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ABSTRACT 

Cancer remains a leading global cause of death, with over 10 million deaths annually. 

Osteosarcoma, a primary bone cancer, predominantly affects children and young adults, and 

it typically requires conventional therapies, such as radiotherapy, chemotherapy, and surgery. 

However, these treatments cause significant side effects and carry the risk of cancer recurrence. 

This study presents the synthesis and analysis of mesoporous bioactive glasses (MBGs) 

doped with varying copper concentrations - 0 % (BG0), 2 % (BG2), and 5 % (BG5) mol.%, using 

the sol-gel method, assisted by the Evaporation-Induced Self-Assembly (EISA) technique. 25 

mg of MBGs were loaded with 0.1, 0.2, and 0.4 mg/mL of doxorubicin (DOX) for controlled 

drug delivery studies. Characterization of the MBGs revealed median particle sizes below 3 µm, 

with specific surface areas ranging from 187 to 367 m²/g, pore volumes between 0.227 and 

0.393 cm³/g, and pore diameters between 3.97 and 4.81 nm. Bioactivity studies demonstrated 

the formation of a hydroxycarbonate apatite layer within 7 days, highlighting its potential to 

promote bone regeneration. DOX encapsulation efficiencies ranged from 75.6 % for BG0 with 

0.1 mg/mL of DOX to 97.1 % for BG2 with 0.4 mg/mL of DOX. The highest cumulative drug 

release was 18.3 % after 7 days, being inversely proportional to the copper concentration within 

the samples. The addition of copper enhanced anti-bacterial properties against S. aureus and 

E. coli bacteria, though it also increased the cytotoxicity of the samples. 

This study demonstrates the potential of multifunctional MBGs for bone regeneration, 

controlled drug delivery, and anti-bacterial activity, providing promising results as a comple-

mentary therapy for the treatment of bone cancer. 

 

Keywords: Bone regeneration, copper, doxorubicin, drug delivery, mesoporous bioactive 

glass. 
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RESUMO 

O cancro continua a ser uma das principais causas de morte a nível global, com mais de 

10 milhões de óbitos anuais. O osteossarcoma, um tipo de cancro ósseo primário, afeta 

predominantemente crianças e jovens adultos e, normalmente, requer terapias convencionais, 

como radioterapia, quimioterapia e cirurgia. No entanto, estes tratamentos causam efeitos 

secundários significativos e apresentam o risco de recorrência do cancro. 

Este estudo apresenta a síntese e análise de vidros bioativos mesoporosos (MBGs) 

dopados com diferentes concentrações de cobre - 0 % (BG0), 2 % (BG2) e 5 % (BG5) mol.%, 

utilizando o método sol-gel, assistido pela técnica de Evaporation-Induced Self-Assembly 

(EISA). 25 mg de MBGs foram carregados com 0,1, 0,2 e 0,4 mg/mL de doxorrubicina (DOX) 

para estudos de libertação controlada de fármacos. A caracterização dos MBGs revelou 

tamanhos médios de partícula abaixo de 3 µm, com áreas de superfície específicas variando 

entre 187 e 367 m²/g, volumes de poros entre 0,227 e 0,393 cm³/g e diâmetros de poros entre 

3,97 e 4,81 nm. Estudos de bioatividade demonstraram a formação de uma camada de apatite 

hidroxi-carbonatada em 7 dias, evidenciando o seu potencial para promover a regeneração 

óssea. As eficiências de encapsulamento de DOX variaram de 75,6 % para o BG0 com 0,1 

mg/mL de DOX até 97,1 % para o BG2 com 0,4 mg/mL de DOX. A maior libertação cumulativa 

de fármaco foi de 18,3 % após 7 dias, sendo inversamente proporcional à concentração de 

cobre nas amostras. A adição de cobre melhorou as propriedades antibacterianas contra as 

bactérias S. aureus e E. coli, embora também tenha aumentado a citotoxicidade das amostras. 

Este estudo demonstra o potencial dos MBGs multifuncionais para a regeneração óssea, 

libertação controlada de fármacos e atividade antibacteriana, apresentando resultados 

promissores como terapia complementar para o tratamento do cancro ósseo. 

Palavras-chave: Cobre, doxorrubicina, libertação de fármaco, regeneração óssea, vidro 

bioativo mesoporoso.
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INTRODUCTION 

1.1 Scientific context 

Cancer is a disease where abnormal cells grow uncontrollably, forming a mass of tissue 

called a tumor. The malignant tumor can invade nearby tissues and spread to other body parts 

through the bloodstream or lymphatic system, leading to metastasis [1]. 

In 2022, there were 20 million new cases of cancer, and almost half of them led to death, 

suggesting that one in five individuals will eventually develop cancer in a lifetime, and one in 

ten will die [2]. 

Among the various types of cancer, osteosarcoma is a primary bone cancer that typi-

cally affects children and young adults [3]. Although primary bone cancer is relatively uncom-

mon, accounting for just 1% of all cancer cases, this type of cancer is extremely difficult to 

eliminate, requiring conventional therapies such as radiotherapy, chemotherapy, and surgery 

[4]. However, these treatments come with numerous short- and long-term side effects, having 

some risk of recurrence of cancer cells [5]. 

Therefore, there is a need to discover new therapeutic approaches that are less invasive 

and provide well-being to the patient both during and after treatment. 

1.2 Bioactive glass 

Conventional bioactive glass (BG), or bioglass, is an amorphous ceramic biomaterial char-

acterized by its bioactivity, as it is compatible with the human body [6]. When in contact with 

body fluid, it induces the formation of hydroxyapatite (HA) on its surface, which is the primary 
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mineral component of bone [7]. Thus, it is commonly used for bone regeneration, as it has the 

property of bonding with bone and stimulating bone growth [6]. 

Bioglass is typically synthesized using two methods: the melt-quenching method and the 

sol-gel method. However, the sol-gel method has been observed to have more advantages, as 

it requires a lower temperature for synthesis, is easier to synthesize, and results in higher ho-

mogeneity and purity of the final products. It also allows for adjustable porosity and a wider 

range of compositional variations. The melt-quenching method, by contrast, limits silica con-

tent to a maximum of 60 mol.%, whereas the sol-gel method can achieve bioglasses with up 

to 90 mol.% silica [8]. 

However, even with these advantages, bioglass has some limitations. It lacks uniformity in 

pore structure and does not have certain clinical capabilities, such as controlled drug release. 

To overcome these limitations, mesoporous bioglass (MBG) was produced using the sol-gel 

method, which features porosity between 2 and 50 nm. This type of bioglass is characterized 

by a large pore volume (1 cm³/g) and a large surface area (greater than 100 m²/g) with a well-

defined surface. These properties enhance interactions between the bioglass, biological fluids, 

and cells, facilitating the adsorption of proteins and accelerating the formation of the apatite 

layer [9]. 

The increased surface area and pore volume of mesoporous bioglass results in a highly 

ordered arrangement of uniformly sized pores, enabling controlled drug release [10]. 

To produce MBG using the sol-gel method, Evaporation Induced Self-Assembly (EISA) is 

employed, with the non-ionic surfactant Pluronic playing a key role. During the stirring of the 

solution at room temperature, solvent evaporation occurs, causing the solution to gradually 

transition into a gel. In this process, Pluronic molecules self-organize into micelles that interact 

with the hydrolyzed silica precursors through their hydrophilic components, leading to the 

formation of an ordered mesophase [11]. Pluronic P-123, an amphiphilic surfactant, facilitates 

the self-assembly process and aids in the adsorption of lipophilic drugs onto the bioactive 

glass. This surfactant is advantageous due to its low toxicity and a molecular size that reduces 

the risk of renal excretion [9]. 

To impart multifunctionality onto the mesoporous bioglass, it is possible to add metal ions, 

such as copper, silver, zinc, and others. Copper is naturally present in human tissues and is 

essential for various biological processes. This was the chosen ion to take part in the synthesis 

since it is the only ion that possesses all three desired biological properties to include in the 

system: osteogenic (promoting bone tissue growth and regeneration), angiogenic (promoting 
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the formation of new blood vessels), and anti-bacterial (inhibiting the growth and survival of 

bacteria, thus helping prevent infections) [12], [13]. 

1.3 Drug delivery systems 

A drug delivery system refers to a formulation or device designed to introduce a drug 

into the body for administration and absorption. The aim of drug delivery systems is to provide 

a therapeutic dose of medication while enhancing safety and effectiveness by controlling the 

specific location, rate, and timing of the drug's release within the body [14]. 

