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Abstract

We have developed a calcium phosphate glass (CPG) doped with Zn2+ or F− or combined Zn2+

and F− ions, which are naturally found in the human body and play a dual role in bone formation

and antibacterial activity. Previously, we have demonstrated that this family of CPGs has superior

osteoconductive and resorbable properties in vivo. This study aimed to investigate the antibacterial

property of CPGs incorporating Zn2+ and/or F−. We used Streptococcus mutans as a model

organism because it is one of the major human oral pathogens and an early colonizer, and it has

been associated with several oral infections, such as dental caries, periodontitis, and peri-

implantitis. 0.01g and 0.05g of CPGs were incubated with Streptococcus mutans for 0, 2, 4, and 6

h. Serial dilutions were plated in triplicate and colony forming units were determined. The

antimicrobial effect of CPG incorporating Zn2+ or F− was greater than CPG incorporating both

these ions. CPG without doping produced a moderate antimicrobial effect. This family of CPGs,

previously shown to promote new bone formation in vivo, is demonstrated to have superior

bactericidal properties.
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1. INTRODUCTION

Bioactive glasses, especially phosphate-based glasses have been the focus of much interest

in recent years, due to their bioactive nature and ability to promote generation of soft and

hard tissue.1–4 The ionic dissolution products support cell proliferation, cell differentiation

and activate gene expression.5 The biological response to artificial materials depends on

parameters such as chemical composition, topography, porosity and grain size.6 By varying
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the chemical composition of glass constituents, the biological attributes of bioactive glasses

can be tuned, to combat bacterial associated infections, and facilitate tailorability for specific

medical applications.3 Bacterial infections hinder the bone healing process, and at times,

lead to surgical failures.7 Hence, the integration of certain metal ions to the bioactive glasses

can function as therapeutic for various pathological conditions associated with bacterial

colonization and infection. The phosphate-based glasses when doped with appropriate metal

ions can help fight infections as a controlled release antibacterial delivery system.4,8–10 The

unique feature of these glasses is the release of integrated ions upon implantation or

exposure to physiological environment and formation of hydroxy-carbonate apatite layer

that bonds directly to bone.5,11–13

In this study, we focused on ions that are found in the human body and are able to play a

dual role in bone formation and antibacterial activity. Ions that fall in this category are

fluoride (F−), magnesium (Mg2+), zinc (Zn2+) and phosphate (PO4+).

Fluoride is known to disrupt bacterial enzymes and membrane function.14 It can inhibit the

glycolytic enzyme, enolase, in S. mutans in the presence of magnesium and phosphate

ions.15 Moreover, fluoride has been shown to have a two-fold acidifying effect on the

cytoplasms of S. mutans: one, through inhibiting the transmembrane protein, F-ATPase,

which counters cytoplasmic pH changes; and two, by crossing the cell membrane in the

form of hydrofluoric acid (HF) in low pH (< 4) environments, which quickly dissociates to

become H+ and F− ions.16,17 Through this combined action, concentrations as low as 0.1

mM of fluoride have been found to prevent glycolysis in S. mutans.

Previous studies have demonstrated that zinc expedites hard tissue formation by decreasing

osteoclast activity while also increasing rates of osteoblast adhesion and proliferation.18,19

In in vivo studies, Kawamura et al20 and Ito et al21 have demonstrated that zinc promotes

bone formation when incorporated in conjunction with calcium phosphate materials (β-TCP

and β-TCP/HA composite). Boyd et al22 has reported that 1 ppm levels of released zinc

from glass cements were effective in inhibiting S. mutans growth. Atmaca et al found that

even lower levels, 0.02 ppm solutions of zinc acetate, were capable of suppressing growth of

planktonic Streptococcus auerus and Staphylococcus epidermidis, two strains of virulent,

Gram-positive bacteria.23 Several studies have supported these results by demonstrating that

in the presence of < 1 mM of Zn2+, lactic acid production in S. mutans, Streptococcus

sobrinus and Streptococcus salivarius was significantly reduced.21,24,25

Phosphate is widely accepted as a fundamental building block for most organisms and

therefore few studies have investigated the effect of super-physiological concentrations of

phosphate on microbial growth and viability. However, in the cases where phosphate and pH

levels have been carefully monitored in relation to microbial inhibition, a controversial

theory has begun to take shape, where phosphate ions alone can be either bacteriostatic or

bactericidal.26–28

Previously, we have demonstrated that a novel calcium phosphate glass, part of the CaO-

