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a Centro de Ciências Naturais e Humanas, Universidade Federal do ABC, Santo André, SP, Brazil 
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A B S T R A C T   

Ag-containing bioactive glasses (Ag-BG) have been extensively studied as a bactericidal biomaterial, produced 
mainly by the sol-gel method over the last decades. According to the literature, sol-gel-derived Ag-BG may show 
metallic or ionic silver species in the glass structure. However, most of these works lack detailed information 
about how the addition of silver affects the glass network. In this study, we systematically produced sol-gel 
derived 58S glasses containing different quantities of Ag2O (1, 5, and 10 wt%), yielding glasses with different 
proportions of silver species (Ag0 or Ag+1). Results from X-ray diffraction and scanning electron microscopy 
coupled with energy dispersive spectroscopy (SEM-EDS) evidenced the progressive formation of silver crystals 
due to the addition of silver in the glass structure. 29Si and 31P nuclear magnetic resonance and photoelectronic 
X-ray spectroscopies evidenced a glass depolymerization caused by Ag1+ addition in the glass structure. On the 
other hand, the presence of silver crystals (Ag0) removes the network modifier role of silver, yielding glasses with 
higher network connectivity. A possible mechanism to explain the formation of silver crystals was proposed 
based on surface nucleation and growth. Finally, we suggest understanding Ag1+ or Ag0 formation as a solution 
to design glasses with tuned bactericidal properties.   

1. Introduction 

Bioactive glasses are designed to chemically interact with a host 
tissue through chemo-physiological reactions, ultimately forming a hy
droxyapatite layer. This bioactive layer can chemically bond to the hy
droxyapatite from the bone tissue, causing osteointegration between the 
glass and the host bone. Therefore, these glasses have been extensively 
applied in orthopedics and odontology, aiming for bone or dental repair 
and regeneration [1–3]. However, other applications beyond hard tissue 
are also allowed, as these glasses can bond to soft tissue, thereby being 
applied in skin wound regeneration and nerve repair [2,4,5]. 

Bioactive glasses comprise a glass former (like SiO2, B2O3, and P2O5) 
and at least CaO as a glass modifier. Na2O and K2O are also commonly 
found in the glass composition, which means that there are glasses based 
on binary, ternary, quaternary, or even multicomponent systems [6–9]. 

Usually, some oxides are added to the glass composition intending to 
add biological functionalities to the glass structure, also known as 
therapeutic ions. These ions can display osteogenic, angiogenic, 
anti-inflammatory, and antibacterial properties, such as zinc (Zn), 
magnesium (Mg), silver (Ag), strontium (Sr), gallium (Ga), fluor (F), iron 
(Fe), cobalt (Co), lithium (Li), titanium (Ti) and copper (Cu) [10,11]. 
However, lanthanides and other transition metals have also been used as 
less common therapeutic ions [11–13]. 

Silver is one of the most studied therapeutic ions because of its 
bactericidal effect, thereby allowing the development of biomaterials 
that prevent infections, one of the leading causes of implant failure [14]. 
Besides, Ag-containing bioactive glasses can resurrect the antibiotic ef
fect of antibiotic-resistant bacteria, overcoming a current limitation of 
the pharmaceutical industry [15]. However, silver is found as Ag0 or 
Ag1+ species in the glass structure, depending on the chosen processing 
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method and synthesis route [16–18]. Consequently, the biological 
pathways in which Ag0 and Ag1+ species display bactericidal properties 
differ. The Ag0 species, mostly found as metallic nanoparticles, kill 
bacteria through destabilization and rupturing of the cell membrane. On 
the other hand, the Ag1+ species can pass through the bacteria cell 
membrane and bind to their DNA, blocking their replication, which 
causes bacteria death [19,20]. In this sense, one can infer that the bio
logical response and efficiency of a bioactive glass doped with silver rely 
on the presence of Ag0/Ag1+ species, assuming that they might differ in 
effectiveness. 

