively measured in the spectrophotom-

eter, using a quartz cuvette.  

Moreover, all mesoporous silica-based nanoparticles (MNs, AgMNs, and AgCuMNs) 

were characterized by FTIR spectroscopy in order to study its surface chemistry and by N2 

adsorption/desorption isotherms to understand its pore size distribution. FTIR spectrum was 

obtained with Alpha II equipment. N2 adsorption/desorption isotherms were obtained with the 

help of Chemistry Department of FCT NOVA, where the samples were sent to and properly 

analyzed in order to determine the surface area and pore size distribution . For this, Brunauer 

Emmett and Teller (BET) and Barrett-Joyner-Halenda (BJH) methods were used. 

Finally, all nanoparticles were characterized by DLS and TEM, allowing to be determine 

both their hydrodynamic diameter, but also their true diameter without solvent interactions, as 

well as its shape, polydispersity and zeta-potential. DLS measurements were conducted by 
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dispersing the nanoparticles into MilliQ H2O in low concentrations and then introducing it onto 

a glass cuvette, which was respectively put onto the equipment. For obtaining the zeta poten-

tial, a dip cell was introduced into the same glass cuvette and followed the analysis. TEM im-

ages were obtained with the help of INL - International Iberian Nanotechnology Laboratory, 

where the samples were sent to and properly analyzed.  

3.5 Loading trials 

Amphotericin B was the drug used to be encapsulated in mesoporous silica-based NPs 

due to its use against C. albicans infections. For the loading assay, 40 mg of the respective 

nanoparticle (MNs, AgMNs or AgCuMNs) were suspended in 2 mL of DMSO with a concentra-

tion of 0.5 mg/mL of AMB. The mixture was placed under stirring in a dark environment at 

room temperature for 24 hours.  

After 24h, the mixtures were centrifuged (5 000 RPM, 5 minutes) and washed with Mil-

liQ H2O solution twice. After collecting all the supernatants, it was acquired the UV-vis spectra 

of each one and applied the Lambert-Beer Law in order to quantify the amount of drug in the 

supernatant. The molar absorptivity coefficient (Ɛ) was calculated by previously performing a 

calibration curve for AMB, obtaining the value of 7835.5 M-1cm-1 in DMSO at 416 nm.  

Loading capacity (mg/g) and loading efficiency (%E) were determined by UV-vis spec-

troscopic quantification and mass balances by the equations presented below.  

 

 

%𝐸 =
𝑡𝑑𝑟𝑢𝑔−𝑓𝑑𝑟𝑢𝑔

𝑡𝑑𝑟𝑢𝑔
× 100  𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (

𝑚𝑔

𝑔
) =

𝑡𝑑𝑟𝑢𝑔−𝑓𝑑𝑟𝑢𝑔

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
 

3.6 Antifungal assays 

All nanomaterials tested and the AMB solution with the corresponding concentration 

loaded in each nanoparticle were made in DMSO. Nanoparticles suspensions had a concentra-

tion of 8 mg/mL. 

C. albicans strain stock was kept at -80 ⁰C in broth with glycerol (15% v/v). In the first 

step of the antifungal assay, C. albicans was subcultured on Sabouraud Dextrose Agar (SDA) 

plates and left incubating for approximately 36 hours at 30 ⁰C. 

tdrug - total amount of drug; fdrug – amount of free drug present on the supernatant. 
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So, after the incubation period, isolated colonies were transferred from the SDA plates 

to a saline medium (NaCl 0.85% m/v). The turbidity of the suspensions was adjusted to 0.5 on 

the McFarland scale (about 106 CFU/mL) and subsequently diluted 10-fold, leading to an ap-

proximately final suspension of 105 CFU/mL. For each sample, 20 µL were added to the first 

well of the 96-well plate, performing a series of successive dilutions, which obtained a gradient 

concentration with a range of 800 - 1.6 µg/mL. Finally, 10 µL of C. albicans suspension previ-

ously prepared (105 CFU/mL) was added to each well, leaving the plates to incubate for roughly 

28 hours at 30 ⁰C.  

After this period, an aliquot of each well was sub-cultured on the surface of SDA plates, 

leaving them to incubate for over 66 hours at 30 ⁰C. The Minimum Fungicidal Concentration 

(MFC) was then determined by naked-eye assessment of the SDA plates though a drop plates 

assay. 

