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Abstract: Tooth mineral is constantly exposed to saliva. Based on many factors including diet
and chronic disease, salivary composition can vary in pH and potassium (K+) and
sodium (Na+) concentrations. Tooth mineral is composed of bioapatite with an ability
for ionic exchange between the mineral and the surrounding fluid. Na+ and K+ are
known to integrate into biomimetic apatites during crystallization and affect
crystallization growth/rate and morphology of calcium phosphates. However, it is
unknown how exogenous Na+ and K+ in the solution affect carbonated apatite after
formation. Therefore, we investigated the mechanistic differences between Na+ and K+
on biomimetic apatite dissolution/recrystallization. To do so, biomimetic carbonated
apatites with 3 or 7 wt% CO32- were exposed to NaCl or KCl solutions at various
concentrations and pHs seen in saliva. Powder mass, Raman, FTIR, and XRD were
used to determine the weight, composition, and structure of the mineral while the
solution was characterized for pH and ionic variations. After mineral-solution exposure,
significant differences were seen between NaCl and KCl solutions. The apatites
exposed to NaCl underwent a classical dissolution/recrystallization mechanism
exhibiting more loss in mass and carbonate during dissolution with modifications of A-,
B-, and labile CO32- amounts during recrystallization which were dependent on the
initial apatite CO32- content. Meanwhile, apatites exposed to KCl had less mass loss
during dissolution and retained the crystal structure, A-, B-, and labile CO32- amounts
during recrystallization, suggesting that K+ may shield apatites from dissolution. To our
knowledge, this is the first study to parse out mechanistic differences between Na+ and
K+ on biomimetic carbonated apatite dissolution/recrystallization. Overall, this study
will provide insight on how fluctuating Na+ and K+ in saliva may affect tooth mineral
composition and structure.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



 
 

 
Jan 30th, 2024 

 

 

Dear Editors, 

 

Attached is our updated manuscript now entitled “Presence of K+ in solution acts as a 
protectant against dissolution of biomimetic apatites compared to Na+" along with our response 
to reviewers to be considered as a peer reviewed article in Ceramics International. Several 
changes have been made to the manuscript in response to reviewer comments. We believe the 
paper is greatly improved.  

We believe that this study focusing on the relationship between compositional, 
molecular, and structural properties of apatites in response to varying cationic concentrations in 
solution falls within the aims of the journal and will be of significant interest to your audience. 
We are hopeful that it will attract researchers in (bio)mineralization, biomedical engineers with 
interest in mineralized scaffolds, chemists with interest in environmental remediation, and apatite 
geologists. 

All authors listed have no conflict of interest, financial or otherwise. All authors confirm 
that this manuscript has not been previously published and is not under consideration by any 
other journal currently. In addition, the authors have approved the contents of this paper and 
have agreed to the Ceramics International submission policies. 

 
Sincerely, 

 

Stephanie Wong   Dr. Alix Deymier 

 

Corresponding author’s mailing address:  

Dr. Alix Deymier 
Dept. of Biomedical Engineering 
School of Dental Medicine 
UConn Health 
263 Farmington Ave 
Mail Code: 1721 
Farmington, CT 06030, USA 

 
 

Cover Letter



Response to Reviewers: 

Reviewer #1: The paper titled "Presence of solution K+ acts as a protectant against 
dissolution of biomimetic apatites compared to Na+" was presented to me for review. I 
have reviewed the articles and have few concerns before the editor considers it for 
publishing. Below are my concerns and queries: 
 

1. The title is not descriptive. You should be writing K+ solution or Na+ solution. 

Thank you for your review of our manuscript. We appreciate your efforts in making 
our title clearer. In efforts to keep the title concise, we have changed our title to “Presence of 
K+ in solution acts as a protectant against dissolution of biomimetic apatites compared to 
Na+.” 

2. In abstract I would prefer authors mention bioapatite as hydroxyapatite 

We understand the importance of describing the mineral as accurately as possible. 
However, biological tooth minerals have been shown to be compositionally and structurally 
different than hydroxyapatite. It has recently been proven that biological bone and tooth 
mineral have substantially lower amounts of hydroxylation and are less ordered than 
hydroxyapatite [1]. Additionally, many studies have identified the true composition of tooth 
mineral which includes HPO4

2- ions, CO3
2- ions, and other substitutions [2–5]. While the 

crystal structure is similar to hydroxyapatite, there are other structural differences in 
biological mineral, such as the hydrated amorphous layer. Additionally, bioapatite is much 
less crystalline compared to hydroxyapatite, which our synthesis methods reflect [21]. 
Identifying the mineral used in this study as hydroxyapatite implies that it may be 
stoichiometric and may be closer to geological apatite, which is not the case. Synthesizing 
hydroxyapatite is a different method than the synthesis used here as well. In addition, our 
XRD patterns resemble biological apatite instead of hydroxyapatite. Therefore, we believe 
that describing the mineral as bioapatite is more accurate than hydroxyapatite. 

3. Whether Na and K have effect on carbonated apatites, there is not enough justification 
provided. 

We respectfully disagree with this comment. This study repeated shows that there are 
very significant differences in the ways apatite react in K+ containing solutions versus Na+ 
containing solutions. These include (1) a significant variation in the buffering of the solution 
as seen by the change in solution pH (2) a reduction in the amount of mineral mass lsot with 
exposure to KCl as compared to NaCl (3) significant variations in the type of CO3 affected 
by solution exposure (4) as well as strucutral differences. These have all been shown to be 
statistically significant. Further statistical details can be seen in our supplemental tables.  

4. Introduction is weak, and I think its better the authors provide some justification of the 
validity of the concentrations used for Na and K. 

Detailed Response to Reviewers



We appreciate the concern for the introduction. We have included several edits to our 
introduction to make it more robust. 

To address the concerns about the concentrations: we chose the concentrations in this 
study based on the Na and K concentrations seen in saliva as described in previous literature 
[22-28]. This is mentioned in the first paragraph of the introduction. It is also mentioned 
within the methods section that the concentrations and pHs “represent low and high amounts 
of Na+ or K+ concentrations at acidic and neutral pH’s that can occur in the mouth [6,7].” To 
provide further clarifications, we have added the following blue section within the last 
paragraph of the introduction: “Therefore, the goal of this study was to determine how extant 
biomimetic carbonated apatite is altered during exposure to Na+ and K+-rich solutions that 
simulate the concentrations range of Na+ and K+ within saliva.” 

5. Is tooth mineral reaction during salivary variations in Na+ or K+ content a decisive 
role? Can the authors comment more on its importance. 