Although the first Ag-containing bioactive glass dates back to the 
2000s [21,22], the reasons why some syntheses yield the formation of 
Ag0 or Ag1+ are not entirely known. So far, the only control of silver 
redox reactions can be achieved by thermal treatment, in which a 
thermal reduction intentionally forms Ag0 nanocrystals or nanoparticles 
[16,23–25]. On the other hand, when Ag-containing bioactive glasses 
are produced by the sol-gel method, some authors have reported the 
obtainment of metallic silver [15,26], while others reported ionic spe
cies [27–32] or even both of them [17]. 

This work aimed to understand the causes underlying the silver 
valence criteria in glass networks and the effect of metallic and ionic 
silver species on their structure. In this sense, we have produced sol-gel- 
derived 58S bioactive glass compositions (58SiO2–33CaO–9P2O5 wt.%) 
doped with different silver content, 1, 5, and 10 wt%. Based on our 
studies, we proposed a mechanism to explain the formation of different 
silver species and described how their formation affected the glass 
structure. Understanding the mechanisms underlying silver formation 
can be a solution to designing more effective antibacterial biomaterials. 

2. Materials and methods 

2.1. Glass synthesis 

Bioactive glasses based on the 58S composition [(100-x) 
(58SiO2–33CaO–9P2O5)-x(Ag2O)], wt.%, x = 0, 1, 5, and 10 wt%, were 
prepared by the quick-alkali sol-gel method [33], and adapted by our 
research group [12,13,34–36]. These glasses were named BG (x = 0), 
BG1Ag (x = 1), BG5Ag (x = 5), and BG10Ag (x = 10). Briefly, tetraethyl 
orthosilicate (TEOS, ≥99%, Sigma Aldrich, Germany) was hydrolyzed 
for 20 min in a solution containing water, ethanol, and HNO3 1 M in a 
13.9:50: 8 ratio. Then, triethyl phosphate (TEP, ≥99%, Sigma Aldrich, 
Germany) was added to the mixture for over 20 min. Later, Ca 
(NO3)24H2O (≥99%, Sigma Aldrich, Germany) was added and mixed 
until complete dissolution. Silver nitrate (99,5%, AgNO3, 
Sigma-Aldrich, Germany) was added in the Ag-containing glasses after 
the calcium nitrate tetrahydrate addition. Finally, 10 mL of NH4OH 
(28.0–30.0%, Sigma Aldrich, Germany) was quickly dropped into the 
solution, causing the condensation reaction of silicon species. Then, the 
resulting gel was dried by freeze drying (Operon, New Zealand) for 48 h. 

The glasses synthesized by the sol-gel method were analyzed by 
differential scanning calorimetry DSC and thermal gravimetric analysis 
TGA (Setaram, LABSYS evo STA 1600, Switzerland) prior to calcination, 
aiming to determine their calcination temperature. The analysis was 
performed from environment temperature up to 1000 ◦C at a heating 
rate of 10 ◦C/min. The calcination temperature was set at 550 ◦C/1h 
(EDG 550, Brazil). 

2.2. Structural characterization 

The amorphous nature of the glasses and possible presence of crys
talline phases were analyzed by X-ray diffraction using an X-Ray 
Diffractometer D8 Focus (AXS Bruker, USA), with CuKα radiation, 40 kV 
and 40 mA, range of 2Ѳ angles from 10◦ to 60◦, step size of 0,04◦. 

Fourier transform infrared spectrophotometer (FTIR, Spectrum Two, 
PerkinElmer, USA) was used to analyze the vitreous network structure, 
check the presence of the bridge and non-bridge oxygen functional 

groups, and verify the formation of new functional groups in the glasses. 
The analysis was performed in the 500 cm− 1 to 4000 cm− 1 spectral 
window, accumulation of 32 spectra, and a resolution of 4 cm− 1. 

High-resolution X-ray photoelectron spectroscopy (ThermoFisher, 
model K alpha+, USA) of Ag3d and O1s spectra was used to analyze the 
incorporation of silver into the glass structure and calculate the bridging 
oxygen (BO) and non-bridging oxygen (NBO) ratio in the glass structure. 
Based on the BO and NBO fractions (denoted BO(O1s) and NBO(O1s), we 
determined the BO/NBO ratio, as shown in Eq. (1). Also, survey spectra 
were used to determine the glass network connectivity through the glass 
composition (in mol %), according to Eq. (2) [37]. The analysis was 
performed using an Al–K radiation source. In the analysis chamber, the 
pressure was between 10− 9 and 10− 8 mbar, and the X-ray radiation 
penetrated 10 nm. The spectra calibration was performed using the C1s 
peak at 284.8 eV. All the collected spectra were analyzed using the 
software Casa XPS (CallTech, USA). 