P2O5-NaF-MgO-ZnO system, has osteoconductive and resorbable characteristics in

vivo.29,30 In particular, studies by Lee et al30 have demonstrated that glasses with a Ca/P
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molar ratio of 0.6 increased mineralization and alkaline phosphatase activity of MC3T3

cells, a preosteoblast-like cell line. Additionally, the same calcium phosphate glass

composition was shown to promote almost complete bony in-growth in critical size calvarial

defects in rats by 9 weeks.31 However, no antimicrobial assays have been performed, despite

the known beneficial effects of zinc and fluoride. This study focuses on characterization of

novel calcium phosphate glass compositions doped with zinc and/or fluoride and evaluates

their antibacterial properties on the viability of Streptococcus mutans. We chose

Streptococcus mutans as a model organism because it is one of the major human oral

pathogens and an early colonizer, and it has been associated with several oral infections,

such as dental caries, periodontitis, and peri-implantitis.32–39

2. MATERIALS & METHODS

2.1. Preparation of calcium phosphate glass

The experimental material compositions (Ca to P ratio and the percentage of doping with

MgO, ZnO and NaF) were modeled after the bioactive glass formulation examined by

LeGeros and Lee.40

The base calcium phosphate glass (CPG) was prepared from a mixture of CaCO3, H3PO4

and MgO with Ca:P molar ratio of 0.6. The mixture was dried at 80°C for 2 h (Fisher

Scientific Isotemp 500 Series; Thermo Fisher Scientific, Waltham, MA, USA). The dried

powder was placed into a platinum crucible and calcined at 850°C for 2 h (Barnstead

Thermolyne 4800; Thermo Fisher Scientific) to remove volatile impurities. Final melting of

the glass was achieved at 1200°C for 2 h (Barnstead Thermolyne 4800; Thermo Fisher

Scientific). Quenching the melted glass into ice water formed glass frits. Then, the frits were

ground into a fine powder using an alumina mortar and pestle. The experimental groups,

CPGs doped with Zn2+ (CPG+Zn), F− (CPG+F), or combined Zn2+ and F− (CPG+Zn+F)

were prepared using the same procedure as described above. The addition of 1 wt% ZnO

and 0.5 wt% NaF, were added to the initial mixture of CaCO3, H3PO4, and MgO for CPG

+Zn formulations and CPG+F formulations, respectively. CPG+Zn+F is doped with both

ZnO and NaF.

All glass compositions were sieved between 60 µm mesh and 250 µm mesh before

sterilization by autoclaving (dry cycle) at 121°C for 15 min.

2.2. Material characterization

Final compositions of the glasses with Ca:P molar ratio of 0.6 were detected using x-ray

fluorescence (XRF) analysis (n = 3). The crystal structure of the glasses was determined

using an x-ray diffractometer (XRD) (Philips X’Pert, Philips Analytical Inc., MA, USA)

with a curved crystal monochromator and copper Kα radiation (n = 2). The voltage and

current were set at 45 kV and 45 mA, respectively. The scanning range spanned between 20°

– 40° 2θ with a step size of 0.02° and a dwell time of 3 s/step.

Dissolution studies (n = 3), which determined the release of calcium, phosphorus, zinc and

magnesium ions, were performed using an inductively coupled plasma spectroscopy (ICP)

(Thermo Jarrell Ash, Franklin, MA, USA). 0.05 g of glass particulate was placed into 25 ml
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of potassium acetate solution (pH = 6) and kept in a 37°C water bath. The characteristic

wavelengths selected were 317.9 Å (Ca), 279.6 Å (Mg), 213.6 Å (P), and 202.5 Å (Zn). Six

measurements per wavelength were taken every 3 min with a total duration of 4 h for each

sample. An ion selective electrode (Orion, Waltham, MA, USA) attached to a pH Stat

system (Metrohm Brinkmann, Delran, NJ, USA) was used to measure the release of fluoride

ions (n = 3). A four-point calibration curve with a R2 value > 0.99 was used to calculate

fluoride concentration as a function of time.

The pH of the CPGs incubated in phosphate buffer saline (PBS) was measured in order to

gauge the ionic environment during bacterial viability studies. In order to compensate for the

size of the pH meter probe (Metrohm 692 pH/Ion Meter, Metrohm, Riverview, FL, USA), a

higher volume of buffer (1 ml) was necessary to cover the sensor. Therefore, a scaled up

version of the bacterial studies was made so that the solid to liquid ratio (1:1) remained the

same. pH values (n = 3) were allowed to equilibrate to a final value after ten min and then

monitored over the course of an hour.