Simultaneously, optical density (OD) measurements of the 96-well plates turbidity were 

quantified using a UV-Vis CLARIOstar spectrophotometer (BMG Labtech) at 600 nm. C. albicans 

viability was calculated by comparing the sample OD600 with the control OD600. Though this 

method, it was possible to determine the Minimum Inhibitory Concentration (MIC). 

Free AMB and unloaded MNs, AgMNs, and AgCuMNs were used as controls for the 

experiment, C. albicans incubated in the absence of any nanomaterial or drug was used as a 

negative control, and nanomaterials and AMB incubated without C. albicans were used as con-

trols. Each sample was tested in duplicate, and two independent experiments were performed.  
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4  

RESULTS AND D ISCUSSION  

4.1 Synthesis and Characterization of Metal core-shell 

silica nanoparticles 

Metal Ag cores were synthesized by the Frank Method, where the reagents used were 

sodium citrate, silver nitrate, hydrogen peroxide, potassium bromide, and sodium borohydride. 

Firstly, all these reagents were put into a round flask, without any steering, and in the order 

described previously. Then, by gently steering it, the reaction occurred, forming the desired 

nanoparticles.  

In the reaction itself, silver nitrate served as the source of silver ions, while sodium bo-

rohydride was responsible to reduce the Ag+ ions to Ag0 atoms, which resulted in forming 

AgNPs. Both potassium bromide and sodium citrate were in high concentrations, the first con-

trolling the nanoparticle size, ensuring the desired shape, while sodium citrate acted as both a 

buffer and stabilizer by associating with Ag+ ions on the nanoparticle surface, preventing ag-

gregation. Finally, hydrogen peroxide played a complementary role to sodium borohydride, 

acting as an etching agent. This way, it removed newly formed, less stable AgNPs, allowing 

only the least reactive NPs to persist and grow at the expense of more reactive ones. This way, 

it creates a balance between the formation of new nanoparticles and the removal of undesired 

ones, ensuring a homogeneous solution containing the desired AgNPs.136–138 

On this process, two main details proved to be crucial to obtain the desired nanoparti-

cles. Firstly, both the fact that all solutions were freshly prepared, including the MilliQ H2O, and 

that new flasks were used, guaranteeing the avoidance of contaminations was extremely im-

portant. This is because any contamination in the flasks may affect the synthesis, for example 

by serving as an undesired nucleation seed, or by oxidizing the AgNPs, since they are extremely 

sensible to oxidation.139,140 
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 Due to the optical characteristics of AgNPs, the colorimetric alteration of the solution 

allows us to evaluate whether the reaction occurred as intended or not. Initially, all reagent 

solutions are transparent, and even after combining them in the round flask, the mixture re-

mains clear. However, after gently stirring for approximately 2 minutes, a sudden color change 

occurs, with the solution turning dark black. It then gradually brightens, transitioning to vivid 

yellow for round-shaped AgNPs and dark blue for triangular-shaped AgNPs. Figure 6 (A) shows 

how the AgNPs presented themselves to the naked eye at the end of the reaction and Figure 

6 (B) is the respective absorption spectra, presenting two distinct spectra. This way, as reported 

by Frank et all, we obtained successfully round yellow AgNPs with a peak at 419 nm and trian-

gular blue AgNPs with a peak at 748 nm, which are contained in the ranges reported for each 

nanoparticle.136  

Mesoporous silica nanoparticles (MNs) and silica shell on silver and silver-copper core-

shell silica nanoparticles (AgMNs and AgCuMNs) were performed by a modified Stöber 

method, a sol-gel method. Firstly, as a cationic surfactant, CTAB was dissolved in water in order 

to arrange itself in hexagonal cylinder micelles and, therefore, serve as template for the pores 

of the nanoparticles. Then, after well-dissolved, Ethylene glycol, sodium hydroxide and TEOS 

were added to the mixture. Ethylene glycol served as the stabilizing agent by reducing the 

surface tension between micelles, which is essential to prevent their aggregation and assure 

their dispersion through the solution, therefore producing monodispersed nanoparticles with 

similar structure and size. Sodium hydroxide, by favoring an alkaline environment, will work as 

both the catalyst and the morphological agent, as a basic pH leads to the hydrolysis of the 

silica precursor, TEOS, and then its precipitation onto the cationic templates. After the proper 

amount of time for the reaction to occur, the desired nanoparticles are obtained. 