Tooth mineral is known to undergo dissolution and recrystallization constantly. It is 
also known that apatites can be readily substituted with Na+ and K+. If there is constantly 
high concentrations of Na or K within the saliva, this suggests that Na+ and K+ may substitute 
within the tooth mineral. Our lab has previously found that Na+ and K+ co-substitutions with 
CO3

2- within the lattice can alter the amount of B-type and A-type CO3
2- substitutions as well 

as the physiochemical and crystal structure properties. This suggests that this may happen 
within our tooth mineral. Our unpublished data also shows that the mechanics of these 
minerals with increasing amounts of K+ or Na+ substitutions are different at higher co-
substitutions of wt% CO3

2- in which K+ maintains the bulk modulus of highly carbonated 
apatites similar to lowly carbonated apatites. At the same wt% CO3

2-, Na+ exhibits a 
substantial decrease in the bulk modulus compared to lower wt% CO3

2-. The increasing 
addition of Na+ or K+ into biomimetic apatites implies that the tooth composition, structure, 
and mechanics may be varied with Na+ and K+ substitutions. As this was different amounts of 
Na+ and K+ within the crystal structure, this also suggests that fluctuations Na+ and K+ in the 
solution outside of the apatite may also affect the composition, structure, and mechanics of 
biological apatite, especially tooth mineral in which the salivary composition is known to 
change. 

In terms of bone, past literature has shown that high sodium is associated with 
osteoporosis [8]. On the other hand, high potassium diets exhibit the opposite where it is 
associated with higher bone mineral density [9]. While this was not initially in mind when 
this study was materializing, the study here follows trends with what is seen clinically in 
bone. Therefore, this may begin to describe what may occur within bone as well.  

6. Tooth mineral is very general. Authors need to be specific which tooth minerals they are 
concerned about or addressing to. 

Thank you for this comment. We have included “enamel and dentin” throughout the 
introduction to specify the tooth mineral we are concerned about. Our XRD patterns of the 3 
and 7 wt% CO3

2- resemble these tissues, especially for enamel (Supplemental Figure 7). 



7. There should be a paragraph about the description of the methodologies. 

It is unclear as to what the description of the methodologies should be as we have 
provided our methods and a visual representation of our dissolution experiment within the 
Methods section and Supplemental Figure 1. 

8. In Methods (Synthesis) part, please mention the country for Sigma Aldrich. In fact in 
all sections where mentioned. 

Thank you for this comment as this will provide clarity on where the chemicals are 
from. We have added the country of origin for all chemicals within the manuscript and it is 
highlighted in yellow. 

9. "Once completely titrated, the mixture was digested for 2 hours". Explain. 

The precipitated crystals within the synthesis solution were left alone at 60°C at ~pH 
9 to mature during the 2 hours to obtain more crystalline apatite. We understand that the 
sentence in the manuscript may not be clear, thus, this sentence now reads in the revised 
manuscript as: 

“Once completely titrated, the mixture was left to mature for 2 hours at ~pH 9 at 60°C.” 

10. For the Raman spectroscopy methodology, many things are missing. The macrophage 
polarization states were evaluated using Raman spectroscopy. The evaluation 
performed for each Raman band observed was done based on published literature? If 
yes, can you mention it. Did these spectrums represent the mean of 100 independent 
recordings obtained from the apatite subsets in each specimen showing any significant 
changes? This information needs to be provided. Why did the authors did not do a 
principal component analysis of the Raman data between the groups? Because the 
scores will be indicative of the dispersion of samples within orthogonal directions. 
-       I normally create a final spectrum by combining the number of images and 
performing baseline correction using a fifth-degree polynomial function. Did you? 

In this study, we looked at the dissolution and recrystallization of biomimetic apatites 
without cells. The manuscript does not mention macrophages or differentiation of any cells. 
The analysis of the carbonate to phosphate ratio of the mineral powders was determined via 
Raman by calculating the peak area of the ν1 CO3

2- at 1070 cm-1, ν1 PO4
3- at 950 cm-1, and ν1 

PO4
3- at 960 cm-1. This was obtained via peak deconvolution for each of the 10 individual 

recordings for each replicate where each condition had 3 replicates as described within the 
Raman methodology. The CO3/PO4 ratio and the peak assignments have been extensively 
determined and used within the literature for synthetic apatites as well as bone and teeth 
samples [10–14]. We have also added several of these citations into the Raman methods 
section, which are highlighted within the revised manuscript.  

Thank you for the suggestion to do a principal component analysis. Although PCA 
could allow us to more clearly differentiate between the groups, it is not a easy task to 
interpret those principal components. By choosing to look at specific factors, we are able not 



only to see differences between groups but to establish clearly what those differences are and 
how they relate to each other based on the literature. Thanks to this we are able to suggest 
mechanisms for the observed behaviors and not just identify differing populations.  

We included a representative spectrum of the 3 and 7 wt% CO3
2- before exposure in 

the newly added Supplemental Figure 6. 

11. What software did you use for Raman? 

We used the WiTec Program 5.1 software for the analysis of the carbonate to 
phosphate ratio as mentioned under the Raman Spectroscopy methods. 

12. X ray diffraction is well written. 

We appreciate this comment. 

13. The standard and average values of biological apatite described in textbooks do not 
apply to actual subjects, and reported analytical values differ among researchers. So 
there is always confusion. To prevent further confusion, it is necessary to correctly 
understand the term apatite across disciplinary boundaries and clearly define it when 
using it. Recently, biological apatite has been confused with carbonate apatite, so it is 
necessary to recognize that carbonate apatite and carbonated hydroxyapatite produced 
by biological organisms are quite different. 

While it is well recognized that it is difficult to obtain human biological samples, 
there are plenty of articles that have bone, enamel, and dentin samples from human tissue, 
which have been well characterized. Bone and tooth mineral have been shown to have 
substantially less hydroxylation compared to synthetic and geological hydroxy(l)apatite 
[1,15]. In this study, the apatites made were OH deficient obtained through the synthesis 
methods described in the text. This is shown by the lack of the OH peak at ~3500 cm-1 and 
the small OH shoulder at ~630 cm-1 in the ν4 PO4

3- region in the FTIR (Supplemental Figure 
5). In addition, these biomimetic apatites have A-type CO3

2-, in which this CO3
2- substitutes 

for the OH groups (Figure 3A). This provides even less OH groups in our apatite system. In 
addition, these synthesis methods were adapted from previous literature [16], in which the 
XRD pattern and FTIR spectrum resembles biological apatite (Supplemental Figure 5 and 
Supplemental Figure 7) [2–4,17,18]. These apatites have other substitutions – such as HPO4

2- 
as indicated by the right shoulder of the ν4

 PO4
3- peak (~550-530 cm-1) – that are not within 

pure hydroxyapatite. Therefore, it is not accurate in describing these biomimetic apatites as 
hydroxy(l)apatite and, thus, carbonated hydroxyapatite. Carbonate apatite has been widely 
referred to as the general composition for biological minerals and is generally accepted 
within the mineralogical/geological fields as well [1,18–20]. It is important to note that 
carbonated apatite can be synthesized through various methods and confirming the XRD 
pattern and FTIR spectrum are biomimetically relevant should be achieved if comparing to 
bone and tooth mineral. 