To ensure the system can effectively target any remaining tumor cells that were not 

removed by conventional treatments, it is essential for a cytotoxic drug to be adsorbed onto 

the surface of the bioglass. 

Doxorubicin (DOX), an antibiotic derived from the bacterium Streptomyces peucetius, 

has been used as a chemotherapeutic agent since the 1960s, being commonly used to treat 

soft tissue and bone sarcomas, as well as cancers of the breast, ovary, bladder, and thyroid. 

Doxorubicin primarily functions by intercalating between DNA base pairs, which breaks DNA 

strands and prevents the synthesis of both DNA and RNA. Additionally, it inhibits the activity 

of topoisomerase II, which damages DNA and triggers apoptosis [15]. 

1.4 State of the art 

Conventional bioglass, first manufactured by Hench et al. in 1971, was named 45S5 Bio-

glass ®, with a composition of 46.1 % SiO2 (silicon dioxide), 24.4 % Na2O (sodium oxide), 26.9 

% CaO (calcium oxide), and 2.6 % P2O5 (phosphorus pentoxide) in mol.%. When tested in vivo, 

it was observed that the bond between the cortical bone and the glass was equal to, or even 

stronger than the bone itself, making the removal of the bioglass quite difficult [6]. 

Through new studies, other compositions were tested, concluding that increasing the 

specific surface area and pore volume led to greater bioactivity of the bioglass, as it accelerated 

the deposition of the apatite layer on the surface of the bioglass, enhancing the ability to stim-

ulate new bone growth [16]. 

Mesoporous bioglass was first synthesized in 2004 by Yan et al. [16]using the sol-gel 

method and non-ionic copolymers to achieve an ordered structure through the EISA process, 

where the solvent evaporates, directing the bioglass structure. It was demonstrated that 
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mesoporous bioglasses allowed for greater bioactivity than traditional bioglass, leading to 

more bone formation and possessing more homogeneity [16]. 

According to the review article by Migneco et al. [9], a collection of different concentra-

tions of the Ca/P/Si (Calcium/Phosphorus/Silicon) ratio, with and without incorporated ions, 

was analyzed. It was concluded that Ca2+ ions are responsible for excellent and rapid bioactivity 

when in contact with simulated body fluid (SBF), and CaO is related to the efficiency of drug 

kinetics adsorbed on the bioglass surface. Regarding phosphorus, it was concluded that a con-

centration around 5 mol.% was beneficial for the mesopore structural design [9]. 

In addition to the major components of mesoporous bioglasses, it is pertinent to study 

the introduction of small amounts of metallic ions to impart multifunctionality to them. In vitro 

and in vivo tests demonstrate that it is possible to stimulate an angiogenic response with the 

addition of copper, cobalt, and boron ions, an anti-bacterial response with zinc, copper, cerium, 

gallium, and silver ions, an osteogenic response with zirconium, boron, iron, magnesium, lith-

ium, strontium, cobalt, copper, cerium, and gallium ions, and finally, a cementogenic response 

with lithium and strontium ions [12]. 

However, the addition of these ions leads to a decrease in the specific surface area and 

pore volume of the final mesoporous bioglasses, as their incorporation negatively impacts the 

condensation of precursors, destabilizing the ordered orientation of silicate units. Therefore, 

their addition must be done carefully to avoid compromising the homogeneity and integrity 

of the bioglass being developed [9]. 

Additionally, studies have been conducted to adjust the porosity, pore size, and increase 

the surface area, making them not only interesting for bone regeneration but also for con-

trolled drug release to treat tumors [17]. 

Wu et al. [18] successfully synthesized mesoporous bioglass nanospheres with a Ca/P/Si 

ratio of 15/5/80 using the hydrothermal method, achieving a surface area and mesopore vol-

ume of 443 m2/g and 0.57 cm3/g, respectively, with a uniform mesopore size distribution of 2.9 

nm. These nanospheres revealed approximately 90 % efficiency in the adsorption of the cyto-

toxic drug doxorubicin, whereas it was previously difficult to achieve more than 50 % of drug 

adsorption. These were tested on Sarcoma osteogenic (SaOs) cells, significantly inhibiting 

them, and the drug release kinetics were effectively controlled by the initial drug concentration 

and the pH of the medium [18]. 

Another synthesis that yielded promising results was achieved Rahman et al. [19], where 

mesoporous bioglass nanoparticles were doped with silver ions, synthesized using the sol-gel 

method with a composition of SiO2 (51 %), CaO (20 %), Na2O (20 %), P2O5 (4 %), and Ag2O (5 
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%) mol.%, showing good results in bone regeneration and doxorubicin release. The encapsu-

lation efficiency of DOX was 84 %, with its release observed between concentrations of 0.2-1.0 

mg/mL, within a pH range of 6.4-8.4. The release achieved was 93 % over approximately two 

weeks at a pH of 6.4 [19]. 

The ongoing challenge lies in optimizing the synthesis of mesoporous bioglasses while 

incorporating ions and enhancing their ability to adsorb cytotoxic drugs, allowing them to 

serve as an effective drug delivery system. This approach aims to maximize their properties, 

with the potential to support conventional therapies for bone cancer. 

The purpose of this work is to develop multifunctional mesoporous bioactive glasses 

capable of adsorbing a cytotoxic drug onto their surface. The system is placed at the previous 

site of the bone tumor following surgery, enabling controlled drug release to prevent the re-

currence of cancer cells, with subsequent bone regeneration, so that new healthy bone cells 

can be formed as quickly as possible. Therefore, bioglasses with 0, 2, and 5 mol.% of copper 

will be synthesized using the sol-gel method, assisted by EISA technique. These bioglasses will 

then be loaded with DOX at concentrations of 0.1, 0.2, and 0.4 mg/mL. Once the powders are 

obtained, the samples will undergo characterization using various analytical techniques. Bio-

activity, anti-bacterial, and cytotoxicity assays, as well as encapsulation and release studies of 

doxorubicin, will be conducted to evaluate the potential of the bioactive glasses for bone re-

generation, controlled drug delivery, and anti-bacterial properties. These studies will reveal the 

impact of copper incorporation into the bioglass and evaluate whether or not these MBGs can 

be implemented as a system for the controlled delivery of cytotoxic drugs, in order to help as 

a complementary therapy for the treatment of bone cancer. 

The research work described in this dissertation was carried out in accordance with the 

norms established in the ethics code of Universidade Nova de Lisboa. The work described and 

the material presented in this dissertation, with the exceptions clearly indicated, constitute 

original work carried out by the author. 
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2  

 

MATERIALS AND METHODS 

2.1 Synthesis of copper-doped bioactive glass 

Mesoporous bioglass was produced by sol-gel method assisted by EISA, using tetraethyl 

orthosilicate (C4H20O10Si, TEOS, Sigma-Aldrich), triethyl phosphate ((C2H5)3PO4, TEP, Fluka), cal-

cium nitrate tetrahydrate (Ca(NO3)2.4H2O, Panreac AppliChem) and copper (II) chloride dihy-

drate (CuCl2.2H2O, Merck) as inorganic precursors, Pluronic (P-123, Sigma-Aldrich) as the sur-

factant, and ethanol (Honeywell, 99.8 %) as solvent. 

Three different MBGs were synthesized, where the difference relies on the amount of 

copper and calcium used, where the molar fraction is represented by Cu/Ca/P/Si. Therefore, 

the ratio for bioglass without copper, BG0, was 0/15/5/80, the bioglass with 2 mol.% copper, 

BG2, was 2/13/5/80, and finally, with 5 mol.% copper was 5/10/5/80, BG5. 

Following a similar synthesis performed by Wu et al. [20], for BG5, 20 g of TEOS, 2.83 g 

of Ca(NO3)2.4H2O, 2.19 g of TEP, and 1.02 g of CuCl2.2H2O were added to 120 mL of ethanol. 

Then 1 mL of 0.5 M HCl (hydrochloric acid) solution was added, and the mixture was left stirring 

until the salts were completely dissolved. Finally, 8 g of surfactant P-123 was added. The solu-

tion was left at room temperature for three days under magnetic stirring. Once the solution 

became a gel, it was kept at 80 °C for three days, until the ethanol had completely evaporated. 

Once the product was similar to glass, it was ground in a mortar and then placed in a furnace 

at 700 °C for 5 hours, to evaporate the surfactant. For the other two bioglasses, the protocol 

used was the same, simply changing the amount of Cu and Ca used, following its stoichiometric 

equations. 