 After this, it is vital to remove the template because, firstly, the surfactant would impede 

the incorporation of any other molecule on the NPs pores and, secondly, the surfactant itself 

presents intrinsic toxicity, what would influence the antifungal results.141 So, with this purpose, 

and recognizing the increased difficulty in removing templates of MCM-41 silica nanoparticles 

prepared under basic media due to its stronger interactions between the surfactant and the 

silica framework, an ammonium nitrate solution in methanol was used.142 This method per-

forms a solvent extraction by ion exchange without altering the size nor the uniformity of the 

pores and keeping the Si-OH groups. 
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Figure 6  - AgNPs: round (yellow) and triangular (blue) shaped. (A) naked eye solutions and (B) respective absorption 

spectra. (C) FTIR spectra of MNS, AgMNs, and AgCuMNs after the template removal process. 

The template removal process effectiveness can be confirmed by FTIR.143 Figure 6 (C) 

shows the FTIR spectra of MNs, AgMNs and AgCuMNs after removing the template of these 

nanoparticles and, by analyzing it, it is clear that all three show a similar aspect. Furthermore, 

there are two main details that we can delve into. Firstly, it is clearly seen the peaks particular 

to mesoporous silica, such as at 1075 cm-1 and 970 cm-1, which are characteristic of Si-O-Si and 
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Si-O-H vibrations, respectively. The peak at 800 cm-1 also adds to this group, representing Si-

O-Si symmetric stretching vibrations. Then, if any CTAB remained at the end of the template 

removal process, two specific peaks, 2919 cm-1 and 2835 cm-1, would have appeared. The ab-

sence of these peaks in our spectra proves that the template removal process was successful, 

therefore obtaining NPs without any CTAB.143–145 

After verifying the complete removal of surfactant from our nanoparticles, the AgCu 

alloys, AgMNs and AgCuMNs were sent to further study, at INL, to be analyzed by TEM. The 

corresponding pictures are in Figure 7 (A, B, and C), with the respective data regarding its sizes 

in the graphs of Figure 7 (D, E, and F). First, it is important to note that we were able to synthe-

size AgCu nanoalloys with a narrow size dispersion, sizing around 5 nm. Then, regarding both 

core-shell nanoparticles, AgMNs and AgCuMNs, were both successfully produced. Neverthe-

less, there are a few aspects that will need future improvements. Upon close examination of 

Figure 7 (C), we observe that, although we can indeed spot some core-shell AgMNs, there are 

also simple MNs lacking a silver core. By contrast, analysis of Figure 7 (B) reveals that while 

some AgCu cores were correctly encapsulated within a mesoporous silica shell, the covering 

was incomplete, leaving some AgCu nanoalloys dispersed without any shell. Finally, comparing 

these nanoparticles, it is interesting to notice that both AgMNs and AgCuMNs have a similar 

size, around 50 nm, with an almost identical size distribution. 

 

Figure 7  - TEM Images of AgCu Alloys (A), AgCuMNs (B) and AgMNs (C). (D, E, G) Size histograms and Nitrogen 

isotherms (F) of the synthesized nanoparticles. 

Besides their real size, the hydrodynamic size of these several nanoparticles was also 

measured as well as their Polydispersity index (PDI) and zeta-potential (Table 2). Firstly, it is 
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evident that all mesoporous silica-based NPs have a higher hydrodynamic size than the metal 

nanoparticles as well as much higher than their real size measured by TEM. This was expected, 

as not only these nanoparticles use the metal nanoparticles as cores, excluding MNs, but also 

due to the presence of Si-OH groups, which interact with H2O molecules, increasing its solva-

tion sphere and, consequently, its hydrodynamic diameter.146,147 Moreover, in similarity to what 

was obtained by Nuti et al., AgNPs exhibit a zeta-potential lower than -30.0 mV, which indicates 

its colloidal stability.58 Finally, comparing all mesoporous silica-based NPs, it is noted that while 

MNs are similar to AgCuMNs, AgMNs present some disparity. Indeed, AgMNs present the 

smallest hydrodynamic diameter and a neutral zeta-potential in MilliQ H2O, which is according 

to what was seen experimentally, once AgMNs were more prone to aggregate in H 2O com-

pared to MNs and AgCuMNs. 