14. Please put in some limitations related to the number of samples used. 



We appreciate this valid concern. We have added this to the limitations section of the 
discussion. This is written within the manuscript as: 

“Furthermore, the conditions shown here were performed in triplicate. While the standard 
deviations were relatively small for most of the dependent factors, more replicates would be 
needed in future studies to further determine the statistical power.” 

 
 

  



Reviewer #2: 
The manuscript "Presence of solution K+ acts as a protectant against dissolution of 
biomimetic apatites compared to Na+" is an interesting work. The authors present many 
results on the exposure of carbonated apatites (2 different CO3 contents) in NaCl and KCl 
solutions with 3 concentrations at 2 different pH and also at neutral pH, and the changes in 
pH were taken at different times. The manuscript is well done but difficult to follow due to 
the number of the hard data results. Due to the relevance of the study, it is desirable that 
each aspect of the research be described clearly and concisely regarding the effect of the 
variables described above on the dissolution/precipitation mechanism and the mechanics 
mentioned in the abstract of the manuscript. Additionally, there are comments and 
questions that need to be resolved before being considered for publication in Ceramics 
International. 

 
1.      Divide your article into clearly defined and numbered sections (see Guide for 
Authors of Ceramics International) 
 
 Thank you for catching this. We have numbered the sections accordingly. 
 
2.      Abstract 
 
2.1 Page 3, lines 14-15 …"Therefore, we investigated the mechanistic differences between 
Na+ and K+ on biomimetic apatite dissolution/recrystallization."… What means "…the 
mechanistic differences...." ? no mechanism on biomimetic apatite 
dissolution/recrystallization  is proposed along the text to mark differences between Na+ 
and K+. 

We have edited the abstract to clarify the dissolution/recrystallization aspect. With the 
highlighted edits, the section now reads as: 

 “The apatites exposed to NaCl underwent a classical dissolution/recrystallization 
mechanism exhibiting more loss in mass and carbonate during dissolution with modifications of 
A-, B-, and labile CO3

2- amounts during recrystallization which were dependent on the initial 
apatite CO3

2- content. Meanwhile, apatites exposed to KCl had less mass loss during dissolution 
and retained the crystal structure, A-, B-, and labile CO3

2- amounts during recrystallization, 
suggesting that K+ may shield apatites from dissolution. 

 
2.2 Page 3 line 32 "...and mechanics." 
No results regarding mechanics are presented in the manuscript. 
 
Thank you for this comment. We have taken this out of the abstract to clarify the intent of our 
study. 

3.      Synthesis 



Page 5 lines 22-25 …"The amount of carbonate was determined by comparing the 
carbonate to phosphate ratio to our standardized carbonate apatites made using a similar 
precipitation synthesis."… This phrase needs reference. How were these apatites 
standardized to be used as a reference? 

 We appreciate this comment as this will help clarify the standardization for others. The 
carbon content was determined via Carbon Hydrogen Nitrogen analysis for a separate suite of 
synthetic apatites with increasing CO3

2- content created in a similar fashion as described in this 
study. The carbon content for the apatites was assumed to be CO3

2-. Raman spectroscopy was 
then used on the same suite of carbonated apatite to analyze the carbonate to phosphate ratio 
(CO3/PO4) as indicated by section 2.3 Raman Spectroscopy methods. A linear correlation 
between the CO3/PO4 and CO3

2- was determined and the linear equation was used to determine 
the amount of carbonate in the apatites here in this study. 

The following edits in yellow were added to the synthesis section: 

“The amount of carbonate was determined by comparing the carbonate to phosphate ratio to our 
standardized carbonate apatites that were correlated to the carbon amount determined by Carbon 
Hydrogen Nitrogen [16].” 

 
4.      Results 

4.1 It is desirable that each aspect of the research be described clearly and concisely 
regarding the effect of the variables described above on the dissolution/precipitation 
mechanism and the mechanics mentioned in the abstract of the manuscript. 

As mentioned above, the mechanics has been removed from this study. The mechanics analysis 
became a much larger undertaking and will be published separately. In the results section we 
avoid performing any kind of interpretation. We have used this section as a way to lay out the 
many outcomes of the study but without putting it into context. We have left this interpretation 
and contextualization for the discussion section.  

As mentioned below in response to your comment about the discussion section, we realize that 
this section had become quite wordy and possibly failed to make clear what is happening in the 
system. Therefore, many edits and deletions have been made to make it more clear and concise. 
Due to the interrelated nature of the measures made here (pH affects mass loss which affects 
carbonate release which affects lattice structure, etc…) it is not possible to isolate the 
contributions of these many variables when describing their effect on the apatite dissolution-
recrystallization. They must be taken into account together to fully understand what is 
happening. However, we hope that the edits make this complex interpretation more cohesive.  

 
4.2 Figures of the spectra obtained from the FT-IR, Raman analyzes as well as the XRD 
patterns are necessary to clearly reflect the results shown in the results section or in the 
supplementary figures section. 



Thank you for this comment. We agree that this would make our results more robust. We have 
added a representative XRD pattern and FTIR and Raman spectra of the unexposed apatites with 
3 and 7 wt% CO3

2-. Please see the newly added Supplemental Figures 5-7. 

 
5.      Discussion 
A combined results and discussion section is suggested because the discussion of the 
manuscript repeats many of the results already described in that section and furthermore 
the discussion of the results is not clear. The discussion of the results should explore the 
significance of the results of the work, not repeat them. 