BO/NBO=
BO(O1s)

NBO(O1s)
Eq.1  

NBO(XPS) =
4[SiO2] − 2[CaO + Ag2O + Na2O] + 6[P2O5]

[SiO2]
Eq. 2 

The glass structures were also evaluated by solid-state nuclear 
magnetic resonance (NMR) to verify the effect of silver on the glass 
network connectivity. The experiments were performed at a magnetic 
field of 9.4 T in a Varian Unity INOVA spectrometer (USA). The exper
iments of 29Si-NMR were performed at a magic angle condition of 5 Hz 
of 7 mm zirconium rotor. A - 5.0 μs was employed as the pulse duration 
-π/2. The delay cycle was optimized for each sample to guarantee a 
complete magnetization relaxation. Between 200 and 20000 runs were 
performed to guarantee a proper signal/noise ratio. A kaolinite sample 
was used as a secondary standard of chemical shit of Si, with resonance 
at − 1.5 ppm relative to the tetramethylsilane. For 31P NMR single-pulse 
experiments, powdered samples were spun at 9 kHz at the magic angle 
condition in 4 mm silicon nitride rotors. The π/2-pulse duration was 2.5 
ls. The recycle delay for complete magnetization relaxation varied from 
120 to 5 s. The number of scans to get a proper signal-to-noise ratio 
varied from 380 to 800. A liquid sample of 85% H3PO4 was used as a 
standard for the 31P chemical shift. Based on the 29Si-NMR results, the 
network connectivity was calculated according to Eq. (3), where xSi 
denotes the BO fraction of a given Si[Qn] population, and n is the 
number of bridging oxygen [38]. 

NCNMR =
∑

n
nxn

Si Eq. 3 

The microstructure was evaluated by scanning electron microscopy 
coupled with energy dispersive spectroscopy (SEM-EDS). Before the 
SEM-EDS analysis, the powders were fixed in carbon tape on metallic 
supports. Then, the powders were carbon coated (Sputtering Leica EM 
ACE 200, USA). Morphology and chemical composition of the powder’s 
surface were performed in a scanning electron microscopy JSM-6010LA 
(JEOL, USA), operating at a 10 kV voltage and a working distance of 
approximately 10 mm. 

3. Results 

Initial characterization consists of determining the calcination tem
perature, thus guaranteeing the complete elimination of nitrates and 
organic residues from the synthesis and allowing network modifiers to 
be incorporated into the glass structure. Fig. 1 shows the DSC (left y- 
axis) and TG (right y-axis) analysis of the BG, BG1Ag, BG5Ag, and 
BG10Ag glasses. The DSC curves in the BG glass (Fig. 1a) are charac
terized by five endothermic peaks at 108, 205, 266, 423, and 505 ◦C. All 
these endothermic transitions are accompanied by weight loss observed 
in the TG analysis, which means they are related to degradation or 
condensation reactions. The first peak at 108 ◦C involves removing 
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water, structural water, and alcohol molecules in the gel powder [33]. 
Then, the peak at 205 ◦C is related to the condensation reaction between 
Si–OH bonds, forming bridging oxygen bonds (Si–O–Si) and yielding to 

H2O residues, as well as it can be related to the dehydration reaction of 
calcium nitrates hydrates [39]. The 266 ◦C and 423 ◦C peaks possibly 
relate to residual NH4NO3 and HNO3 thermally removed, respectively, 

Fig. 1. Differential scanning calorimetry (DSC) and thermal gravimetric TG curves of the BG glass(a) and Ag-containing glasses (b–d) containing 1, 5, and 10% Ag2O, 
respectively. The black y-axis on the left displays the DSC analysis’s heat flow (μV), while the colored y-axis on the right shows the weight loss (%) of the TG analysis. 