Table 2  - DLS data of all nanoparticles synthesized performed in H2O: Hydrodynamic diameter (dH), Polydispersity 

Index (PDI), and Zeta-potential (ζ). 

Finally, the last characterization test performed was the N2 adsorption/desorption iso-

therms. AgMNs and AgCuMNs were the only nanoparticles tested, as this method allows to 

determine the surface area, the pore volume, and the pore size though their adsorption and 

desorption of N2 at different pressures. Its histograms can be seen in Figure 7 (F) and the re-

sulting measurements in Table 3. 

 Regarding the porosity of AgMNs and AgCuMNs, firstly, by analyzing Figure 7 (F), we 

can identify that, although slightly different, both samples display a type IV isotherm. This, in 

accordance with the TEM images, confirms both particles present a mesoporous arrangement, 

since this type of curve is characteristic of ordered mesoporous materials.148,149 Furthermore, 

from these curves, it was used the BET method to calculate the surface area as well as the pore 

size, while the pore volume was calculated by the BJH method. So, by looking at Table 3, we 

can conclude that although AgCuMNs present both a higher surface area as well as pore vol-

ume compared with AgMNs, both nanoparticles have similar pore sizes, which are within the 

normal range for MCM-41 type NPs (2-10 nm). 148,150 Nonetheless, even though that both 

NP dH (nm) PDI ζ (mV) 

Ag 46 ± 3 0.388 ± 0.048 -37.3 ± 5.1 

MNs 919 ± 114 0.739 ± 0.140 -12.4 ± 0.2 

AgMNs 658 ± 72 0.588 ± 0.112 0.5 ± 0.1 

AgCuMNs 938 ± 240 0.853 ± 0.089 -13.0 ± 0.7 
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AgMNs and AgCuMNs present an ordered mesoporous structure, their surface area is lower 

than the usual values for MCM-41 MNs.151 This might have other factors, but one that can be 

easily identified is that, by both nanoparticles processing a metal core, it is natural that their 

surface area is lower as the core does not have pores on its inside. 

Table 3  - BET and BJH porosimetry measurements for AgMNs and AgCuMNs nanoparticles 

 

AgMNs AgCuMNs 

Surface area  

BET Surface Area 562.4425 m²/g 837.6045 m²/g 

BJH Adsorption cumulative surface area of pores 

between 1.7000 nm and 300.0000 nm width 
258.7573 m²/g 639.5487 m²/g 

BJH Desorption cumulative surface area of pores 

between 1.7000 nm and 300.0000 nm width 
227.7318 m²/g 607.4919 m²/g 

Pore volume  

BJH Adsorption cumulative volume of pores be-

tween 1.7000 nm and 300.0000 nm width 
0.227726 cm³/g 0.419758 cm³/g 

BJH Desorption cumulative volume of pores be-

tween 1.7000 nm and 300.0000 nm width 
0.212334 cm³/g 0.404987 cm³/g 

Pore size  

Adsorption average pore diameter (BET) 2.5803 nm 2.5185 nm 

BJH Adsorption average pore diameter 3.5203 nm 2.6253 nm 

BJH Desorption average pore diameter 3.7296 nm 2.6666 nm 

4.2 Loading of Amphotericin B 

Amphotericin B is a drug that has low solubility in aqueous environments and low per-

meability through biological membranes, being categorized by the Biopharmaceutics Classifi-

cation System (BCS) as a class IV drug. As demonstrated in Figure 8 (A) it has both hydrophilic 

groups such as the hydrophilic tail and the polyol chain, and also hydrophobic ones such as 

the polyene chain, therefore possessing amphipathic properties. Moreover, it is also considered 

an amphoteric molecule due to the carboxylic acid and the mycosamine sugar.152 Due to these 

properties, biomembranes and its constituents, namely, sterols like ergosterol, are the primary 

target of AMB, creating transmembrane pores that allow ions to pass through, consequently 

disturbing the cell electrostatics. Although not fully understood, some articles point out that 
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AMB has two main modes of activity towards C. albicans. These consist in binding during the 

budding stage to young cells' membranes, affecting its structural properties and physiological 

ion transport and by penetrating into the cytoplasm, interfering in physiological processes.153 

 

Figure 8  - Amphotericin B (AMB) chemical structure and main groups (A): red - Hydrophilic tail; green - Polyene 

chain; blue - Mycosamine sugar; orange - carboxylic acid; purple - Polyol chain. And (B) molar absorptivity coefficient 

(Ɛ) in DMSO calibration curve. 