2.3. Effect of bioactive glass on S. mutans

S. mutans UA 159 was maintained on tryptic soy agar (Fisher Scientific, Pittsburg, PA,

USA) for 48 h at 37°C under anaerobic conditions (5% CO2). The cultures (n = 2) were

grown overnight under the same conditions in brain heart infusion broth (Fisher Scientific,

USA) and the late log phase cultures were harvested at the cell concentration of 106 – 107

CFU/ml with an approximate optical density (OD) of 0.4. The bacterial concentrations were

measured with a Biomate spectrophotometer (Thermo Electron Corporation, Waltham, MA,

USA) at 660 nm.

0.01 g and 0.05 g of CPGs were weighed into separate 1.5 mL cryotubes (USA Scientific,

Orlando, FL, USA) for each time point. A negative control tube contained no particulates.

To each tube, 50 µL of S. mutans culture was added and tubes were incubated under

anaerobic conditions (5% CO2) for 0, 2, 4, or 6 h at 37°C. The time points were selected

based on Allen et al’s study41 indicating 80% killing of S. mutans incubated with

Perioglas® for 3 h. At the specified time interval, 950 µL of PBS buffer was added to all test

tubes to bring the total volume to 1 ml. All samples were then vortexed for 30 sec. Eight 10-

fold serial dilutions in PBS were prepared and 100 µL of each were plated on TSA in

triplicate (n = 3). The plates were incubated for 48 h in a 5% CO2 incubator (NAPCO

Series, Thermo Fisher Scientific) at 37°C. Quadruplicate experiments were performed and

the results were averaged.

2.4. Statistical analysis

Averaged results of multiple experiments were expressed as mean ± standard deviation. The

data was subjected to three-way analysis of variance (ANOVA) to determine any significant

differences between the different CPG compositions with a p < 0.05 indicating significant

difference.
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3. RESULTS

3.1. Compositional and chemical properties of CPGs

Using XRF analysis, weight percent oxide composition of the formed calcium phosphate

glasses is shown in Table 1. All constituents were determined except for fluoride (atomic

number, Z = 9), due to the XRF detection limits of Z = 11, or sodium. The results are in line

with our intended compositions.

XRD patterns of Ca/P glasses are shown in Fig 1. All glasses demonstrated a lack of defined

peaks between 20° – 40° 2θ, which characterizes long-range disorder within the structure.

The addition of supplemental ion components (Zn2+ and F−), produced an XRD pattern with

a slightly narrower amorphous hump than that of base CPG.

The ion release profile of CPGs over the course of 4 h is shown in Fig. 2. The total

concentrations of released ions are shown in Table 2. The solubility of CPGs decreased

when doped with zinc and fluoride. The total P5+ ion concentration dropped significantly

from 30.9 ± 2.64 ppm in the base CPG to 24.4 ± 1.11 ppm in CPG+Zn and 25.7 ± 1.54 ppm

in CPG+F to 18.9 ± 1.93 ppm in CPG+Zn+F. On the other hand, calcium ion release was

unaffected by the addition of zinc (25.1 ± 0.52 ppm) to the base CPG (24.3 ± 0.64 ppm).

CPG+F released the least Ca2+ (10.9 ± 0.40 ppm) among the four CPG compositions, since

it was observed that CPG+Zn+F (19.1 ± 1.50 ppm) was able to regain some degree of

calcium release. Magnesium release was highest in the base CPG (1.04 ± 0.06 ppm) and

least in CPG+Zn+F (0.09 ± 0.01 ppm). Additionally, fluoride alone reduced the magnesium

release more than zinc alone, showing 0.67 ± 0.03 ppm and 0.79 ± 0.02 ppm, respectively.

The combined influence of fluoride and zinc made the most impact on CPG solubility for Zn

and F ions, reducing total released Zn2+ from 3.33 ± 0.01 ppm to 0.12 ± 0.01 ppm and F−

from 2.88 ± 0.03 ppm to 0.03 ± 0.002 ppm.