 Thank you for feedback on the discussion. We have made many revisions to the 
discussion in order to minimize repetition of the results. Although, it is necessary to bring up the 
results in the discussion section in order to draw correlations between them, these edits should 
enhance the flow and avoid the feeling of repeated information. Modifications to the discussion 
are highlighted in yellow. We have not left markers for all of the text that was deleted for easy of 
reading.  
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Abstract  
Tooth mineral is constantly exposed to saliva. Based on many factors including diet and chronic 
disease, salivary composition can vary in pH and potassium (K+) and sodium (Na+) 
concentrations. Tooth mineral is composed of bioapatite with an ability for ionic exchange 
between the mineral and the surrounding fluid. Na+ and K+ are known to integrate into 
biomimetic apatites during crystallization and affect crystallization growth/rate and morphology 
of calcium phosphates. However, it is unknown how exogenous Na+ and K+ in the solution affect 
carbonated apatite after formation. Therefore, we investigated the mechanistic differences 
between Na+ and K+ on biomimetic apatite dissolution/recrystallization. To do so, biomimetic 
carbonated apatites with 3 or 7 wt% CO3

2- were exposed to NaCl or KCl solutions at various 
concentrations and pHs seen in saliva. Powder mass, Raman, FTIR, and XRD were used to 
determine the weight, composition, and structure of the mineral while the solution was 
characterized for pH and ionic variations. After mineral-solution exposure, significant 
differences were seen between NaCl and KCl solutions. The apatites exposed to NaCl underwent 
a classical dissolution/recrystallization mechanism exhibiting more loss in mass and carbonate 
during dissolution with modifications of A-, B-, and labile CO3

2- amounts during recrystallization 
which were dependent on the initial apatite CO3

2- content. Meanwhile, apatites exposed to KCl 
had less mass loss during dissolution and retained the crystal structure, A-, B-, and labile CO3

2- 
amounts during recrystallization, suggesting that K+ may shield apatites from dissolution. To our 
knowledge, this is the first study to parse out mechanistic differences between Na+ and K+ on 
biomimetic carbonated apatite dissolution/recrystallization. Overall, this study will provide 
insight on how fluctuating Na+ and K+ in saliva may affect tooth mineral composition and 
structure. 

 

Keywords: B Spectroscopy, C Chemical properties, D Apatite, E Biomedical Applications, B 
Impurities 
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1. Introduction 
Teeth are continuously bathed in saliva. Saliva is a complex fluid with an ever-changing 

composition. These changes depend on many factors, including time of day, stress [1], diet [2,3], 
and health conditions such as hyposalivation [4], aging [5], diabetes [6], and chronic kidney 
disease [7]. Two of the primary ionic components in saliva are sodium (Na+) and potassium (K+). 
These can fluctuate in concentration between 11.5-271.9 mM and 2.6-27.4 mM, respectively[1–
7]. The changes in salivary ionic composition give way to modified ionic exchange mechanisms 
between the surrounding saliva and tooth mineral [8]. 

Enamel and dentin are primarily composed of calcium-deficient carbonate-substituted 
apatite mineral [8–10]. This mineral is known for allowing substitutional ionic exchanges within 
its structure [11]. Some of these include cationic substitutions of Na+ and K+. Na+ can easily 
substitute for calcium (Ca2+) due to its similar ionic sizes (1.02 for Na+ vs 1.00 for Ca2+ for ionic 
radii size [12,13]. On the other hand, K+ has more difficulty substituting into the mineral lattice 
for Ca2+ due to its larger ionic radius (1.38) [13]. Since these monovalent ions substitute for the 
divalent Ca2+ ion, Na+ and K+ must be co-substituted with another ion, typically carbonate (CO3

2-

), to maintain charge balance [13]. For Na and CO3
2- coupled substitutions, previous studies have 

extensively identified the molecular interactions between Na+ and CO3
2- with most studies 

concluding the importance of Na+ within the apatite structure [14–17]. Other studies have also 
identified K+ sole effect on the apatites structure [18,19], albeit to a lesser extent, with little 
information about its coupled substitution with CO3

2- compared to Na+ [20,21]. Recently, our lab 
discovered that co-substitutions of Na+ or K+ with CO3

2- modifies the location of the CO3
2- 

within the apatite lattice, such as increased A-type CO3
2- in apatites synthesized with K+ 

compared to Na+ [22]. This resulted in modifications to the mineral structure and physiochemical 
properties.  

 CO3
2- substitution is one of the most common anionic substitutions in enamel and dentin. 

Enamel contains about 2 wt% CO3
2-, while dentin has ~5-7 wt% CO3

2- [8,9,23]. These carbonate 
ions can substitute in multiple places within the apatite structure. Carbonate can exchange for 
phosphate, known as B-type CO3

2-, and/or for the hydroxyl groups, known as A-type CO3
2-, 

within the crystalline core [24–26]. Carbonate can also reside in the amorphous hydrated layer, 
known as labile CO3

2- [24,27]. Changes in CO3
2- content and location can modify the 

morphological, structural, and chemical characteristics of apatite [25,28–30]. For example, 
increased B-type CO3

2- substitutions increase the mineral solubility and decrease the crystallinity 
[29,31], crystallite size [31,32] and stiffness [33]. Additionally, these substitutions change the 
atomic lattice spacing along both the a- and c-axes [28,29]. As it has previously been shown that 
Na+ and K+ can modify CO3

2- co-substitutions within the apatite lattice, this suggests that 
substitutions of Na+ and K+ that affect CO3

2- locations and concentrations could have significant 
effects on the solubility, structure, and mechanics of tooth minerals.   

In addition to its effect on CO3
2-, Na+ and K+ have also been shown to affect the 

crystallization and growth of calcium phosphates. For example, previous studies have shown that 
NaCl and KCl solutions have distinct differences on calcium phosphate crystal growth [34], 
nucleation rate [35], and crystal shape [35]. In addition, Na+ incorporation during crystallization 
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affects physiochemical properties of apatite, such as CO3
2- vibrations [15,36]. Despite knowing 

that Na+ and K+ can affect mineral growth, structure, and composition - much like other ionic 
components such as Mg+ and F- [37–39] - it is unknown how they affect biomimetic carbonated 
apatites after formation. Therefore, the goal of this study was to determine how extant 
biomimetic carbonated apatite is altered during exposure to Na+ and K+-rich solutions that 
simulate the concentrations range of Na+ and K+ within saliva. This study will provide insight as 
to how tooth mineral may react during salivary variations in Na+ or K+ content.  

2. Methods 
2.1. Synthesis 

To mimic the carbonate content in enamel and dentin, biomimetic apatite powders were 
synthesized through an aqueous precipitation reaction with an aim to obtain ~3 and ~7 wt% 
carbonate as previously described [29]. In short, 50 mL of 0.15 M calcium nitrate tetrahydrate 
(ACROS, USA), 50 mL of 0.09 M sodium phosphate (ACROS, India) were slowly titrated drop 
by drop into a 250 mL of either 0 mM or 6 mM sodium bicarbonate (Sigma-Aldrich, France) for 
3 or 7 wt% CO3

2- substitution, respectively, at 60°C. The low and high wt% of CO3
2- represents 

enamel and dentin, respectively. The pH was maintained at ~pH 9 with 0.1 M NaOH (ACROS, 
Sweden). Once completely titrated, the mixture was left to mature for 2 hours at ~pH 9 at 60°C. 
Afterwards, the precipitate was filtered, rinsed thoroughly, and dried at 60°C overnight. X-Ray 
Diffraction and Raman Spectroscopy was used to confirm the apatitic phase with carbonate 
substitutions. The amount of carbonate was determined by comparing the carbonate to phosphate 
ratio to our standardized carbonate apatites that were correlated to the carbon amount determined 
by Carbon Hydrogen Nitrogen [29]. 