Fig. 2. Structural characterization of the glasses: (a) X-ray diffraction analysis; (b) FTIR spectra; and Ag3d high-resolution XPS spectra of the BG1Ag (c), BG5Ag (d) 
and BG10Ag (e) glasses. 
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which could be formed during gel drying. Finally, the peak at 505 ◦C is 
related to calcium nitrate decomposition [33,40], the last step before 
forming the glass network containing the glass formers and modifiers. 

Ag-containing glasses (Fig. 1b–d) show thermal behavior similar to 
the BG glass, that is, five endothermic peaks, from which two are be
tween 110-115 ◦C and 206–215 ◦C and another at 270 ◦C. These three 
first peaks are similar to those in the Ag-free glass (BG). Then, two more 
peaks between 341-343 ◦C and 485–500 ◦C are also found. The last peak 
between 485 and 500 ◦C shows a shoulder nearly at 525 ◦C. The peak at 
423 ◦C, detected in the BG sample, was not evident in the Ag-BG series, 
blurred by the subsequent peak at 485–500 ◦C or lowered its thermal 
decompositions due to the effect of more nitrates in the synthesis. 
Finally, the peak between 485 and 500 ◦C was due to nitrate thermal 
decomposition. Note that the peak is broader as two nitrate species 
decompose simultaneously, the calcium nitrate and the silver nitrate 
[41]. Besides, the shoulder at approximately 525 ◦C can be associated 
with a silver thermal reduction [42]. Based on these thermal results, we 
performed the calcination of the samples at 550 ◦C/1h to enable residue 
elimination and the incorporation of the modifiers into the glass 
network. 

After calcination, the glasses were characterized by X-ray diffraction 
(Fig. 2a), Fourier-transform infrared spectroscopy (Fig. 2b), and X-ray 
photoelectron spectroscopy (Fig. 2c–e). The quantification of metallic 
and ionic silver species was performed by Ag 3d peak analysis of the XPS 
spectra of the BG1Ag (Fig. 2c), BG5Ag (Fig. 2d), and B10Ag (Fig. 2e) 
glasses. 

The XRD diffraction results (Fig. 2a) show that all the glasses were 
characterized by a broad peak between 20 and 35◦ related to the short- 
range ordering of silicon tetrahedrons from the glass structure [43]. A 
small peak at 32◦ was noticed in all samples, related to calcium phos
phate nanocrystals or clusters found in the glass structure, typical of 
sol-gel derived bioactive glasses [35,44]. Moreover, peaks at 37 and 48◦

are also noticed in the BG10Ag glass, related to a crystalline metallic 
silver phase (JCPDS, no. 4–0783). 

Regarding the FTIR results (Fig. 2b), all the glasses showed the same 
vibrational modes in the observed spectral window. All the vibration 
modes were related to the glass structure: asymmetric stretching of Si–O 
bonds (800 cm− 1), Si–OH (850 cm− 1), stretching of Si–O–Si bonds 
(1060 cm− 1), and Q2 (940 cm− 1), Q3 (1170 cm− 1) and Q4 (1220 cm− 1) 
silicate species [45–47]. The Qn notation refers to the number (n) of 
bridging oxygens found in a given silicon tetrahedron. 

The fitting of the high-resolution Ag 3d XPS spectra of the Ag- 
containing glasses (Fig. 2c–e) shows the presence of two different spe
cies in all the glasses: Ag+1 and Ag0. However, the amount of Ag0 in
creases as more silver is added to the glass composition, suggesting an 
Ag1+ → Ag0 redox reaction. The signal/noise ratio was lower in the 
BG1Ag glass than in the other because of the smaller quantity of silver in 
its glass composition; fewer photoelectrons were emitted from the 
sample and detected by the XPS spectrometer detector. Of course, minor 
errors in the curve fitting may occur with less resolution, but considering 
the curve shape, it seems that the amount of Ag0 and Ag1+ species in this 
glass is not a measurement artifact but experimental evidence. 

The presence of metallic silver was further confirmed by scanning 
electron microscopy coupled with energy-dispersive spectroscopy 
(Fig. 3). Fig. 3a shows the EDS imaging of the glass surfaces, evidencing 
the homogeneous distribution of Si (green), P (yellow), and Ca (purple) 
in all the glasses. In the Ag-containing glasses, Ag (cyan) is also homo
geneously distributed. Besides, as the Ag2O content in the glasses shifted 
from 1 to 10 wt%, an increase in the cyan color’s intensity confirms that 
more silver was incorporated into the glass structure. 