In order to facilitate direct comparisons with previous studies, ppm values were translated to

molarity concentrations. This was achieved using the formula:

(1)

where [I] is the ionic concentration (in ppm) as obtained through ICP, MW represents the

molecular weight of each ion, and 500 is the volumetric proportionality conversion (25 ml/

0.05 ml). Translated values of Table 2 are shown in Table 3.

The addition of zinc and fluoride, alone or in combination, caused a decrease in the overall

solubility of the CPGs. However, incorporation of either zinc or fluoride alone, produced

CPGs that released higher than reported MIC (minimum inhibitory concentration) values for

S. mutans.42–44 This result was not observed when the ions were doped in combination. In

fact, the solubility of the doped CPG was significantly reduced with only parts per billion of

zinc and fluoride ions detectable.

When immersed in PBS, CPGs (with or without doping) maintained a slightly acidic pH (~

6).
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3.2. Effect of CPGs on S. mutans

At 0.01 g (Fig. 3), CPG+Zn caused the most reduction in viability at 2 h (3.68 × 104 CFU/

ml). At 4 h, CPG+Zn and CPG+F both showed 100% bactericidal activity that continued for

the length of the study. In the presence of CPG+Zn+F and base CPG at 6 h, viable counts

decreased from 1.31 × 107 to 3.09 × 105 and 5.48 × 104/ml, respectively. Total viable load

(CFU/ml) of S. mutans in the negative control (contained no glass particulates) remained

almost unchanged throughout the 6 h test duration.

Increasing the concentration of CPG+Zn and CPG+F to 0.05 g (Fig. 4) produced a

maximum bactericidal effect at 2 h compared to 4 h with 0.01 g. The base CPG at 0.05 g

also had a higher antimicrobial efficacy, with complete inhibition occurring at 4 h. The

activity of CPG+Zn+F remained unchanged regardless of concentration. There was no

noticeable decrease in viable counts for the negative control.

4. DISCUSSION

In this study, we fabricated a series of CPG compositions in order to evaluate the effect of

zinc, fluoride, or zinc and fluoride doping on S. mutans activity. Despite the similarities

among the CPG compositions, there were differences in solubility and the effect of

solubilized ions that contributed to each material’s unique antimicrobial activity.

Antibacterial activity was also found to be dependent on solid loading, with 0.05 g showing

a greater effect relative to 0.01 g. Interestingly, the bactericidal effect of zinc and fluoride

ions was greatest when they were incorporated separately in the CPGs. CPG incorporating

the combination of zinc and fluoride ions (CPG+Zn+F) demonstrated higher crystallinity,

lower solubility, and thus lower killing.

Since the effect of solubilized ions was central to our study, we carefully analyzed the

concentrations of the individual ions released as a function of time using ICP. It is important

to note that the concentration of solubilized ions that was measured using ICP is not

equivalent to concentrations seen in vitro due to volumetric differences (25 ml of solution in

ICP vs. 50 µL of solution in vitro) as necessitated by the parameters of each experiment.

Adding either fluoride or zinc was able to increase killing rates compared to the base CPG.

Furthermore, at 0.01 g, CPG+Zn demonstrated a significantly lower decrease in CFUs at 2 h

than CPG+F. These findings may be attributed to zinc’s higher uptake into bacterial cells at

neutral pHs, where it acts to inhibit ATP synthesis, whereas fluoride is most effective at

acidifying cytoplasms at pH values below 5.45 Additionally, the activities of fluoride and

zinc have been shown not only to have antimicrobial effects for planktonic cells, but

significant effects on single-species biofilms as well.25

Although several studies have shown data supporting the additive effect of zinc and fluoride

on the inhibition of microbial metabolic functions, this was not the case with our

investigation. CPG+Zn+F produced the least amount of killing. This result is mainly

because of differences in the form of zinc and fluoride ions that are being introduced.

Previous studies have used aqueous ionic solutions in order to introduce Zn2+ and F−,

thereby making the antimicrobial agents freely available.14,46,47 In our case, the ions are
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incorporated into the glass structure as network modifiers, and thus suppress their own

release into the extracellular environment. This is especially true of Zn2+ and F− co-doped

CPGs, where minimal dissolution was detected. Similar results have been documented in

other studies of bioactive glasses. Haimi et al45 studied glasses in the family of Na2O–K2O–

MgO–CaO–P2O5–B2O3–TiO2–SiO2–ZnO, with zinc oxide doping from 0 – 5 mol%. Their

results showed decreasing solubility profiles as zinc concentrations increased in the glass

composition. Again, no change in crystallinity was observed, even at the highest doping.