2.2. Dissolution/exposure experiment 
50 mg of apatite with either 3% or 7% substituted carbonate was placed into 10 mL of 

either sodium chloride or potassium chloride in conical tubes. 3 concentrations of sodium 
chloride (Fisher, USA) or potassium chloride (Sigma-Aldrich, USA) were used: 0.05 M, 0.1 M, 
0.2 M, at 2 different pH’s, pH 5.5 and pH 7.4 (Supplemental Figure 1) to represent low and high 
amounts of Na+ or K+ concentrations at acidic and neutral pH’s that can occur in the mouth 
[40,41]. The powders were exposed to the solutions for 3 days and the pH of the solutions were 
obtained at 1, 3, 6, 24, 48, and 72 hours. After 3 days, the powders were filtered with P4 filter 
paper (Fisher Scientific, China), rinsed with 10 mL of Millipore water 3 times, and dried at 60°C 
overnight. The powders were massed to determine the mass lost during the exposure period. 
Each condition had 3 replicates.  

2.3. Raman Spectroscopy 
The composition of the powders was initially determined by using Raman spectroscopy. 

Using a WiTec alpha300 with a 785 nm laser, 10 points per sample were obtained at an 
acquisition time of 1 second for 30 accumulations. The following peaks were fit using the 
Lorentzian fit function of WiTec Program 5.1 to obtain the following peak areas: ν3 PO4

3- (430 
cm-1), ν4 PO4

3- (590 cm-1), ν1 PO4
3- (950 cm-1), ν1 PO4

3- (960 cm-1), ν2 PO4
3- (1050 cm-1), and ν1 

CO3
2- (1070 cm-1). The carbonate to phosphate ratio (CO3/PO4) was calculated from the ratio of 
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the 1070/(950+960) peak areas for each sample to determine the percent change in CO3/PO4 (%Δ 
CO3/PO4) [29,42,43]. Each condition had 3 replicates. 

2.4. Fourier Transform Infrared Spectroscopy 
Attenuated Total Reflectance (ATR) FTIR spectroscopy was used to confirm the apatite 

characteristic phase and determine the amount of A-type, B-type, and labile CO3
2- in the apatites 

before and after exposure. Using a Nicolet Magna-IR 500 spectrometer, each powder had an 
acquisition of 64 scans with a resolution of 2 cm-1 from 400-4000 cm-1. Using the OriginPro 
2021b software (OriginLab Corporation, Northampton, MA, USA), the ν2 CO3

2- peak within the 
900-750 cm-1 range were deconvoluted for the A-type, B-type, and labile CO3

2- peaks with the 
respective initial peak centers of 880 cm-1, 873 cm-1, 867 cm-1 using a Gaussian fit function [15]. 
Each condition had 3 replicates. 

2.5. X-Ray Diffraction 
The structure and phase of the powders were determined by X-ray Diffraction. Each 

sample was analyzed from 20-60° 2θ with 0.02° step with 1 second per step using a Bruker D2 
Phaser Diffractometer (Bruker AXS, Germany) operating at 30 kV and 10 mA. 11 peaks were 
deconvoluted using a PseudoVoigt function with the Diffrac.Eva software to determine the peak 
centers, full width at half max (FWHM), crystallite length and width, and lattice spacing of the 
apatites before and after solution exposure. The d-spacing for the 002, 310, and 004 planes were 
scrutinized. Afterwards, the crystallite length and width determined by the 002 and 310 planes 
respectively were determined via Scherrer’s equation using the peak FWHM. The powders were 
compared against stoichiometric hydroxyapatite from the Powder Diffraction File from the 
International Centre for Diffraction Data (ICDD). Each condition had 3 replicates. 

2.6. Inductively Coupled Plasma – Optical Emission Spectroscopy (ICPOES) 
One solution sample from each condition (n=1) was analyzed for changes in calcium 

(Ca), phosphorus (P), sodium (Na), and potassium (K) before and after solution exposure via a 
Perkin Elmer 7300DV Dual View Inductively Coupled Plasma–Optical Emission Spectrometer 
(ICP-OES). All samples were directly analyzed at 20x dilution due to the very high levels of 
phosphate in the samples. Standard quality assurance procedures were employed, including 
analysis of initial and continuing calibration checks and blanks, duplicate samples, preparation 
blanks (Blank), post digestion spiked samples, and laboratory control samples (LCS). 

2.7. Statistical Analyses 
Multiway Analysis of Variance (ANOVA) with Tukey test comparison was used in 

OriginPro 2021b (OriginLab Corporation, Northampton, MA, USA) to determine the statistical 
significance for the aforementioned quantitative analyses and between the independent variables 
of pH, concentration, Na+ vs K+, and wt% CO3

2-. Significance is classified as p<0.05. 

3. Results 
3.1. pH 

The change in solution pH (ΔpH) with mineral exposure was significantly higher when 
the solution had an initial pH of 5.5 (pHi 5.5) compared to pHi 7.4 (Figure 1A and Supplemental 
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Table 1). The average ΔpH was between 1.48 and 2.49 for the 3% CO3
2- apatites at pHi 5.5 and 

between 1.81 and 3.02 for 7% CO3
2- apatites at pHi 5.5. This is 15X larger than the average ΔpH 

for pHi 7.4 which ranged from -0.12 to 0.20 for 3% CO3
2- and -0.13 to 0.92 for 7% CO3

2-.  

Regarding the solution cationic concentration, the increase in [Na+] or [K+] molar 
concentrations generally decreased the ΔpH overall at all pH’s and wt% CO3

2-. However, the 
differences were only statistically significant for 0.05 M concentrations for both Na+ and K+ 
when considering pH and wt% CO3

2- as factors (Supplemental Table 2). ΔpH of the solution 
when mineral was added to water was the lowest value in nearly all cases, contrary to the trend 
suggesting that increased cationic content reduced ΔpH.  