Finally, the powder of the MBGs was achieved by a zirconia ball milling technique, using 

a planetary ball mill, for 6 hours. The powders were ground in periods of 30 minutes at 400 
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rpm and using a 1:1 ratio of ethanol and grams of bioglass. Once the procedure was completed, 

ethanol was used to be able to separate the powder from the zirconia balls and was finally left 

to dry at 60 °C, getting the final powder product. 

2.2 Synthesis of the drug release system 

For the synthesis of the bioglasses with doxorubicin (DOX@MBGs), the protocol was 

adapted from Wu et al. [18]. First, a 7.4 pH phosphate buffer solution (PBS) was made following 

the protocol followed by Paula Soares [21], section 7.2.1. Then, DOX was dissolved in PBS (DOX-

PBS) to make a stock solution of 0.4 mg/mL. Subsequently, 25 mg of each of the bioglasses 

produced (BG0, BG2, and BG5) were soaked in a 2 mL DOX-PBS solution, with concentrations 

of 0.4 mg/mL, 0.2 mg/mL and 0.1 mg/mL, making the necessary dilutions out of the stock 

solution. The solutions were left under magnetic stirring for 24 hours. Three samples of each 

concentration for each one of the bioglasses were made and used for both encapsulation ef-

ficiency and release studies. 

2.3 DOX calibration curves 

Doxorubicin calibration curves in ultrapure water and in PBS 7.4 pH were made to deter-

mine the peak of DOX concentration, by measuring its absorbance by UV-VIS (Ultraviolet Vis-

ible) spectrophotometer (UV-VIS, T90+ PG Instruments), with a range of concentrations be-

tween 2 and 50 µg/mL of DOX, detailed in section A.1 of the Appendix. The maximum absorb-

ance peak at 480 nm, as shown in Figure 1, obtained using concentrations between 2 and 100 

µg/mL, was used for further assays, and the equations provided from absorbance as a function 

of concentration were used throughout the work. Each measurement was made in triplicates. 
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Figure 1 - Evolution of doxorubicin curves at different concentrations, from 2 µg/mL to 100 µg/mL, showing a 

maximum absorbance peak around 480 nm. 

2.4 DOX encapsulation efficiency studies 

After soaking for 24 hours, the solutions were centrifuged at 8000 rpm for 15 minutes to 

remove the supernatant from the samples. Then, 2 mL of ultrapure water was added to the 

pellets, centrifuged again, and the supernatant was removed. Both supernatants (PBS and ul-

trapure water) were preserved to measure their absorbance by UV-VIS spectroscopy at 480 

nm. The DOX@MBG pellets were left to dry overnight at 37 °C. 

2.5 DOX release studies 

For DOX release test, the DOX@MBG pellets were soaked in 5 mL of fresh PBS at 37 °C, 

for different periods of time (3 hours, 8 hours, 24 hours, 48 hours, 72 hours, and 7 days). Then, 

at each timestamp, 2 mL of PBS was taken out to measure its absorbance, and 2 mL of fresh 

PBS was added. The cumulative release of DOX was then calculated. 
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2.6 Bioactivity 

Simulated body fluid (SBF) with 7.4 pH was prepared following a SBF protocol [22]. 

Cylinder samples of 0.5 g and a superficial area of 52 cm2 were immersed in 50 mL of SBF and 

kept at 37 °C in an incubator for periods of time of 3 hours, 8 hours, 24 hours, 48 hours, 72 

hours, and 7 days. After each timestamp, 1 mL was analyzed by Inductively Coupled Plasma 

(ICP), and the samples were flushed with ultrapure water to remove any remaining salt on their 

surface and dried at 120 °C overnight. The samples were then observed in Scanning Electron 

Microscopy (SEM). 

2.7 Non-passivated and passivated extracts 

For both bacterial and cytotoxic assays, each MBG was used to make extracts, starting 

with a concentration of 100 mg/mL. 

The non-passivated extracts (BG0, BG2, BG5) were obtained by sterilizing the samples (120 °C 

for 2 h), adding either McCoy 5A medium, for cytotoxic assays, or Tryptic Soy Broth (TSB), for 

bacterial assays, centrifugating them (5 minutes with 6000 rpm), filtering them with a syringe 

with a 0.22 µm Millipore filter attached, and then incubating them (24 hours at 37 °C). The 

pellets achieved in the centrifugation were preserved and added to the initial samples to be 

used for the passivated extracts (BG0_P, BG2_P, BG5_P), therefore having a total of 48 hours of 

incubation, and then a filtration. 

2.8 Anti-bacterial assays 

The anti-bacterial assays of the MBGs were performed in Gram-positive Methicillin-re-

sistant Staphylococcus aureus and Gram-negative Escherichia coli bacteria, following the 

standard ISO 20776-1 guidelines. Each bacteria test used 2 replicates for each tested concen-

tration, making a total of 48 well-plates per bacteria, and was repeated 3 times under the same 

conditions to ensure the reliability and reproducibility of the results. 

The microorganisms were diluted to a concentration of 5 × 105 CFU/mL by mixing 2.4 µL 

of the bacterial suspension with 12 mL of TSB. For each well plate, 150 µL of this bacterial 

solution was combined with 300 µL of extract and 2 µL of a microorganism suspension made 

of 15 µL of bacteria and 485 µL of TSB. After homogenizing the mixture, serial dilutions were 

performed to achieve final concentrations of 100, 50, 25, and 12.5 mg/mL, by transferring 150 
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µL from one column to the next, discarding the final 150 µL after the last column. For the 

controls, 3 wells were prepared by adding 150 µL of TSB, and 3 wells were prepared by adding 

150 µL of the bacterial solution. The plates were then incubated at 37 °C for 18 hours. 10 µL of 

the wells with no bacterial growth were subsequently transferred to a petri dish with agar  and 

incubated overnight. Colony-Forming Units (CFUs) were then observed to assess any bacterial 

growth. 

2.9 Cytotoxicity assays 

To evaluate the cytotoxicity of the MBGs, the assays were performed according to the 

standard ISO-10993-5. The assays were performed using resazurin on Sarcoma Osteogenic - 2 

(SaOs-2) cell line, derived from osteosarcoma cells of primary bone cancer, and performing 

UV-VIS spectroscopy at wavelengths of 570 nm (resorufin absorbance peak) and 600 nm 

(resazurin absorbance peak). 

All the extracts were incubated for 48 hours at 37 °C with a 5 % CO2 (carbon dioxide) 

atmosphere, using a density of SaOs-2 cells of 30 kcel/cm2. Each extract started with a concen-

tration of 100 mg/mL, in which three factor 2 dilutions were made, having each concentration 

4 replicas (96 well plates in total). 

After the incubation of the extracts, each well was aspirated, and a solution containing 

resazurin, composed of culture medium and a resazurin solution at a concentration of 0.04 

mg/mL in a 1:1 ratio, was added. The positive control was made by using SaOs-2 in a cytotoxic 

environment, by adding 10 % dimethyl sulfoxide (DMSO), and the negative control by using 

the solution of healthy SaOs-2 cells. The medium control was prepared using the same solution 

as the extracts. All controls had 4 replicas, with a volume of 100 µL per well. 

After 3 hours of incubation, the cell viability results were visible, where each well pre-

sented a color: pink if the cells were alive (indicating that resazurin was reduced to resorufin) 

or blue if the cells were dead. The absorbances of each well were measured in a Biotek ELX800 

microplate reader. 

2.10 Samples characterization  

Fourier Transform Infrared Spectroscopy (FTIR) measurements were conducted using 

an Attenuated Total Reflectance (ATR) accessory fitted with a single bounce diamond crystal 
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on a Thermo Nicolet SummitX Spectrometer. The spectra were recorded with an incident angle 

of 45° across the range of 4000 to 400 cm⁻¹, with a resolution of 4 cm⁻¹. 

The samples' structural characterization was carried out using X-Ray Diffraction (XRD) 

on a PANalytical MPD X’Pert PRO powder diffractometer equipped with a Cu Kα radiation 

source (λ = 1.540598 Å) and a 1D X’Celerator detector. The XRD data were collected over a 2θ 

range of 10 to 65° in the Bragg–Brentano geometry, with a scanning step size of 0.033°. 

For Brunauer-Emmett-Teller (BET) analysis, the samples were pre-degassed at 200 °C 

for a minimum of 6 hours and analyzed with nitrogen as the adsorption gas at 77 K. The anal-

yses were performed using a Micromeritics ASAP 2010 instrument. 