 Therefore, due to its poor water solubility, the Ɛ was determined in DMSO, obtaining 

the result of 7835.5 M-1cm-1. This value was determined by successive dilutions, acquiring all 

the respective absorption spectra. 
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 Following this step along with the synthesis of the nanoparticles, the loading of AMB 

was performed in each one of the nanomaterials: MNs, AgMNs, and AgCuMNs. This reaction 

occurred in a dark environment because AMB reportedly suffers photo-degradation when ex-

posed to light.154,155 Furthermore, the choice of solvent was a crucial step since it was critical to 

perform the loading process in a solvent were both AMB and nanomaterials are soluble. So, 

being DMSO one of the few solvents where AMB is highly soluble, while also dissolving the 

nanoparticles, this was the selected one.152,156 Then, after completing the loading, it was also 

important to determine which solvent to use in the washing process. This step must be per-

formed with a solvent soluble to the nanoparticles, but not to AMB, so that it keeps most of 

the drug encapsulated. The solvent used was MilliQ H2O. 

Table 4  - Loading percentage and Encapsulation efficacies for loaded nanomaterials.  

  MNs AgMNs AgCuMNs 

Loading (%) 90.4 93.5 90.1 

EE (µgdrug/mgNP) 14.50 14.75 14.62 

 After completing the loading process, the resulting supernatants from the washing step 

were analyzed and the corresponding absorption spectra was acquired. Then, by using the 

calibration curve previously determined (Figure 8 (B)), the loading percentage and encapsula-

tion efficacies were calculated, being presented in Table 4. In general, all nanomaterials had a 

significantly high percentage of loading, corroborating the idea that mesoporous silica is an 

ideal carrier for drugs. Furthermore, it is to be noted that the loading percentages were very 

similar, proving the reproducibility of this method and making comparable nanomaterials for 

further studies.  

 Lee et al. also encapsulated AMB into MNs, though using a different method. Indeed, 

they incorporated MNs into a PMMA matrix and immersed the resulting disk specimens into 2 

mL solution of AMB in DMSO. This resulted into a low percentage of loading (7.2%).112 Thereby, 

we conclude that our loading process of solubilize the MNs into a liquid solution instead of 

dispersing them into a solid matrix contributes significantly to obtain higher percentages of 

loading.  
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4.3 Antifungal assays 

After characterizing all nanomaterials, it was assessed their antifungal and fungicidal 

properties against C. albicans, as it is one of the main causes of vaginal infections and presents 

itself as an important RTI. To perform this assay, 96-well plates were used for a broth microdi-

lution assay, followed by the determination of the minimum fungicidal concentration (MFC) 

using SDA plates, and ending it with OD600 measurements.  

This enabled the determination of the minimum inhibitory concentration (MIC) and the 

MFC for each nanomaterial. In this work, the MIC represents the nanoparticle concentration at 

which there is a 50% decrease in the microorganism growth, and the MFC as the nanoparticle 

concentration at which, after the transfer from the 96-well plate to the SDA plate, it is verified 

no growth. These parameters serve as indicators for the nanomaterial’s anti fungal activity, al-

lowing a comparative analysis between them. 

For these assays, the samples tested were all the nanoparticles previously characterized 

(MNs, AgMNs and AgCuMNs) both loaded with AMB and free, as well as free AMB. All samples 

were dispersed in DMSO, and nanoparticles were dispersed into 8 mg/mL solutions. Since the 

loading percentages were similar between all nanoparticles, it was only necessary to prepare 

one solution of free AMB corresponding to the concentration encapsulated into the nanopar-

ticles. Therefore, considering Table 4, an AMB solution was prepared with a final concentration 

of 0.12 mg/mL. 

In order to determine which concentration range should be used in the assay, it is first 

important to note that the AMB MIC values for C. albicans are not consensual throughout 

literature. This is expected once this parameter depends heavily on the strain used, the type of 

assay performed, and even on the drug itself.157,158 Therefore, after careful research across lit-

erature, it was understood that most of MIC values were contained in a range from 8 to 0.1 

µg/mL.159–168 Taking this into account, the broth microdilution assay was performed using a 

nanomaterial concentration range from 800 to 1.56 µg/mL, which, in the loaded nanoparticles, 

corresponds to a range of AMB encapsulated from 12 to 0.023 µg/mL.  