When comparing crystals containing either 3% or 7% substituted CO3
2- at all conditions, 

the 7% CO3
2- samples induced a significantly larger ΔpH in all solutions compared to their 3% 

CO3
2- counterparts (Supplemental Table 3). Similarly, when comparing the effect of KCl versus 

NaCl, the KCl solutions exhibited a significantly larger ΔpH than their NaCl and water 
counterparts when factoring wt% CO3

2- and pH (Supplemental Table 4). Conversely, there was 
no significant difference between NaCl and water. 

3.2. Mass 
KCl had significantly less mineral mass lost after exposure than NaCl at both 3% and 7% 

CO3
2- (Figure 1B and Supplemental Tables 5-6). For 3% CO3

2-, there’s roughly 20% more mass 
loss in NaCl than KCl, while NaCl had 40-50% more mass loss than KCl at 7% CO3

2-. There 
were no apparent trends with concentration or pH in mass lost. However, more mass was lost at 
3% CO3

2- than 7% for KCl as well as NaCl (Supplemental Tables 7-8). 

3.3. Raman – Carbonate content  
Overall, the %ΔCO3/PO4 was significantly higher for the mineral placed in KCl than in 

NaCl at 3 wt% CO3
2-, indicating higher amounts of CO3

2- in the mineral in KCl (Figure 2 and 
Supplemental Table 9). For NaCl solution exposures, the %ΔCO3/PO4 was generally unchanged 
at pH 5.5 for apatites with an initial 3% and 7% CO3

2- substitution. However, the %ΔCO3/PO4 
was significantly elevated for crystals containing 3% CO3

2- compared to 7% CO3
2- at pH 7.4 

(Supplemental Table 10). For the mineral exposed to KCl, the %ΔCO3/PO4 significantly 
increased about ~20-30% at both pHs and at all concentrations for 3 wt% CO3

2- compared to 7% 
CO3

2- (Supplemental Table 11).  

3.4. FTIR - Carbonate type 
Raman established that the apatite crystals placed in KCl had higher CO3

2- content than 
apatite placed in NaCl especially for crystals with low starting CO3

2- (3%). FTIR data indicates 
that this may be due to shifts in the CO3

2- environment within the crystal lattice. For 3 wt% CO3
2- 

for apatites exposed to all solutions, the relative amounts of A-type CO3
2- generally did not 

change after being exposed to all pH’s and concentrations (Figure 3A). At an initial 7 wt% CO3
2- 

content, the amount of A-type CO3
2- generally decreased for apatites exposed to NaCl at all 

concentrations and pHs compared to the unexposed powder (Ctrl); however, no apparent trends 
in terms of concentrations nor pH were observed. For apatites with an initial 7 wt% CO3

2-, there 
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were no changes in CO3
2- content as a function of CO3

2- location. In addition, there were no 
changes in A-type A-type CO3

2- between the 3% and 7% CO3
2- unexposed control groups. 

The 7 wt% CO3
2- unexposed control had higher levels of B-type CO3

2- compared to the 3 
wt% control as expected (Figure 3B). For 3 wt% CO3

2-, apatites placed in water generally 
increased in B-type CO3

2- at both pH’s. At the same CO3
2- content, apatites exposed to NaCl 

showed a decreasing trend in B-type CO3
2- compared to controls at both pH’s, while apatites in 

KCl retained the same amount of B-type CO3
2- at all concentrations and pH’s except 0.05 M KCl 

at pH 5.5. Three wt% CO3
2- apatites placed in NaCl exhibited less B-type CO3

2- than those in 
KCl. For apatites with an initial 7 wt% CO3

2-, there were no changes or trends in B-type content 
after exposure for all solutions, concentrations, and pHs. 

For the unexposed samples (Ctrl), the relative amounts of labile CO3
2- decreased as the 

initial wt% CO3
2- increased (Figure 3C). At 3 wt% CO3

2-, apatites exposed to NaCl showed a 
trending increase in labile CO3

2- compared to the unexposed control sample while KCl samples 
generally showed no changes and water samples showed a trending decrease in labile CO3

2-. 
Contrarily, there were no changes in labile CO3

2- at 7 wt% CO3
2- after exposure to all conditions. 

3.5. XRD – Structure 
The apatites before exposure to the solutions exhibited an average d-spacing of 3.445 and 

3.444 along the 002 (c-axis) for 3 and 7 wt% CO3
2-, respectively, while the average 310 (a-axis) 

d-spacing was 2.273 and 2.264 (Figure 4A-B). The increased c-axis spacing and the decreased a-
axis between the initial 3% and 7% CO3

2- apatites agrees with previously reported trends for B-
type apatites [29]. For 3 wt% CO3

2- apatites exposed to NaCl, the c-axis and a-axis showed a 
trending decrease compared to the unexposed control apatite at pH 7.4. However, there were no 
statistically significant differences in the mineral c-axis or a-axis spacing as a function of any of 
the independent variables.  

For crystallite size, 3% CO3
2- had a significantly higher crystallite length and width along 

the c-axis and a-axis, respectively, compared to 7% CO3
2- for all variables as expected (Figure 

5A-B and Supplemental Tables 12-13) [29,44]. 3% CO3
2- apatite at all conditions had between 

230.04-321.72 nm in crystallite length with no significant changes between conditions. 7% CO3
2- 

apatite in all conditions had between 106.30-189.09 nm in crystallite length (Figure 5A) with no 
significance between changes as well. Additionally, NaCl exhibited a trend of higher crystallite 
length than KCl, specifically at pH 7.4 at all wt% CO3

2- as well as 7% CO3
2- at pH 5.5. There 

were no trends with concentration or pH at either wt% CO3
2- or within NaCl and KCl. 

The crystallite width for 3 wt% CO3
2- apatites exposed to water increased in water at pH 

5.5 and 7.4 (Figure 5B). The crystallite width also increased for 3 wt% CO3
2- in NaCl at pH 7.4 

as compared to unexposed control while the width either stayed the same or decreased in KCl. 
For apatites with an initial 7 wt% CO3

2-, no changes were observed for apatites exposed to water 
and KCl. Contrarily, the width significantly increased for all NaCl conditions compared to KCl 
(Supplemental Table 14). 
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3.6. ICP-OES – Ionic content of solutions 
The solutions before and after exposure to the apatite powders were analyzed for Ca2+, P, 

Na+, and K+ content through ICP-OES to determine the change of solutes (ΔCa, ΔP, ΔNa, and 
ΔK). ΔCa and ΔP increased in the solution at all conditions for 3 and 7 wt% CO3

2-, indicating an 
increase of Ca2+ and P after exposure to the apatite powders (Figure 6A-B). While 3% CO3

2- 
apatites were generally similar in Ca2+ and P content in the solution after exposure to the 
powders, 7 wt% CO3

2- apatites in NaCl at pH 5.5 as well as water at both pH’s had an increased 
Ca2+ and P content in the solution compared to NaCl pH 7.4 and KCl at all conditions. There 
were generally no significant changes between KCl at all conditions at 7 wt% CO3

2-. 