Even low concentrations of zinc doping (0.1 wt%) caused an appreciably slower dissolution

rate when compared to non-doped Bioglass®48. This supports zinc’s active role as a glass

network modifier, stabilizing non-bridging oxygen bonds. On the other hand, fluoride has

been known to partially substitute into the crystalline lattice of calcium phosphate

(principally, apatite) materials and decrease solubility through stabilizing effects.49–51

Generally, slower dissolution rates are advantageous for bioactivity since they allow for

material resorption to be balanced with tissue regeneration. It also allows for a more

prolonged release of antimicrobial agents. At the same time, we must remember that over-

stabilization of the CPG network can cause ionic dissolution to be dampened to the point of

being ineffective. Therefore, when considering a biologically active dopant for CPGs, the

structural functionality of these components must also be considered.

Despite the absence of bactericidal additives zinc and fluoride, the base CPG still exhibited

some antibacterial properties (Fig. 4). The ions released from the base CPG are calcium,

phosphorous, and a trace amount of magnesium (Table 2). The Mg2+ ion has been reported

to have a bactericidal effect, provided its ion concentration is above the threshold ~104

ppm.52 The amount of Mg2+ ions that are released by base CPG is around 1 ppm. Therefore,

it is highly unlikely that the antibacterial property of base CPG is due to this trace

concentration of Mg2+ ions. Indeed, many bacteria, including S. mutans, are often suspended

in solutions such as Dulbecco's PBS and Butterfield's Phosphate Diluent which contain

millimolar amounts of MgCl2 (on the order of several tens of ppm) and are known to have

no detrimental effect on bacterial activities.

Ca2+ ions released from our base CPG is around 0.30 M. A previous study suggested that at

this concentration Ca2+ might have inhibitory effect on S. mutans.53 However, our CPG+Zn

+F also produced similar amount of Ca2+ (0.24 M, Table 2) yet exhibited little bactericidal

effect (Fig. 4), suggesting that the antibacterial property of base CPG was most likely not

attributed to Ca2+. Therefore, the only ion that may have antibacterial effect in our base

CPG is phosphate.

Although this may be surprising in terms of the essential role that phosphate plays in basic

cell functions and metabolism, it is critical to note that the level of phosphate is a

determining factor in whether it facilitates or inhibits microbial growth. Generally,

phosphate concentrations recommended for microbial growth culture range from 2 – 10 ppb;

conversely, the phosphate levels released by our CPGs are 103 times greater (Table 2).54

Therefore, although not commonly recognized as an antimicrobial agent, certain parameters

do allow phosphate to inhibit microbial growth and viability. For example, previous studies

by Moreau et al55 showed inhibition of S. mutans from spray-dried amorphous calcium
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phosphate nanoparticles. However, their study did not evaluate the concentration of eluted

ions. More specifically then, Handelman et al56 observed that at pH ≥ 7, adding 0.06 M of

phosphate ions to S. mutans liquid cultures resulted in significantly lower lactic acid

production. At pH 6.5, there was minimal effect on acid production, even with increasing

phosphate concentrations up to 0.1 M. In our study, the pH of our CPG containing media

was around 6. When the phosphate concentration was 0.31 M (CPG+Zn+F), limited

antibacterial effect was observed. But when the phosphate concentration reached 0.50 M

(base CPG), bacterial killing occurred, probably due to metabolic failure. A formal

mechanism for this phenomenon was proposed by Brown et al26, who demonstrated that

while low phosphate concentrations (< 25 mM) promoted lactate dehydrogenase activity

(LDH), a critical glycolytic enzyme which converts pyruvate into lactic acid, higher

concentrations of phosphate bound the LDH activator, fructose-1,6-diphosphate (FDP), and

prevented LDH activity. Therefore, through this pathway, phosphate is able to mitigate S.

mutan’s lactic acid production, reducing the organism’s cariogenic abilities and metabolic

function. Other forms of phosphate have been found to have bactericidal effects as well. In

fact, studies have shown that polyphosphates have a broad range of growth inhibition among

both Gram-positive and Gram-negative bacteria, such as: Escherichia coli, Salmonella

typhimurium, Bacillus subtilis and Staphylococcus aureus57–59 Polyphosphates can serve as

divalent cation chelators of crucial metals that are necessary for cell wall integrity and

division.28 It has also been shown that they can act as iron chelators, making hemin

unavailable to bacteria, such as Porphyromonas gingivalis, that require heme as a nutrient

for growth. Although the form of phosphate ion that is released by CPGs was not evaluated

in this study, it is feasible that more than one type is acting to suppress S. mutans. Due to the

pyrophosphate glass structure in CPGs, both P2O7
4− ions and their simpler subunit

orthophosphate, PO4
3−, may be present in solution as well as all their myriad protonation

states. Therefore, there is a possibility of additive inhibitory effects through the various

phosphates.