As the BG10Ag glass showed the presence of an Ag crystalline phase 
(as shown in Fig. 2a), an SEM analysis using backscattering electrons 
was performed in this sample to identify Ag metallic crystals. Fig. 3b 
shows the SEM micrography of the BG10Ag glass and its EDS mapping of 
Ag in cyan (Fig. 3c). The Ag0 crystals are dispersed in the glass structure, 
which is characterized by brighter points due to the higher electron 

density of silver. Besides, EDS spectra of the brighter (Fig. 3e) and grey 
(Fig. 3d) regions also show that the brighter points are indeed Ag0 

crystals due to the more intense peaks of Ag in the EDS spectrum, while 
the grey regions show an EDS spectrum typical of a 58S glass doped with 
silver. 

The effect of the silver species on the glass network was analyzed by 
29Si and 31P NMR (Fig. 4) and high-resolution O1s XPS (Fig. 5). The 29Si- 
NMR of the BG glass contains a glass network predominantly composed 
of Q4 species, preceded by fractions of Q3 and Q2. In glasses containing 
silver up to 5 wt%, glass depolymerization occurs through the formation 
of Q1 species in detriment to the decrease in Q3 and Q2 ones. It suggests 
that silver ions (Ag+) display a glass modifier role in the glass network. 
However, the 29Si-NMR spectrum of the BG10Ag glass is similar to the 
BG glass, suggesting a withdrawal of the modifier role of silver in the 
glass network. A similar trend was noticed in the O1s XPS spectra of the 
glasses (Fig. 5). Overall, the O1s XPS spectra fitting reveals that all the 
glasses have a fraction of bridging (BO) and non-bridging oxygen (NBO) 
species. Comparing the spectra of the BG (Fig. 5a) with the spectra of the 
BG1Ag (Fig. 5b) and BG5Ag (Fig. 5c) glasses, a decrease in BO species is 
noticed and accompanied by an increase in NBO, suggesting that the 
silver behaves mainly as a modifier ion. When the BG5Ag glass is 
compared with the BG10Ag one (Fig. 5d), there is an increase in BO 
species, suggesting the withdrawal of silver role as a glass network 
modifier. The 31P NMR results (Fig. 4b) also emphasize that the BG10Ag 
favors a phase separation, as the spectra of the BG and BG10Ag glasses 
show the presence of Q0 and Q1, while the BG1Ag and BG5Ag glasses 
showed only Q0 species. It highlights that ionic silver was probably 
interacting with phosphate species and favoring their depolymerization. 
However, as the BG10Ag predominantly shows metallic silver species, 
phosphate species polymerize as Q1 species. 

Finally, the role of silver in the glass network connectivity was 
confirmed by calculating the network connectivity (NC) or the BO/NBO 
ratio of the glasses by different techniques. Fig. 6 shows the NC of the 
glasses calculated from the survey XPS spectra of the glasses (red y-axis 
on the right) and by 29Si-NMR (blue y-axis on the right), as well as their 
BO/NBO ratio derived from the O1s XPS (black y-axis on the left). In all 
the cases, the NC or the BO/NBO ratio follows the same trend: a decrease 
in glass connectivity when silver is added to the glass network, followed 
by an increase in glass connectivity when the amount of silver in the 
glass network keeps rising. 

4. Discussion 

Understanding the mechanism of silver inclusion in the glass 
network during the sol-gel synthesis supposes that we first need to un
derstand the formation of the glass network of the bioactive glass. Lin 
et al. [40] described the evolution of the glass network during the sol-gel 
synthesis of bioactive glasses in five steps: (i) mixing + gelation; (ii) 
aging; (iii) drying; (iv) stabilization; (v) and sintering. In the first step, 
the hydrolysis of the glass precursors occurs, with subsequent conden
sation reaction of the glass network formers (such as TEOS and TEP), 
leading to the formation of a primary glass particle; besides, these pri
mary particles can bind to other ones through condensation reactions of 
Si–OH bonds (Eq. (4)), forming secondary particles.  