Scanning Transmission Electron Microscopy (STEM) imaging was conducted using a 

Hitachi HF5000 field-emission scanning transmission electron microscope (Mito, Japan) oper-

ated at 200 kV. A drop of the sonicated dispersions was placed onto 200-mesh lacey-carbon 

copper grids and left to dry prior to analysis. 

Laser Diffraction Analysis (LDA) was performed using a Mastersizer Hydro 2000MU (Mal-

vern Instruments), which is designed for characterizing particle suspensions ranging from 20 

nm to 2.000 µm, using a wet dispersing unit. This instrument employs laser diffraction (laser 

granulometry) to determine particle size.  

Scanning Electron Microscopy (SEM) was performed using a Hitachi TM3030 Plus, and 

elemental analysis was conducted using Energy Dispersive Spectroscopy (EDS) with a Bruker 

XFlash MIN SVE. 

Inductively Coupled Plasma (ICP) was performed using a Horiba Jobin-Yvon, France, Ul-

tima, model equipped with a 40.68 MHz RF generator, Czerny-Turner monochromator with 

1.00 m (sequential), autosampler AS500 and Concomitant Metals Analyzer (CMA) for the de-

termination of calcium (Ca), phosphorus (P), silicon (Si), and copper (Cu), in the ppb range, 

simultaneously with other elements. The samples were analyzed in 1 mL of aqueous solution 

(SBF). 
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3  

 

RESULTS AND DISCUSSION 

3.1 Production of MBG 

In this work, MBGs were synthesized using the sol-gel method assisted by EISA, with 

Pluronic P-123 as the surfactant. Figure 2 presents the different stages of MBG production, 

arranged according to the copper content: BG0 on the left, BG2 in the center, and BG5 on the 

right. The first stage, shown in Figure 2 a), represents the sol-gel form of the MBGs after 48 

hours of synthesis. The samples were stirred magnetically for 3 days at room temperature to 

allow the transition into a more gel-like state. Afterward, as represented in Figure 2 b), the 

material reached a vitreous state by being heated at 80 °C for 3 days, during which the ethanol 

completely evaporated. Figure 2 c) shows the MBGs after calcination at 700°C for 5 hours, 

which removes the surfactant and forms the glass structure. Finally, Figure 2 d) displays the 

MBGs in their final powder form after grinding for 6 hours. 
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Figure 2 - Representative photographs of bioglasses in different states of production. Each figure follows the same 

order, with bioglass with 0 mol.% copper (BG0) represented in the left, bioglass with 2 mol.% copper (BG2) in the 

center, and bioglass with 5 mol.% copper (BG5) in the right; a) sol-gel; b) vitreous; c) glass; d) powder form. 

FTIR spectra were analyzed, as shown in Figure 3, revealing three characteristic bands 

presented across all MBGs, typical of silicate glasses [23]. These bands, located at 1045, 796, 

and 443 cm-1, correspond to the asymmetric stretching, symmetric stretching, and bending 

vibrations of Si-O-Si, respectively [13], [24]. Additionally, a band at 935 cm-1 was observed spe-

cifically in BG5, which is attributed to the vibration of non-bridging oxygen in Si-O-NBO [13], 

[24]. The presence of this band suggests the introduction of modifiers into the silicate network, 

which is likely due to the incorporation of copper. This band can be attributed to the Si-O-Cu 

bonds, indicating that copper has been integrated into the glass structure, affecting the con-

nectivity of the silica network by creating non-bridging oxygens [13].  
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Figure 3 - FTIR spectra of MBGs, where bioglass with 0 mol.% copper (BG0) is represented in black, bioglass with 2 

mol.% copper (BG2) in red, and bioglass with 5 mol.% copper (BG5) in blue. 

The XRD patterns of all MBGs exhibit a broad hump around 2θ = 20-25°, which is char-

acteristic of amorphous silicate structures. For BG0, this is the only peak present, confirming a 

completely amorphous silicate structure with no crystalline phases [13]. However, with the in-

troduction of copper, the MBGs displayed partial crystallization. According to JCPDS data (48-

1548) for monoclinic CuO (copper oxide), BG2 shows a single crystalline peak at 31.5°, corre-

sponding to the (110) crystal plane, while BG5 reveals three CuO peaks at 31.5° (110), 35.5° 

(1̅11), and 38.8° (111) [25], [26]. These findings, presented in Figure 4, indicate that increasing 

the copper content enhances the crystallinity of the bioglass [26]. 
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Figure 4 - XRD spectra of MBGs, where bioglass with 0 mol.% copper (BG0) is represented in black, bioglass with 2 

mol.% copper (BG2) in red, and bioglass with 5 mol.% copper (BG5) in blue. 

LDA was performed to determine the particle size distribution within the different MBGs, 

where d(0.1), d(0.5), and d(0.9) represent the sizes below which 10 %, 50 %, and 90 % of the 

particles fall, respectively. In Figure 5 a), BG0 has a relatively narrow particle size distribution 

with a median particle size of 2.324 µm. The distribution is uniform, with particles mostly rang-

ing between 1.172 µm and 4.179 µm, which indicates a consistent particle size with minimal 

outliers. 

BG2 shows a shift toward smaller particle sizes compared to BG0, as represented in Figure 

5 b). The d(0.1) and d(0.5) values are lower, 0.629 µm and 1.263 µm, respectively, indicating 

that BG2 has finer particles on average. However, the d(0.9) value suggests some larger parti-

cles are still present, with a value of 3.752 µm, though not as large as in BG0. The overall dis-

tribution is still relatively uniform, but with smaller average particle sizes. 

BG5 presents a significantly wider particle size distribution, with d(0.1), with a value of 

1.026 µm, and d(0.5), with a value of 2.612 µm, values comparable to BG0, indicating similar 

small-to-medium particle sizes, as represented in Figure 5 c). However, the d(0.9) value of 

17.934 µm is much higher, suggesting that a significant proportion of particles are much larger, 

possibly due to agglomeration or irregular synthesis conditions with higher copper content. 
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This indicates a less uniform distribution, with some very large particles skewing the distribu-

tion. 

All MBGs achieved mean particle sizes below 3 µm, smaller than those reported by Sepul-

veda et al. [27], where bioglass was synthesized using the sol-gel technique with 60 % SiO2, 

instead of the 80 % used in this work. In this paper, the bioglass with the smallest particle size 

(∼5-20 µm) exhibited a significantly higher dissolution rate than those with larger particles. 

This faster dissolution resulted in a more rapid formation of the apatite layer, with the bio-

glasses' surface completely covered by highly crystalline hydroxycarbonate apatite within the 

first hour of immersion in SBF. 

 

Figure 5 - LDA spectra of MBGs for a) bioglass with 0 mol.% copper (BG0), b) bioglass with 2 mol.% copper (BG2), 

and c) bioglass with 5 mol.% copper (BG5). 

N2 adsorption-desorption analysis was performed and presented in Figure 6. All MBGs 

assumed a type IV isotherm pattern, characteristic of mesoporous silica-based bioactive 

glasses, according to the literature [18], [28]. BG2, even though it does not have a sharp knee, 

still shows a difference between the adsorption and desorption slopes, therefore not being 
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considered a type II isotherm pattern, where this difference could be due to larger pores or 

less uniformity in pore size distribution [29]. 

 

 

Figure 6 - BET analysis of MBGs, where bioglass with 0 mol.% copper (BG0) is represented in black, bioglass with 2 

mol.% copper (BG2) in red and bioglass with 5 mol.% copper (BG5) in blue. Each adsorption line is represented by 

a square, and the desorption line by a triangle. 

In terms of surface area, pore volume, and diameter, as represented in Table 1, BG5 has 

the highest surface area, followed by BG0, with BG2 having the lowest, which is aligned with 

the N2 adsorption-desorption figure shown previously, where BG5 is the MBG with the highest 

quantity adsorbed, then BG0 and BG2. The pore volume follows a similar pattern to the surface 

area since BG5 has the highest pore volume, followed by BG0 and BG2. In terms of pore diam-

eter, BG5 has, interestingly, the smallest pore diameter, while BG0 has the largest. This suggests 

that BG5 has more pores (as indicated by its higher surface area and pore volume), but is 

smaller in size compared to BG0 and BG2. The results were similar to the literature, which shows 

that for MBGs synthesized using P-123 as the structure-directing agent, the surface area was 

within a range of 250 - 499 m2/g, pore volume of 0.40 - 0.73 cm3/g, and pore diameter of 3.5 

- 6.9 nm [10], [30]. 
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Table 1 - BET analysis of surface area, pore volume, and pore diameter for all MBGs. 