As expected, ΔNa content did not change in the solution for water and KCl for 3 and 7 
wt% CO3

2- apatites, irrespective of pH and concentration (Figure 6C). Na+ content in the solution 
with 7 wt% CO3

2- generally did not change as well. However, for NaCl solutions with 3% CO3
2- 

apatites, the amount of Na+ in the solution decreased, especially for pH 7.4 with increasing NaCl 
concentration. 

Conversely, K+ content in the solution did not change for NaCl irrespective of wt% CO3
2, 

concentration, and pH after exposure to the powders as expected (Figure 6D). There were 
inconsistent changes with KCl, exhibiting a range of either relatively low to high increases or 
decreases of K+ content in the solution for both wt% CO3

2-.  

4. Discussion 
Teeth are mainly composed of dynamic carbonated apatite mineral which is subjected to 

many ionic fluctuations in the surrounding salivary fluid, such as variations in Na+ or K+ 
concentration. Because the apatite mineral easily allows substitutions to occur, these Na+ and K+ 
ions can integrate, ultimately changing the composition and mineral structure [20,22]. While 
many previous studies by others and ourselves have determined that Na+ increases B-type CO3

2- 
incorporation into apatites during formation [22,45,46], we recently discovered that K+ can 
increase the amount of A-type CO3

2- substitution during bone-like apatite synthesis [22]. These 
different co-substitutions within apatite ultimately changed the lattice structure and carbonate 
environment despite the lower K+ incorporation into apatite compared to Na+. Previous studies 
have also shown that NaCl and KCl solutions can affect crystal growth of calcium phosphates 
differently, in which increased NaCl concentration increased the crystal growth rate compared to 
KCl [35]. However, the growth rate decreases when seeded crystals were placed in NaCl [34]. 
While these studies have looked at the effects of Na+ and K+ during synthesis, crystallization, 
and growth, it is important to understand how Na+ and K+ in the solution affect pre-existing 
carbonated apatites after crystallization. In this study, to better understand this behavior, 
biomimetic apatites with 3 and 7 wt% CO3

2- were exposed to increasing NaCl or KCl 
concentrations with either pH 5.5 or 7.4 to represent possible variations in salivary chemistry.  

When the apatite crystals were exposed to NaCl solutions, the significant increase in pH, 
especially at initially low starting pH (pHi), was expected as acidic solutions increase apatite 
dissolution and release larger concentrations of buffering ions, such as CO3

2- and PO4
3- (Figure 

1) [44,47–49]. Apatite dissolution in NaCl was confirmed by the reduction of crystal mass and 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



increase of Ca2+ and P in the solution after exposure for both pHs and initial wt% CO3
2- (Figure 

6A-B). Along with a loss of mass (Figure 1B), apatite exposed to lower pHs has been associated 
with decreased mineral CO3

2- content [44,49]. Indeed, at low pHi, both the 3 and 7% CO3
2- 

apatites exhibit a decrease in CO3
2- with exposure, indicating that CO3

2- was released from 
apatite to increase the solution pH (Figure 2). At pH 7.4, the increased or lack of change within 
the mineral CO3

2- content correlates with the lack of change in ΔpH at the elevated pHi (Figure 
1A). This suggests that less dissolution was occurring for apatites in NaCl at higher pHs, 
agreeing with previous studies [44]. Together, these results point to a classical dissolution 
phenomena in NaCl in which the apatite mineral dissolves by releasing buffering ions, 
specifically CO3

2-, to increase the solution pH.  

CO3
2- can substitute into three separate locations in the apatite mineral crystal and it is 

unclear which locations are preferentially affected by solution exposure. For apatites in NaCl, the 
initial crystal composition played an essential role in determining which CO3

2- was most affected 
by solution exposure. The general loss of B-type CO3

2- for 3 wt% CO3
2- apatites in NaCl for all 

concentrations indicates that the mineral crystals were undergoing dissolution with a preferential 
removal of B-type CO3

2- when initially exposed to the NaCl solutions (Figure 3B-C). This was 
supported by the decrease in the c-axis spacing, particularly seen in the 3% CO3

2- apatite exposed 
to NaCl at pH 7.4 as compared to the unexposed crystals (Figure 4A) [29]. The increased labile 
CO3

2- suggests that the CO3
2- in solution may be integrated through ionic exchange in the 

hydrated layer once recrystallization occurs [27]. In addition, the general decrease of Na+ content 
in the solution (Figure 6C) suggests that the initial 3 wt% CO3

2- is likely taking up Na+ from the 
solution in conjunction with the change in CO3

2- content during recrystallization. Conversely, the 
7% CO3

2- apatite exhibited fewer modifications of the CO3
2- content with exposure than the 3% 

CO3
2- apatite (Figure 2). In these apatites, the lack of change in labile and B-type with only 

general decreases in A-type CO3
2- content suggests that the higher carbonated mineral 

preferentially releases the CO3
2- in the apatite channels when exposed to NaCl (Figure 3B-C) 

[36]. This agrees with previous studies indicating a relationship between A-type CO3
2- and Na+ 

for highly carbonated apatites synthesized at higher temperatures as created in this study [15]. 
Due to the small amount of A-type dissolved, the lattice spacing was not affected (Figure 3A). 
Regardless of the location of the carbonate loss, the increased crystallite size for crystals exposed 
to NaCl compared to the unexposed crystals (Figure 5A-B) may be explained by the CO3

2- 
removal from the lattice as this may lead to the formation of less distorted crystals, which 
reduces the crystal energy and promotes crystal growth [29,50,51]. Overall, exposure of apatite 
to NaCl solutions resulted in larger apatite crystals with modified CO3

2- distributions that are 
dependent on the initial apatite composition itself, rather than pH or NaCl concentration.  