Si–OH(s) + OH–Si(s) → Si–O–Si(s) + H2O(l)                                     Eq. 4 

In the second step, the gelation reaction keeps occurring, but in the 
quick-alkali method [33], chosen to produce our glasses, this step is 
unnecessary, as silicon polycondensation reactions occur very fast, 
consuming the reactants in seconds. Then, in the third step, most of the 
water from the synthesis is removed by drying either at mild tempera
tures or freeze drying [34,35]. At this stage, nitrates and calcium ions 
bind back together, forming calcium nitrates that are deposited on the 
surface of the secondary particles formed in stage 1. Later, in the fourth 
stage, as the resulting dried powder is calcined at a temperature near 
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Fig. 3. Scanning electron microscopy of the glasses: (a) EDS mapping of Si (green), Ca (purple), P (yellow), and Ag (cyan) of the BG, BG1Ag, BG5AG, and BG10Ag 
from top to bottom; (b) backscattered electron microscopy of the BG10Ag glass and its EDS spectra at point 1 (grey, d) and point 2 (brighter, e), as well as its Ag EDS 
mapping (c). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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550 ◦C, the calcium nitrate is thermally degraded (Eq. (5)). Because the 
surface of the secondary particles is rich in calcium, the secondary 
particles reach a glass transition state from the edges to the core of the 
particles, allowing the diffusion of calcium into the glass network [48]. 
Therefore, at this stage, there is a decrease in the network connectivity 
caused by the formation of Si–O–Ca bonds. If the temperature keeps 
increasing, the particles sinter (step 5), forming tertiary particles fused 
at the corner due to mass flow.  

2Ca(NO3)2(s) → 2CaO(s) + 4NO2(g)↑ + O2(g)↑                                   Eq. 5 

The thermal characterization of the glasses (Fig. 1) enables an un
derstanding of the influence of silver on the formation of glass nano
particles. Overall, Ag-containing glasses behave similarly to Ag-free 
glasses, except for displaying a more prominent peak related to silver 
nitrate decomposition and the later thermal reduction of silver. Other 
works from the literature have also reported the formation of silver by 
thermal reduction at high temperatures in bioactive glasses [24], which 
highlights the consistency of our results. 

Interestingly, silver species are found as Ag+ and Ag0 in the glass 
structure, regardless of the silver content in the glass composition. 

Fig. 4. Nuclear magnetic resonance results: (a) 29Si-NMR and (b) 31P NMR of the BG, BG1Ag, BG5Ag, and BG10Ag glasses.  

Fig. 5. High-resolution O1s spectra of the developed glasses: (a) BG; (b) BG1Ag; (c) BG5Ag; (d) and BG10Ag.  
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However, the fraction of Ag0 increases with the increase in silver content 
in the glasses, according to Fig. 2c–e. This fact drives us to observe that 
silver crystals might be present in all Ag-containing glasses, but they 
were more detectable in the BG10Ag sample (Fig. 2a) as this glass 
composition has a higher content of silver and, thus, more silver crystals. 
These results agree with other findings from the literature that have also 
noticed a formation of silver crystals in their sol-gel bioactive glasses in 
those glasses that contained a higher fraction of silver in their compo
sition [23,49]. Notably, the production of Ag-containing glasses by the 
quick alkali method did not favor the crystallization of other phases than 
silver crystal, which can be an advantage. Other works have reported 
glass devitrification and the formation of cristobalite, wollastonite, and 
calcium phosphates [29,49,50]. Since glass devitrification can disfavor 
bioactivity [48,49], avoiding crystallization can maximize the bacteri
cidal and bioactive properties. Although we noticed some minor calcium 
phosphate crystals in our glasses (Fig. 2a), they are not a result of glass 
devitrification but formed during sol-gel synthesis. Recently, it has been 
reported that TEP has very low hydrolyzation kinetics, and it remains as 
TEP during all the sol-gel synthesis instead of being found as aqueous 
phosphate specie. Upon calcination, TEP is degraded, and its affinity to 
calcium leads to the formation of calcium phosphate domains [51,52]. 
These calcium phosphates are mostly found as pyrophosphate in the 
glass structure [52], agreeing with the results of 31P NMR in Fig. 4. 
Garcia et al. experimentally showed these calcium phosphate domains in 
sol-gel-derived bioactive glasses through transmission electron diffrac
tion and microscopy [53]. Unlike glass devitrification, forming these 
calcium phosphate domains does not jeopardize the glass bioactivity, as 
shown in previous works [34,35]. 