Sample Surface area (m2/g) Pore volume (cm3/g) Pore diameter (nm) 

BG0 246.422 0.314 4.810 

BG2 187.073 0.227 4.570 

BG5 367.176 0.393 3.970 

BG0 - bioglass with 0 mol.% copper (BG0); BG2 - bioglass with 2 mol.% copper (BG2); BG5 - bioglass with 5 mol.% 

copper (BG5). 

 

Mesopore size distribution is shown in Figure 7, revealing that BG0 has a moderate peak at 

smaller pores (< 10 nm) with a slight increase around 50 nm. This indicates that BG0 pores 

tend to be smaller but still have some variety of pore sizes. BG2 displays a small peak at smaller 

pores and a more pronounced peak at around 50 nm, which is quite vast in width, indicating 

that this sample has a higher concentration of pores in this size range, being much more het-

erogeneous. BG5, on the other hand, shows a sharp and significant peak for smaller pores and 

a low peak at 50 nm, meaning that most of the pores are below 10 nm, revealing a structure 

more homogeneous. BG5 and BG0 behavior was similar to the one achieved by Baino [31], 

where the significant difference between these two MBGs was the higher peak of BG5, which 

assumed a more homogenous pore size distribution. The homogeneity observed in BG5 can 

be attributed to the higher concentration of Cu2+ ions. Bivalent ion dopants, such as Cu2+, dis-

rupt the self-assembly of surfactant molecules, reducing the number of surfactant molecules 

involved in forming each template. As a result, more but smaller template sites are generated. 

During calcination, these smaller templates transform into a larger number of smaller pores, 

which increases the material's specific surface area [32]. 
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Figure 7 - BET analysis of pore size distribution of bioglass with 0 mol.% copper (BG0), represented in black, bio-

glass with 2 mol.% copper (BG2), represented in red, and bioglass with 5 mol.% copper (BG5) represented in blue. 

STEM analysis shown in Figure 8 was performed on all MBGs, revealing zones with par-

allel lines, representing the formation of ordered mesoporous channels. The addition of copper 

did not seem to disrupt the mesoporosity pattern, as the key factors influencing mesoporosity 

are the surfactant used and the condensation of inorganic precursors through the EISA process 

[32]. All literature that synthesized bioglasses with P-123 as a surfactant, following the EISA 

method, reported a parallel arrangement of nano-sized channels, both with and without the 

incorporation of copper [20], [31], [32]. Upon zooming in on the pores, the structure reveals a 

hexagonal space-group symmetry, specifically a p6mm structure, aligned along the [001] plane. 

This is consistent with findings by Yan et al. [15], who observed the same p6mm structure in 

MBGs with a similar mol.% SiO2 as used in this work. 
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Figure 8  - STEM analysis of a) bioglass with 0 mol.% copper (BG0), b) bioglass with 2 mol.% copper (BG2), and c) 

bioglass with 5 mol.% copper (BG5). d) A closer look at pores reveals a hexagonal symmetry. 

3.2 Bioactivity 

A bioactive material is defined as one that induces a specific biological response at its 

surface, forming a bond between the material and the surrounding tissue [33]. 

In this case, when bioglass comes in contact with biological fluids, it promotes the for-

mation of a hydroxycarbonate apatite (HCA) layer on its surface, having hydroxyapatite a stoi-

chiometric ratio of Ca/P ~ 1.67 in natural bone [34]. Therefore, the results desired for MBGs 

bioactivity should be similar to the ratio described to enhance apatite mineralization, 
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facilitating the integration and bonding with bone tissue [35]. This layer is easily detected by 

its characteristic spherical structures, similar to cauliflower shapes [36]. 

To evaluate such an important property, MBG pellets were immersed for different pe-

riods of time in SBF, to mimic body fluids at 37 °C, since it is the normal temperature of the 

body, and the ions release was studied, as well as the pellets surface, to detect any formation 

of HCA, by SEM. 

Figure 9 illustrates the morphology of the pellets 3 hours and 72 hours after the SBF 

immersion. The rest of the times evaluated by SEM can be observed in figure 17, in section A.2 

of the Appendix. It is noticeable for all MBG pellets that after 3 hours, the formation of the 

apatite layer is already beginning. After 72 hours, the surface of the pellets is fully covered with 

structures matching the expected morphology. However, the introduction of copper slightly 

interfered with the bioactivity of the samples, as the size of the apatite spheres appears to 

decrease with increasing copper concentrations. This reduction could be attributed to the com-

petition between Cu+2 and Ca+2 ions for the precipitation of phosphate species [37]. Neverthe-

less, EDS analysis revealed that all MBGs were able to achieve similar Ca/P ratios, although 

copper-doped MBGs required more time to reach these values. For BG0 a Ca/P ratio of 1.60 

was achieved after 72 hours of immersion in SBF, while BG2 achieved a 1.64 ratio after 7 days, 

as well as BG5, with a value of 1.75. Similar finds were reported by Hammami et al. [38], where 

MBGs with concentrations above 1 mol.% of copper had a decrease of apatite size particles on 

the surface of the samples, but within 14 days all Ca/P ratios presented a value between 1.70 

and 1.79. 

These results highlight the potential of MBGs in promoting bone regeneration, as the 

formation of an apatite layer supports the adsorption of proteins and the adhesion of cells that 

subsequently proliferate, differentiate, and secrete collagen, aiding in the integration of bio-

glass with bone tissue [38]. 
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Figure 9 - SEM analysis of MBGs after immersion in SBF for 3 hours (a-c), and 72 hours (d - f). BG0 - bioglass with 

0 mol.% copper (a,d); BG2 - bioglass with 2 mol.% copper (b, e); BG5 - bioglass with 5 mol.% copper (c, f).  

EDS elemental mapping was also performed, being represented by the EDS of BG5 in 

Figure 10, with all MBGs achieving a very similar mapping in terms of Ca, P, and Si, which can 

be observed in figure 18, in section A.2 of the Appendix. All MBGs had an increase of calcium 

and phosphorus, which can be visualized by the higher contrast of color in Figure 10, after 72 
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hours of immersion in SBF. Since the surface is filled with the release of these two ions there is 

a decrease of the silicon content, due to being covered by the new apatite layer [39]. 

 

Figure 10 - EDS analysis of bioglass containing 5 mol.% copper (BG5) was performed to represent the elemental 

behavior in all MBG samples. The distribution of a) calcium (Ca), b) phosphorus (P), and c) silicon (Si) was mapped 

after 3 hours of immersion in SBF, followed by the analysis of d) calcium, e) phosphorus, and f) silicon after 72 

hours of immersion in SBF. 

The ICP plots of Ca, P, Si, and Cu ions of all MBGs are presented in Figure 11. In terms of 

the calcium release to the medium (Figure 11 a)), BG0 shows the highest results, followed by 

BG2, having both an accentuated peak at 8 hours, and then a decrease until 24 hours, rising 

again until the value starts to stabilize, and BG5, throughout the 7 days, maintains a constant 

low release of this ion. For phosphorus (Figure 11 b)), BG0 and BG2 have a decrease until 24 

hours, being more stable after that period stamp, and BG5 has a constant release, with BG2 

having the lowest result after the 7-day period, being almost null. For the release of silicon ions 

(Figure 11 c)), all MBGs have similar results throughout the 7 days, with slight fluctuations, 

achieving all the same concentration in the end. Regarding copper (Figure 11 d)), doped bio-

glasses have an identical release, being just BG2 slightly higher than BG5 throughout the period 

measured. 

As stated previously, after the 8-hour mark, both calcium and phosphorus concentrations 

show an accentuated decrease for BG0 and BG2, due to the formation of the HCA layer that 

consumes these ions, which supports the SEM and EDS results, and by the end of the 7th day 

period, both ions appear to have reached their plateau state. These findings were also reported 

by Ben-Arfa et al. [40], where these ions had an initial increasing trend that started to decrease 
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with the formation of the HCA layer. Also, the soaking time studied in this literature was 28 

days, which ultimately confirmed that all ions eventually reached their plateau state.  