At the same time, research on synthetic carbonate apatites reveals that higher PO4
3−

concentrations than the ones seen here are released in vivo without any toxic effects and

function to stimulate bone formation.60 Therefore, high concentrations of phosphate do not

cause cellular distress and, in fact, are necessary to promote precipitation of carbonate

apatite for bone repair.

5. CONCLUSION

This study investigated and identified several CPGs that are able to confer both bioactivity

and antimicrobial properties. Among these were CPGs that were singularly doped with the

antimicrobial ions, zinc or fluoride. Our results contradicted conventional wisdom that

doping materials with multiple antimicrobial agents would offer additive benefits, since

CPG co-doped with zinc and fluoride demonstrated significant decreases in solubility that

suppressed the amount of ions released in solution.

Results of this study demonstrated that CPGs have a high antimicrobial efficacy while

maintaining a physiologically near neutral pH environment. Some of the bactericidal activity

can be attributed to the release of antimicrobial ions, zinc and fluoride. Additionally, this
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study demonstrated the substantial antibacterial effects of high concentrations of phosphate

anions at near neutral pH with a pure CaO–P2O5–MgO glass system.
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Figure 1.
Comparison of XRD spectra among calcium phosphate glasses.
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Figure 2.
Rate of CPG dissolution with respect to time.
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Figure 3.
Viable S. mutans counts after exposure to 0.01 g of CPGs, or negative control (no glass).
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Figure 4.
Viable S. mutans counts after exposure to 0.05 g of CPGs, or negative control (no glass).
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Table 1

Weight percent composition of various CPGs with an intended Ca/P molar ratio of 0.6 as analyzed by XRF.

Base CPG CPG+Zn CPG+F CPG+Zn+F

Analyzed Compounds (wt%)

CaO 36.4 ± 0.5 36.0 ± 0.5 37.7 ± 0.7 36.5 ± 0.5

MgO 1.2 ± 0.1 1.1 ± 0.1 1.3 ± 0.1 1.1 ± 0.1

Na2O - - 1.3 1.0

P2O5 62.3± 0.5 61.7± 0.5 59.7± 0.5 60.2± 0.5

ZnO - 1.2 ± 0.1 - 1.2 ± 0.1

Calculated Ca/P 0.58 0.58 0.63 0.61

J Biomed Mater Res B Appl Biomater. Author manuscript; available in PMC 2014 May 27.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Liu et al. Page 18

Table 2

Concentration in ppm of released ions after 4 h for CPGs with a Ca/P molar ratio of 0.6.

Ions Base CPG CPG+Zn CPG+F CPG+Zn+F

P5+ 30.9 ± 2.64 24.4 ± 1.11 25.7 ± 1.54 18.9 ± 1.93

Ca2+ 24.3 ± 0.64 25.1 ± 0.52 10.9 ± 0.40 19.1 ± 1.50

Mg2+ 1.04 ± 0.06 0.79 ± 0.02 0.67 ± 0.03 0.09 ± 0.01

Zn2+ 0 3.33 ± 0.13 0 0.12 ± 0.01

F− 0 0 2.88 ± 0.03 0.03 ± 0.002
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Table 3

Calculated Min-vitro of released ions from CPGs with a Ca/P molar ratio of 0.6 after 4 h using eq. 1.

Ions Base CPG CPG+Zn CPG+F CPG+Zn+F

P5+ 0.50 ± 0.04 0.39 ± 0.02 0.41 ± 0.02 0.31 ± 0.03

Ca2+ 0.30 ± 0.01 0.31± 0.01 0.14 ± 0.001 0.24 ± 0.01

Mg2+ 0.02 ± 0.001 0.02 ± 0.001 0.01 ± 0.001 < 0.01

Zn2+ 0 0.03 ± 0.001 0 < 0.01

F− 0 0 0.08 ± 0.001 < 0.01
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