So far, the results from this work, following the literature’s findings, 
have shown that silver crystals depend on the silver content in the glass 
compositions. However, it does not clarify the mechanism, that is, 
whether it is a surface nucleation and growth phenomenon or it is like 
glass devitrification. The NMR and XPS results (Figs. 4–6) provide evi
dence of a possible mechanism. Both techniques have shown increased 
glass network connectivity when the BG5Ag and the BG10Ag glasses are 
compared, which we addressed to a loss of silver’s glass network mod
ifier role. If the formation of silver crystals were driven by glass devit
rification, first silver ions would take place in the glass network as glass 
modifiers and later be crystallized into crystals. In this case, considering 
that the BG10Ag glass has the double silver content (in wt.%) as the 

BG5Ag glass, it was reasonable to assume that part of the silver would 
remain in the glass network, and thus some silicon Q1 species would be 
noticed in the 29Si-NMR. Besides, devitrification involves a collaborative 
mechanism in which the neighbor atoms must re-accommodate, which 
also favors forming other phases in bioactive silicate glasses, such as 
silicate crystalline phases [54]. As it does not occur, we suggest silver 
crystallization is a surface mechanism. 

It is worth noting that NCNMR and NCXPS are not the same because the 
calculus from the chemical composition used from the survey XPS 
spectra simplifies the complex role of ions with an intermediate role in 
the glass structure, i.e., act as glass formers and modifiers, like phos
phate moieties [38,55,56], neither take into account that part of calcium 
is crystallized as calcium phosphate, as shown in Fig. 2a. As the NCXPS is 
derived from the experimental glass compositions, it is less sensitive to 
the effect of silver segregation from the glass network, as it assumes that 
all the silver plays a modifier role in the glass structure. The slight 
variation in the NC as a function of the silver content represents an 
"ideal" situation where all the silver plays a modifier role. However, the 
NC calculated from 29Si-NMR and the BO/NBO ratio show that the effect 
of silver on the glass structure deviates from this ideal situation. 

The BO/NBO ratio is much more sensitive to the effect of silver than 
the NC calculated from survey XPS spectra, as it is calculated from the 
high-resolution O1s, and it is clear that the addition of silver up to 10 wt 
% led to a significant increase in the BO/NBO ratio. Then, the NCNMR 
and the BO/NBO ratio show the same trend. However, while NCNMR 
varies from 0 to 4, the BO/NBO ratio varies from 0 to 1 because the latter 
does not consider the fractions of Qn species but only distinguishes BO 
from NBO. On the other hand, as NC calculated from 29Si-NMR and BO/ 
NBO ratio shows the same trend, it is reasonable to assume that the 
effect of silver is an experimental observation. 

Besides, when we say that the network modifier role of silver is 
withdrawn, we are referring to when silver is crystallized into metallic 
silver nanocrystals; thereby, silver ions are not displaying their modifier 
role expected by the NCXPS. It does not imply that silver is acting as a 
glass former. Instead, silver is segregated from the glass structure. By not 
acting as a glass modifier, the glass structure becomes more connected as 
fewer modifier ions are present in the glass structure. 

Also, as 29Si-NMR is a technique based on the whole sample, while 
the O1s high-resolution spectra of XPS penetrate only a few nanometers 
underneath the surface, the 29Si-NMR results are more likely to be more 
accurate about the glass structure, while the BO/NBO results show a 
better picture about the glass surface. This instrumental difference can 
explain why the BO/NBO results are more sensitive to silver crystalli
zation than NCNMR, mainly when 10 wt% of silver is added to the glass 
composition. XPS data intensify these changes as we propose a mecha
nism in which silver crystallization happens on the surface rather than 
within the glass particle. 