 

Figure 11 - ICP analysis of ion release in 3 hours, 8 hours, 24 hours, 48 hours, 72 hours, and 7 days in SBF of a) cal-

cium (Ca), b) phosphorus (P), c) silicon (Si), and d) copper (Cu), for bioglass with 0 mol.% copper (BG0) represented 

in black, bioglass with 2 mol.% copper (BG2), represented in red, and bioglass with 5 mol.% copper (BG5), repre-

sented in blue. 

3.3 DOX encapsulation efficiency 

To evaluate the encapsulation efficiency of DOX, 25 mg of MBGs were immersed in a 

DOX-PBS solution, with all other parameters held constant. Figure 12 illustrates the encapsu-

lation efficiency across the different MBG variants (BG0, BG2, and BG5) as a function of the 

initial DOX concentrations in the solution (0.1, 0.2, and 0.4 mg/mL). The encapsulation effi-

ciency (EE (%)), was calculated indirectly by measuring the DOX concentration in both super-

natants (PBS and ultrapure water) post-centrifugation and subtracting these values from the 

initial DOX concentration, as shown in the following equation 1: 
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𝐸𝐸(%) =
(𝐷𝑂𝑋𝑖 − 𝐷𝑂𝑋𝑝𝑏𝑠 − 𝐷𝑂𝑋𝑤𝑎𝑡𝑒𝑟 )

𝐷𝑂𝑋𝑖
× 100 (Eq. 1) 

According to Figure 12, it is noticeable that the encapsulation efficiency had great re-

sults for all DOX@MBGs, being suitable to adsorb DOX with a minimum of 75 % efficiency. The 

encapsulation increased with the initial concentration of DOX, since the medium contains more 

of the cytotoxic drug instead of PBS. The DOX@MBG with the best result was the BG2, with 0.4 

mg/mL concentration, which achieved 97.1 % encapsulation efficiency. Similar results were re-

ported by Wu et al. [18], with the nanospheres achieving encapsulation efficiencies of 88.8 %, 

92.9 %, and 93 % for DOX concentrations of 0.1, 0.2, and 0.4 mg/mL, respectively. Li et al. [41] 

also demonstrated that mesoporous bioglasses, using gentamicin as the cytotoxic drug, ex-

hibited high encapsulation efficiency, ranging from 79 % to 83 %, while non-mesoporous bio-

glasses showed significantly lower efficiency, with results between 18 % and 19 %.  

 

Figure 12 - Encapsulation efficiency of DOX@MBGs with different DOX concentrations (0.1, 0.2, and 0.4 mg/mL), 

after 7 days of immersion in PBS. BG0 - bioglass with 0 mol.% copper; BG2 - bioglass with 2 mol.% copper; BG5 - 

bioglass with 5 mol.% copper. 
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3.4 DOX release 

To evaluate the release of DOX, the same 25 mg of DOX@MBGs were immersed in 5 mL 

of PBS 7.4 pH at 37 °C, and 2 mL were taken out at different times for UV-VIS analysis and 

replaced with fresh PBS. 

The cumulative release was determined by adding the mass of DOX present in each of 

the 2 mL of PBS taken for analysis at different timestamps and dividing it by the DOX mass that 

was loaded into the MBG (encapsulated). 

As shown in Figure 13 a), b), and c), the release only started after 24 hours, except for 

BG0, which started before. In general, the cumulative release was proportional to the amount 

of DOX and inversely proportional to the copper concentration within the samples. Conse-

quently, BG0 exhibited the highest cumulative release, reaching 18.3 % with 0.4 mg/mL of DOX, 

while BG5 showed the lowest cumulative release, achieving just 1.7 % with 0.2 mg/mL of DOX 

after 7 days. 

It is noticeable that this evaluation had significant deviations, which can be due to the 

small amount of MBG used for this test, which was only 25 mg for each sample. Regardless, 

comparing the DOX@MBGs final cumulative release at 7 days, as shown in Figure 13 d), it is 

noticeable the difference between them, where the cumulative release is inversely proportional 

to the amount of copper present in the samples. Also, for the sample without copper, BG0, the 

difference between each DOX concentration is much more prominent, whereas for the other 

samples, the difference tends to be smaller, being almost indifferent to BG5. This particularity 

of BG5 is important so that with a higher concentration of DOX, it is possible to achieve a slow 

release of DOX, since it had similar results as using a smaller concentration. 

One of the conclusions taken from Wu et al. [18], when studying drug release in MBG 

nanospheres, is that the pH takes an important role in drug release kinetics, where lower pH 

(4.0) leads to a quicker release of DOX, achieving a drug release around 30 % after 7 days, than 

higher pH (7.4), with values around 20 %, similar to the values achieved with BG0 for 0.4 mg/mL. 

This result is particularly important because the local pH of tumors is more acidic than that of 

normal tissues, making this therapy more effective in targeting tumor cells than healthy bone 

cells [18].  
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Figure 13 - Cumulative release of DOX for all DOX@MBGs and concentrations of DOX (0.1, 0.2, and 0.4 mg/mL), 

with timestamps of 3 hours, 8 hours, 24 hours, 48 hours, 72 hours, and 7 days, in PBS. a) bioglass with 0 mol.% 

copper (BG0), in black, b) bioglass with 2 mol.% copper (BG2), in red, c) bioglass with 5 mol.% copper (BG5), in 

blue. d) graph bar that represents the cumulative release after 7 days for all MBGs and all concentrations of DOX.  

3.5 Anti-bacterial assays 

To assess the anti-bacterial effects of MBGs, they were classified as either bacteriostatic 

(inhibiting bacterial growth and allowing the immune system to gradually eliminate the bacte-

ria) or bactericidal (directly killing bacteria, resulting in their complete elimination) [42]. 

In Figure 14, each number on the petri dish corresponds to a specific MBG sample that 

showed no bacterial growth previously. Table 2 and 3 further detail these numbers, correlating 

them with the respective MBG, its concentration, and its anti-bacterial classification. These re-

sults correspond to the first assay performed, but all the replicas achieved the same results, as 

shown in section A.3 of the Appendix.  
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Figure 14 - Bacterial assay 1 for S. aureus and E. coli. The numbers represent where extracts with no bacterial 

growth were placed. 

As shown in Table 2 and 3, only the copper-doped MBGs exhibited anti-bacterial prop-

erties against both bacterial strains, and this effect was observed only at the higher concentra-

tions tested (100 and 50 mg/mL).  

These results indicate that BG2 is bacteriostatic for both bacteria at a concentration of 

100 mg/mL, while BG5 shows a broader range of effects. Specifically, for S. aureus, BG5 at 100 

mg/mL is bactericidal, whereas for E. coli, the result fluctuated between bactericidal and bac-

teriostatic, suggesting that this concentration may be the tipping point between the two clas-

sifications, where lower concentration means bacteriostatic (as shown for a concentration of 

50 mg/mL), and higher concentration would mean bactericidal. In terms of passivated extracts, 

only BG5_P exhibited anti-bacterial properties and only against S. aureus, being bacteriostatic 

with a 100 mg/mL concentration. 

 

Table 2 - Classification of anti-bacterial MBGs for S. aureus for assay 1. 

S. aureus 

Position Sample Concentration (mg/mL) Classification 

2 BG2 100 Bacteriostatic 

3 BG2 100 Bacteriostatic 

5 BG5 100 Bactericidal 

7 BG5 100 Bactericidal 

10 BG5 50 Bacteriostatic 

11 BG5 50 Bacteriostatic 

14 BG5_P 100 Bacteriostatic 

15 BG5_P 100 Bacteriostatic 

BG2 - bioglass with 2 mol.% copper; BG5 - bioglass with 5 mol.% copper; BG5_P - bioglass with 5 mol.% copper 

passivated. 
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Table 3 - Classification of anti-bacterial MBGs for E. coli for assay 1. 

E. coli 

Position Sample Concentration (mg/mL) Classification 

2 BG2 100 Bacteriostatic 

3 BG2 100 Bacteriostatic 

14 BG5 100 Bactericidal 

15 BG5 100 Bacteriostatic 

BG2 - bioglass with 2 mol.% copper; BG5 - bioglass with 5 mol.% copper. 

 

As expected, introducing copper enhanced anti-bacterial activity to the MBGs, as one 

of its multifunctional properties. One of the reasons for this is that bacterial cell walls carry a 

negative charge due to lipoproteins, while copper ions are released as Cu²⁺, leading to an 

electrostatic attraction that can damage the bacterial cell wall, ultimately causing bacterial 

death [32]. 