Figure 9 displays the graphics that correlate the fungal growth with the sample con-

centration, allowing us to analyze the outcomes from the broth microdilution assay after OD600 

measurements. Table 5 summarizes the MICs obtained during this assay and the MFCs ob-

tained by the drop plates assay. The analysis of both sources allows for a comprehensive eval-

uation of the data acquired. 
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Figure 9  - Inhibitory activity, as fungi growth (%), of (from top to bottom) MNs, AgMNs, and AgCuMNs, against C. 

albicans. For each sample, it was tested only the nanoparticle free (NP), loaded with AMB (NP@AMB), and the 

respective AMB concentration without NP (AMB free).  
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First and foremost, it must be highlighted that, by successfully encapsulating AMB into 

our mesoporous silica-based NPs, we were able to produce a system that significantly improves 

the solubility of AMB. Indeed, one of the main issues associated with this drug is its poor sol-

ubility in aqueous media, which hinders their pharmacological applications.169,170 Our mesopo-

rous silica-based nanosystems were able to be dispersed in aqueous media, therefore proving 

themselves as efficient nanocarriers for this drug. 

Secondly, no nanoformulation was able to produce the same effect as free AMB, thus 

not being verified a potentiation between the drug and the nanomaterial. This aspect may be 

attributed to several reasons, namely the poor solubility of AMB in aqueous media. Indeed, 

even though C. albicans might sometimes slightly acidify the pH of the medium, MHB is an 

aqueous medium with a reported pH of 7.4 ± 0.2.171–173 So, in accordance with all this, it was 

also expected that AMB would not be easily released from the nanoparticles. Moreover, AMB 

is also reported to form aggregates in aqueous media, but as recommended, it was first dis-

solved in DMSO, thus being solubilized.174 Accordingly, we suspect that it interacted with the 

fungi as intended, leading to such a high effectiveness. Therefore, we estimate that AMB may 

be well encapsulated into the mesoporous silica matrix, tending to stay like that instead of 

being dispersed into a solvent where it is poorly solubilized.  

Then, even though the release of the drug might have been limited, it is clear that all 

loaded nanoparticles were much more effective against C. albicans compared to the same na-

noparticles unloaded. This is understandable through the MIC evaluation where both MNs and 

AgMNs had a 16-fold diminution, 800 to 50 µg/mL and 400 to 25 µg/mL, respectively, but was 

even more pronounced in AgCuMNs. The MIC of these nanoparticles unloaded was not de-

tected, but the loaded ones had a MIC of 6.25 µg/mL of nanoparticles, which corresponds to 

an AMB concentration of 0.089 µg/mL. Furthermore, the MFC results also corroborate this 

statement as no free nanoparticle was able to fully produce fungicidal effects, but all loaded 

nanoparticles exhibited MFCs in the range of 400 to 200 µg/mL of nanoparticles, correspond-

ing to AMB concentrations of 6.00 and 3.00 µg/mL.  
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Table 5  - Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC) for each sample 

against C. albicans. 

Therefore, from all the nanoformulations tested, AgCuMNs@AMB were the most effec-

tive ones against C. albicans. Indeed, although AgCuMNs may not produce as strong antifungal 

effects as AgMNs, as shown by their non-detected MIC compared to the 400 µg/mL MIC for 

AgMNs, when loaded with AMB, the AgCuMNs@AMB exhibit a MIC of 6.25 µg/mL. This is four 

times lower than the MIC of AgMNs@AMB, which is 25 µg/mL. Although we are not certain of 

the exact reason, from what is described in the literature, the conjugation of Cu with Ag may 

produce a system more stable and, therefore, that is oxidized gradually over time.175–177 We 

suspect that this effect produces a prolonged action, which seems to have a synergetic effect 

when conjugated with AMB and, therefore, a more pronounced effect onto C. albicans. 