To facilitate the understanding of this proposed mechanism, we drew 
a scheme comparing the formation of sol-gel glass particles under three 
scenarios: i) Ag-free glass, ii) Ag-containing glass with no silver crystals, 
and iii) Ag-containing glasses with silver crystals (Fig. 7). The first 
scenario is similar to the mechanism proposed by Lin et al. [40] where 
primary particles (mainly composed of silicon) form during gelation 
(polycondensation reaction), which are later agglomerated in bonded 
through Si–OH condensation reactions during drying. Also, during 
drying, calcium nitrate is deposited on the secondary particles. Later, 
when calcined, the particles are fused as calcium nitrates decompose, 
and calcium diffuses from the surface to the core of the tertiary particle. 
Scenario II is similar to the first, but silver ions are also deposited on the 
glass surface besides calcium. After calcination, the silver ions are part of 
the glass network as glass modifiers. Finally, in scenario III, more silver 
nitrate is deposited on the glass surface upon drying. The silver nitrate 
decomposes when the glass is calcined, but the silver ions cluster 
together instead of diffusing through the glass network. Therefore, they 
remain on the surface instead of acting as glass modifiers. Fig. 3 shows 
that the silver crystals are present on the particle surface, giving more 

Fig. 6. Effect of silver addition on the glass network of developed glasses: 
network connectivity (NC) calculated from survey XPS spectra (NCXPS, red 
triangle); NC calculated from survey 29Si-NMR spectra (NCNMR, blue star); BO/ 
NBO ratio calculated from the high-resolution O1s XPS spectra (black square). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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evidence of the proposed mechanism. It is worth noting that this crys
tallization mechanism is not similar to the production of a glass-ceramic, 
in which a glass is partially crystallized. Instead, this mechanism of 
silver crystal formation is related to the mechanism of glass particles 
during the sol-gel synthesis. Indeed, this is the reason why the crystal
lization occurs at the surface, as shown in Fig. 3. 

This proposed mechanism of silver crystal formation in bioactive 
glasses can be used to tune bactericidal properties. Some authors have 
addressed that silver ions display higher bactericidal activity than silver 
nanoparticles [57,58]. Besides, when dispersed in a solid-state matrix, 
the bactericidal properties of silver nanoparticles rely on their dissolu
tion ability and silver ion release [58,59]. Therefore, designing glasses 
with modulated Ag0 or Ag + species can be a strategy to tune bactericidal 
properties, but it depends on precise control of silver species modulation 
during sol-gel processing. 

5. Conclusion 

This work produced sol-gel derived 58S bioactive glasses containing 
1, 5, and 10 wt% of Ag2O, obtaining glasses with different ratios of Ag+

and Ag0 species. Despite the non-crystalline nature of all glasses, the 
glass containing the highest concentration of Ag2O (BG10Ag) showed 
the formation of metallic silver crystals on its surface. However, Ag3d 
high-resolution spectra of all Ag-containing glasses showed the presence 
of Ag0 and Ag1+ species in the glass structure, which means that only the 
BG10Ag glass had concentrations high enough to get noticeable XRD 
patterns in the XRD analysis. SEM-EDS analysis proved that metallic 
silver crystals’ nucleation and growth occur on the glass powder’s sur
face. Complimentarily, 29Si and 31P NMR and high-resolution O1s XPS 
spectra of the glasses suggested that silver ions display a glass modifier 
role in the glass structure. However, when silver crystals are formed, it 
removes the network modifier role of silver, reinforcing that metallic 
silver crystallization occurs on the surface. By understanding the 
mechanism underlying metallic silver formation in sol-gel bioactive 
glasses, it might be possible to modulate the bactericidal properties of 
Ag-containing bioactive glasses, as crystalline silver and ionic silver can 
display different bactericidal behavior at physiological conditions. 

Fig. 7. Schematic illustration of the glass particle formation in different scenarios: I) an Ag-free glass; II) an Ag-containing glass with no silver crystals; III) an Ag- 
containing glass with silver crystals. In all scenarios, after primary glass particles are formed through the sol-gel synthesis polycondensation reaction, calcium and/or 
silver nitrates precipitation onto the secondary particles occurs upon drying. Then, when the dried gel is calcined, the nitrates are thermally degraded, and calcium 
and silver can diffuse to the glass network as mass flow conditions are reached. However, if the concentration of silver reaches a certain level on the glass surface, 
metallic silver crystals are formed, removing the glass modifier role of silver in the glass network. 
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