Similar results were obtained by Miola and Verné [43], where bioglass containing a lower 

concentration of copper did not generate an inhibition zone but effectively prevented bacterial 

adhesion, whereas bioglass with a higher copper content produced a notable inhibition halo. 

Soltani-Dehnavi et al. [44], when studying the differences between anti-bacterial activity of 

bioglass with 45 mol.% SiO2, with and without the addition of 1 mol.% copper, achieved the 

same results for both bioglasses, against E. coli, where bactericidal activity began at 12.5 

mg/mL. However, for S. aureus, the bioglass without copper required 50 mg/mL to achieve 

bactericidal effects, while the bioglass with copper needed only 25 mg/mL, demonstrating the 

enhanced anti-bacterial effect of copper. 

3.6 Cytotoxicity assays 

To evaluate the cytotoxicity of the MBGs, the cell viability was then calculated, according 

to equation 2: 

 

𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠
× 100 (Eq. 2) 

 

Once the results were obtained, which are detailed in section A.4 of the Appendix, the 

extracts were then classified as cytotoxic and non-cytotoxic. According to ISO 10993-5, with 
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viability rates above 70 %, the material poses no significant risk to the organism, as it can be 

managed by the body's natural pH regulation mechanisms in vivo [24]. 

Figure 15 represents all MBGs and their passivated form, grouped by concentrations, 

where C1 represents the initial concentration of the extract (100 mg/mL), and D1, D2, and D3 

represent the dilutions 50, 25, and 12.5 mg/mL, respectively. The results reveal that the addition 

of copper made the MBGs severely cytotoxic, with cell viability dropping below 5 % at the initial 

concentration when compared to MBG without copper, being non-cytotoxic. 

For MBGs without copper, BG0 and BG0_P, all concentrations were revealed to be non-

cytotoxic, with values exceeding 100 % cell viability. For BG2, there was a significant difference 

between C1 and D1, with C1 being severely cytotoxic and D1 being slightly above the 70 % 

limit, being non-cytotoxic, along with D2 and D3, while for BG2_P, all concentrations were non-

cytotoxic. Finally, BG5 was the MBG to have both C1 and D1 as severely cytotoxic, with D2 and 

D3 as non-cytotoxic, having BG5_P even C1 as cytotoxic, with the dilutions being non-cytotoxic. 

These results suggest that copper significantly influences cell viability, though passivated 

extracts still maintain favorable cell viability at the same concentrations. Hammami et al. [24], 

when studying the cell viability of 45S5 bioglass® doped with copper, achieved similar results 

since passivating the materials reduces the extracts' cytotoxicity, which is primarily linked to a 

rise in local pH caused by ion-exchange reactions when the sample first contacts the cell culture 

medium. This interaction breaks down Si-O-Si bonds in the bioactive glass, releasing soluble 

silica, which increases both the dissolution rate and pH, affecting cellular metabolism. However, 

passivation helps to mitigate these pH-related effects. 
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Figure 15 - Cell viability of all MBGs. The horizontal line at 70 % marks the cell viability of no significant risk to the 

organisms, being considered non-cytotoxic if above it. 
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4  

 

CONCLUSION AND FUTURE WORK 

The purpose of this work was to develop mesoporous bioglass-based systems for con-

trolled delivery of cytotoxic drugs, for bone cancer treatment. To achieve this, MBGs were syn-

thesized using the sol-gel method, assisted by the EISA technique, using different molar frac-

tions of copper and calcium to study the differences the introduction of copper would bring 

to the system since it is known for its additional beneficial properties. Therefore, bioglasses 

were made with 0, 2 and 5 mol.% of copper. After synthesis, 25 mg of each MBG was loaded 

with doxorubicin with concentrations of 0.1, 0.2, and 0.4 mg/mL. 

Characterization techniques such as FTIR and XRD confirmed the introduction of copper 

and the amorphous nature of bioglasses. LDA showed all MBGs had a mean particle size below 

3 µm, and BET analysis revealed BG5 had the largest surface area (367.176 m2/g) and pore 

volume (0.393 cm³/g) but the smallest pore diameter (3.970 nm). BG2 had the smallest surface 

area (187.073 m2/g) and pore volume (0.227 cm3/g), while BG0 fell in between. Mesopore size 

distribution revealed that BG5 was the most homogenous in size due to the higher concentra-

tion of Cu2+ ions, followed by BG0 and then BG2, which was highly heterogeneous. Still, all 

MBGs revealed a mesoporous particle size since all values were between 2-50 nm. STEM anal-

ysis confirmed ordered hexagonal mesoporous channels across all samples due to the zones 

with parallel lines, where the addition of copper did not seem to disrupt the mesoporous pat-

tern. 

Bioactivity studies demonstrated the potential of MBGs to promote bone regeneration, 

with the formation of an apatite layer within 7 days, achieving Ca/P ratios similar to the ratio 

present in natural bone. Although the addition of copper slightly reduced the size of the apatite 

spheres, EDS analysis confirmed that all MBGs achieved similar Ca/P ratios by the end of the 

study period. BG0 reached a Ca/P ratio of 1.60 after 72 hours in SBF, while BG2 achieved 1.64 
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and BG5 reached 1.75, both after 7 days. ICP results further supported these findings, showing 

the consumption of calcium and phosphorus from the SBF medium. 

DOX encapsulation studies revealed great results for all MBGs, with a minimum of 75 

% efficiency. BG2, with 0.4 mg/mL concentration, was the MBG that achieved the highest value, 

with 97.1 % of encapsulation efficiency. In terms of DOX release, BG0 exhibited the highest 

cumulative release, reaching 18.7% with 0.4 mg/mL of DOX, while BG5 demonstrated the low-

est cumulative release, at 2.7% with 0.2 mg/mL of DOX, after 7 days in PBS at pH 7.4. This assay 

demonstrated that the cumulative release was inversely proportional to the amount of copper 

present in the samples. For the samples with copper, the difference between each DOX con-

centration tends to be smaller, being almost indifferent to BG5. This particularity is very perti-

nent, since a smaller concentration of DOX can achieve the same results as a higher concen-

tration. 

Anti-bacterial assays demonstrated copper's significant impact on anti-bacterial activ-

ity. This was evident since extracts without copper were unable to have anti-bacterial properties 

for the concentrations studied (100, 50, 25, and 12.5 mg/mL). For S. aureus, BG2 was classified 

as bacteriostatic, for the first concentration of the extracts tested, while BG5 was considered 

bactericidal for the same concentration and bacteriostatic for the first dilution, with its passiv-

ated extract as bacteriostatic for the initial concentration. Regarding E. coli, BG2 was once again 

bacteriostatic for the first concentration, and BG5 assumed a fluctuating between bactericidal 

and bacteriostatic for the same concentration. 

Cytotoxicity assays revealed that copper increased the cytotoxicity of MBGs, reaching 

severely cytotoxic levels for the highest concentrations studied, while for BG0 all concentrations 

revealed to be non-cytotoxic, with values surpassing 100 % cell viability. Even though the ex-

tracts became more cytotoxic, passivation was able to reduce their toxicity, resulting in non-

cytotoxic values for the same concentrations. 

Regarding DOX release studies, since all MBGs were able to release the cytotoxic drug, 

it depends if the system desired needs a slower or higher release of the drug. BG5 proved to 

be most suitable for slow-release applications, making it a promising candidate for controlled 

drug delivery in cancer therapies, since all concentrations achieved a cumulative release smaller 

than 3 % in 7 days, having a prolonged therapeutic effect. 

For future work, the drug delivery studies should be performed with more than 25 mg 

of MBG powder to minimize measurement deviations, and extend the drug release period be-

yond 7 days, as this study only covered this duration. With more release time, drug release 

kinetics should also be evaluated to fully understand how the release in MBGs works. Also, 
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more MBGs with percentages between 2 and 5 mol.% of copper should be synthesized to 

further explore options for balancing anti-bacterial and cytotoxic effects. 
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A  

 

APPENDIX A 

A.1 DOX calibration curves  

Figure 16 - Calibration curves of DOX in ultrapure water and in PBS pH 7.4 with the respective equations. 
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A.2  Bioactivity - SEM and EDS analysis of MBGs 

Figure 17 - SEM analysis of MBGs after immersion in SBF for 24 hours (a-c), and 7 days (d - f). BG0 - bioglass with 

0 mol.% copper (a,d); BG2 - bioglass with 2 mol.% copper (b, e); BG5 - bioglass with 5 mol.% copper (c, f). 
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Figure 18 - EDS analysis of bioglass containing 0 mol.% copper (BG0) (a1-f1), and of bioglass containing 2 mol.% 

copper (BG2) (a2-f2). The distribution of calcium (a1 and a2), phosphorus (b1 and b2), and silicon (c1 and c2) was 

mapped after 3 hours of immersion in SBF, followed by the analysis of calcium (d1 and d2), phosphorus (e1 and 

e2), and silicon (f1 and f2) after 72 hours of immersion in SBF. 
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A.3 Anti-bacterial assays 

Figure 19 - Bacterial assay 2 for S. aureus and E. coli. The numbers represent where extracts with no bacterial 

growth were placed. 