Finally, in order to evaluate the potential of AgCuMNs as a nanocarrier, it must be com-

pared with the typical AMB administration. Generally, AMB is administered intravenously due 

to its poor absorption in the gastrointestinal tract and the solutions generally prescribed con-

tain concentrations between 0.2 and 2 mg/mL.178–180 Our results showed that our system can 

not only improve the solubility of the drug, but also produce fungicidal effects in concentra-

tions almost 1 000 times lower than the ones used in current medicine. Hence, we can verify 

the effectiveness of AgCuMNs as drug-delivery systems and their future potential. 

Sample ID 
MIC (µg/mL) MFC (µg/mL) 

[NP] [AMB] [NP] [AMB] 

MNs 800 - ND - 

MNs@AMB 50 0.64 400 6.00 

AgMNs 400 - ND - 

AgMNs@AMB 25 0.35 400 6.00 

AgCuMNs ND - ND - 

AgCuMNs@AMB 6.25 0.089 200 3.00 

AMBfree - <0.023 - 0.047 
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5  

 

CONCLUSIONS 

 

This work had the focus of combining silver, copper, and mesoporous silica into a 

nanosystem. The main objectives were to produce, load, and test this type of nanosystems 

against infectious diseases, namely C. albicans. Now, reaching its end, we can state that all 

three of these aims were successfully achieved. 

Firstly, both Ag and AgCu cores were obtained, with AgCu nanoalloys being about 5 

nm diameter. Then, both these cores were successfully encapsulated within a mesoporous silica 

shell, obtaining AgMNs and AgCuMNs. Both these nanoparticles had a size around 50 nm 

diameter, reaching a much higher hydrodynamic size due to the interaction of silanol groups 

with water molecules. Then, by analyzing the TEM images, it was understood that while some 

AgMNs had no Ag core, therefore presenting themselves simply as MNs, AgCuMNs showed 

some AgCu nanoalloys not encapsulated, therefore indicating some issue with the encapsulat-

ing process. Nevertheless, both nanoparticles displayed pore sizes and surface area values con-

sistent with those typical of MCM-41 MNs, though the surface areas were lower due to their 

metal core. So, we can conclude that both AgMNs and especially AgCuMNs were successfully 

synthesized, allowing us to proceed with our planned work. 

After this, the MNs, AgMNs, and AgCuMNs were loaded with AMB, obtaining loading 

percentages of around 90% for all three of them. This is highly important since it proves three 

particular aspects.  First, by obtaining such high loading percentages, we can understand the 

effectiveness of our method, especially when compared with other solid matrix methods. Then, 

by achieving similar percentages within all three nanosystems, although this method should 

be confirmed with other drugs and nanomaterials, our results suggest that i t may be 
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reproducible. Finally, with this step, by increasing significantly the solubility of AMB in aqueous 

systems, we corroborate the theory that mesoporous silica may be ideal as a drug carrier. 

Regarding the last objective, all three nanoformulations were then tested against C. 

albicans in a broth microdilution assay, which allowed us to draw several conclusions. First and 

foremost, it is important to note that, even with the mesoporous shell confining the silver cores, 

the AgMNs had still an antifungal effect. Then, all three nanosystems had a stronger effect on 

C. albicans when loaded with AMB compared to the unloaded ones. From the three nanopar-

ticles, AgCuMNs showed the highest difference between unloaded and loaded, going from no 

MIC detected, to a MIC of 6.25 µg/mL of AgCuMNs@AMB, which corresponds to an AMB 

concentration of 0.089 µg/mL. AgCuMNs@AMB was indeed the most effective nanoformula-

tion, presenting a potential synergy of AgCu nanoalloys with the AMB drug and proving itself 

as a potential drug delivery system. 

Considering the presented work, it displays the initial steps of a promising class of drug 

delivery systems that may play a critical role in the fight against infectious diseases. The sub-

sequent work would consist of improving the encapsulating process in order to have homo-

geneous samples with all core-shell nanoparticles and determine its efficiency. It would also 

be important to repeat the loading method with other antimicrobiotics that target other infec-

tious diseases in order to guarantee its reproducibility, as well as further studies on the AgCu 

- AMB interactions, to better understand the observable synergetic effect. Finally, it would be 

a major step if we could analyze how does our nanosystem work under more realistic infection 

scenario, for example with ex vivo tests. This way, we could acknowledge whether it significantly 

improves the today common medical practices, if it may be used to fight the growth of C. 

albicans infections and as a tool to stop the spread of antibiotic-resistant microbes.
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