 

Table 4 - Classification of anti-bacterial MBGs for S. aureus for assay 2. 

Position Sample Concentration (mg/mL) Classification 

2 BG2 100 Bacteriostatic 

3 BG2 100 Bacteriostatic 

5 BG5 100 Bactericidal 

6 BG5 100 Bactericidal 

7 BG5 50 Bacteriostatic 

8 BG5 50 Bacteriostatic 

10 BG5_P 100 Bacteriostatic 

11 BG5_P 100 Bacteriostatic 

BG2 - bioglass with 2 mol.% copper; BG5 - bioglass with 5 mol.% copper; BG5_P - bioglass with 5 mol.% copper 

passivated. 

 

Table 5 - Classification of anti-bacterial MBGs for E. coli for assay 2. 

Position Sample Concentration (mg/mL) Classification 

3 BG2 100 Bacteriostatic 

7 BG2 100 Bacteriostatic 

11 BG5 100 Bactericidal 

BG2 - bioglass with 2 mol.% copper; BG5 - bioglass with 5 mol.% copper. 
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Figure 20 - Bacterial assay 3 for S. aureus and E. coli. The numbers represent where extracts with no bacte-

rial growth were placed. 

 

Table 6 - Classification of anti-bacterial MBGs for S. aureus for assay 3. 

Position Sample Concentration (mg/mL) Classification 

2 BG2 100 Bacteriostatic 

3 BG2 100 Bacteriostatic 

7 BG5 100 Bactericidal 

8 BG5 100 Bactericidal 

9 BG5 50 Bacteriostatic 

10 BG5 50 Bacteriostatic 

14 BG5_P 100 Bacteriostatic 

15 BG5_P 100 Bacteriostatic 

BG2 - bioglass with 2 mol.% copper; BG5 - bioglass with 5 mol.% copper; BG5_P - bioglass with 5 mol.% copper 

passivated. 

 

Table 7 - Classification of anti-bacterial MBGs for E. coli for assay 3. 

Position Sample Concentration (mg/mL) Classification 

2 BG2 100 Bacteriostatic 

3 BG2 100 Bacteriostatic 

10 BG5 100 Bactericidal 

11 BG5 100 Bacteriostatic 

BG2 - bioglass with 2 mol.% copper; BG5 - bioglass with 5 mol.% copper. 
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A.4 Cytotoxicity assays 

Table 8 - Cell viability calculations for bioglass containing 0 mol.% copper (BG0).  

 BG0 C+ C- 

Concentration (mg/mL) 100 50 25 12.5   

Absorbance Subtraction (nm)  

570 - 600 

0.314 0.354 0.341 0.354 -0.052 0.326 

0.354 0.376 0.344 0.376 -0.039 0.363 

0.358 0.389 0.342 0.359 -0.049 0.310 

0.345 0.382 0.382 0.361 -0.038 0.352 

Mean 0.343 0.375 0.352 0.363 -0.045 0.338 

St. Dev 0.017 0.013 0.017 0.008 0. 006 0.021 

resazurin to resorufin 0.403 0.435 0.412 0.422 0.015 0.398 

Cell viability (%) 101.258 109.434 103.648 106.226 3.836 100.000 

Uncertainty (%) 6.928 6.698 7.020 6.026 1.670 7.491 

 

Table 9 - Cell viability calculations for passivated bioglass containing 0 mol.% copper (BG0_P). 

 BG0_P C+ C- 

Concentration (mg/mL) 100 50 25 12.5   

Absorbance Subtraction (nm) 

570 - 600 

0.324 0.341 0.398 0.379 -0.052 0.326 

0.376 0.360 0.346 0.390 -0.039 0.363 

0.342 0.348 0.352 0.367 -0.049 0.310 

0.354 0.377 0.398 0.387 -0.038 0.352 

Mean 0.349 0.357 0.374 0.381 -0.045 0.338 

St. Dev 0.019 0.014 0.025 0.009 0. 006 0.021 

resazurin to resorufin 0.409 0.416 0.433 0.441 0.015 0.398 

Cell viability (%) 102.830 104.717 108.994 110.818 3.836 100.000 

Uncertainty (%) 7.257 6.554 8.485 6.314 1.670 7.491 

 

Table 10 - Cell viability calculations for bioglass containing 2 mol.% copper (BG2). 

 BG2 C+ C- 

Concentration (mg/mL) 100 50 25 12.5   

Absorbance Subtraction (nm) 

570 - 600 

-0.053 0.258 0.397 0.398 -0.052 0.326 

-0.051 0.248 0.393 0.418 -0.039 0.363 

-0.052 0.257 0.401 0.380 -0.049 0.310 

-0.042 0.245 0.430 0.396 -0.038 0.352 

Mean -0.050 0.252 0.405 0.398 -0.045 0.338 

St. Dev 0.004 0.006 0.015 0.013 0. 006 0.021 
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resazurin to resorufin 0.010 0.312 0.465 0.458 0.015 0.398 

Cell viability (%) 2.579 78.428 116.981 115.157 3.836 100.000 

Uncertainty (%) 1.276 4.432 7.226 7.009 1.670 7.491 

 

Table 11 - Cell viability calculations for passivated bioglass containing 2 mol.% copper (BG2_P). 

 BG2_P C+ C- 

Concentration (mg/mL) 100 50 25 12.5   

Absorbance Subtraction (nm) 

570 - 600 

0.266 0.312 0.324 0.304 -0.058 0.344 

0.322 0.264 0.285 0.348 -0.016 0.342 

0.287 0.254 0.288 0.292 -0.037 0.261 

0.316 0.369 0.331 0.323 -0.037 0.345 

Mean 0.298 0.300 0.307 0.317 -0.037 0.323 

St. Dev 0.023 0.046 0.021 0.021 0.015 0.036 

Resazurin to resorufin 0.366 0.368 0.376 0.385 0.032 0.392 

Cell viability (%) 93.550 94.061 95.913 98.404 8.046 100.000 

Uncertainty (%) 10.426 14.554 10.345 10.604 4.008 13.023 

 

Table 12 - Cell viability calculations for bioglass containing 5 mol.% copper (BG5). 

 BG5 C+ C- 

Concentration (mg/mL) 100 50 25 12.5   

Absorbance Subtraction (nm) 

570 - 600 

-0.058 -0.042 0.272 0.328 -0.052 0.326 

-0.053 0.028 0.259 0.368 -0.039 0.363 

-0.066 -0.031 0.282 0.367 -0.049 0.310 

-0.045 -0.044 0.305 0.315 -0.038 0.352 

Mean -0.056 -0.022 0.280 0.345 -0.045 0.338 

St. Dev 0.008 0.029 0.017 0.023 0. 006 0.021 

Resazurin to resorufin 0.004 0.038 0.339 0.404 0.015 0.398 

Cell viability (%) 1.069 9.434 85.346 101.698 3.836 100.000 

Uncertainty (%) 2.020 7.447 6.226 8.015 1.670 7.491 

 

Table 13 - Cell viability calculations for passivated bioglass containing 5 mol.% copper (BG5_P). 

 BG5_P C+ C- 

Concentration (mg/mL) 100 50 25 12.5   

Absorbance Subtraction (nm) 

570 - 600 

0.153 0.326 0.286 0.304 -0.058 0.344 

0.119 0.328 0.277 0.286 -0.016 0.342 

0.145 0.33 0.318 0.369 -0.037 0.261 

0.126 0.324 0.285 0.321 -0.037 0.345 
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Mean 0.136 0.327 0.292 0.320 -0.037 0.323 

St. Dev 0.014 0.002 0.016 0.031 0.015 0.036 

Resazurin to resorufin 0.204 0.396 0.360 0.389 0.032 0.392 

Cell viability (%) 52.171 101.022 91.954 99.234 8.046 100.000 

Uncertainty (%) 6.048 9.380 9.428 12.118 4.008 13.023 
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