Apatite crystals in NaCl exhibited the expected behaviors of a conventional 
dissolution/recrystallization and release of buffering ions; however, this was not the case for 
KCl. Much like in NaCl, the presence of mineral in KCl increased the solution pH, indicating 
that buffering ions may be released (Figure 1A). The ΔpH also increased with reduced pHi and 
reduced KCl concentration as seen with NaCl. However, the similarities end there. The 
significantly less mass lost in apatite in KCl compared to its NaCl counterpart (Figure 1B) 
suggests that the increase in solution pH is not caused by mineral dissolution. Instead, K+ may 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



have protective effects against dissolution of apatite itself [52,53]. Furthermore, the 3% CO3
2- 

apatite did not exhibit the expected loss of CO3
2- with exposure like NaCl (Figure 1B and Figure 

2). Instead, the CO3
2- levels in apatite increased with KCl exposure, further supporting the 

expected decrease in crystallite size with increasing CO3
2- (Figure 5A-B). Without apatite 

dissolution or the release of CO3
2- buffering ions, the measured increase in pH may be caused by 

the sequestration of protons (H+) in the metastable hydrated surface layer and/or the protonated 
states of PO4

3- or CO3
2- to create HPO4

2- and HCO3
- substitution in the apatite lattice or within 

the hydrated layer [36,54–56]. To elaborate, the final pH for all conditions was ~pH 7, resulting 
in the ionization of the solution PO4

3- into HPO4
2-. HPO4

2- is known to integrate within the B-
type sites to replace CO3

2- in the lattice as well as within the amorphous apatite surface layer 
[27,55,57]. This may provide a possible explanation for the dissolution-free buffering. 
Accumulation of positively charged H+ into the hydrated layer could also recruit negatively 
charged CO3

2-, which may explain both the buffering and the increased CO3
2- content. Overall, 

this data suggests that having K+ in the solution may be protective against dissolution of apatites 
compared to the dissolving nature of Na+ solutions as seen in this study. To our knowledge, this 
is the first time that this behavior has been described.  

With so many possible ion exchanges, it was necessary to determine how KCl exposure 
affected the location of the CO3

2-. Once again, exposure to KCl had significantly different effects 
on CO3

2- location than NaCl. The 3% CO3
2- apatites in KCl showed a general decrease in A-type 

CO3
2- and an increase in B-type CO3

2- compared to the unexposed mineral (Figure 3A). It 
previously has been shown that the presence of K+ during crystal formation shifts the location of 
CO3

2- away from the B-type location and into the A-type locations [22], the opposite of what was 
seen here. This data indicates that the K+ in the KCl is likely not integrating into the lattice of the 
exposed apatites, but it may be serving as a protective barrier in the solution instead, perhaps in a 
Stern-like layer [58,59] or in the hydrated layer. The K+ levels in the solution showed mixed 
results supporting the idea that there is no significant exchange of K+ between the solution and 
the mineral lattice (Figure 6D). Interestingly, the increase in B-type CO3

2- did not significantly 
affect the lattice spacing of the crystals (Figure 4A). This could be due to the smaller number of 
CO3

2- exchanges in the KCl sample as compared to the NaCl samples. In addition, the lack of 
change of labile CO3

2- in the hydrated layer for the 3% CO3
2- apatites in KCl (Figure 3C) may 

point to an increased uptake of H+ in the hydrated layer. Because HPO4
2- substitutes for the PO4

3- 
groups/B-type sites within apatite, this may be through protonation of HCO3

- or HPO4
2- – as a 

better mechanism for reducing H+ in the solution than HPO4
2- substitution within the lattice. At 

an initial 7% CO3
2-, the apatites exhibited no change in A, B, or labile-type apatite with exposure, 

further supporting the idea that K+ acts as a protectant to the mineral crystals, compared to Na.   

In terms of the independent variables of pH and concentration, there were surprisingly 
few correlations with mineral properties. The concentration of both NaCl and KCl as well as the 
pHi significantly affected the ΔpH of the solution (Figure 1A). In addition, the pHi may have had 
slight effects on the CO3

2- content and location. However, these were rarely the primary factors 
responsible for the measured changes in mineral properties. It is possible that the time frame of 3 
days and the rapid increase from pH 5.5 to ~pH 7-8, especially for KCl, may explain the lack of 
effect of pHi as the mineral in all conditions generally equilibrated within the first hour 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



(Supplemental Figure 2-3). Previously, the initial pH exhibited more significant effects in 
solutions with high buffering capacities unlike the ones used here [60]. Instead, these apatites 
behaved more like apatite dissolution in water [44]. In terms of concentration, it has previously 
been shown that the effect of concentration on the dissolution properties of apatite is dependent 
on the type of simple salt [61], where NaCl may have relatively little effect on the dissolution 
mechanism supporting the data collected here.  

4.1. Limitations 
Biological and biomimetic carbonated apatites have a substantial amount of HPO4

2- in the 
hydrated surface layer and within the crystalline apatite core [24]. Due to the increased pH, low 
mass loss, and increased CO3

2- content after exposure, HPO4
2- may contribute to ionic 

substitution and dissolution in this study. Therefore, future studies determining the role of HPO4
2- 

in Na+- and K+-rich solutions will be important to understand the mechanism. 

In addition, the solutions used here did not include other ions such as phosphate. 
Phosphate is a necessary component of saliva as well as other solutions used in medical research 
laboratories to prevent dissolution and alteration of mineral and calcified tissues [49,62,63]. 
Thus, future studies identifying this mechanism will be needed to fully understand carbonated 
apatite mineral dissolution in Na- and K-rich solutions with physiological phosphate conditions. 

Furthermore, the conditions shown here were performed in triplicate. While the standard 
deviations were relatively small for most of the dependent factors, more replicates would be 
needed in future studies to further determine the statistical power. 

5. Conclusions 
The effect of variations in solution pH and cationic content on biomimetic tooth mineral 

structure and composition was investigated. It was found that, Na+ causes dissolution of the 
mineral, resulting in greater release of CO3

2- (primarily B-type CO3
2- at low initial wt% CO3

2- 

and primarily A-type CO3
2- at high starting CO3

2- wt%), which increases the crystallite length 
and width as well as decreases the overall mass. This suggests that the apatite mineral undergoes 
classical dissolution and recrystallization in Na-rich solutions. On the other hand, KCl appears to 
protect the mineral from dissolution, resulting in less mass loss after exposure and retention of A-
type, B-type, and labile CO3

2- as well as the crystalline lattice. Despite this lack of dissolution, 
the apatite was still able to buffer the acidic solutions likely because of H+ sequestration. 
Revealing the phenomena between Na+, K+, and biomimetic apatites could aid in the 
development of treatments for the prevention of tooth dissolution. It also may provide some 
insight as to why K-rich diets aid in bone health while Na-rich diets are detrimental to bone. 
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Abstract  
Tooth mineral is constantly exposed to saliva. Based on many factors including diet and chronic 
disease, salivary composition can vary in pH and potassium (K+) and sodium (Na+) 
concentrations. Tooth mineral is composed of bioapatite with an ability for ionic exchange 
between the mineral and the surrounding fluid. Na+ and K+ are known to integrate into 
biomimetic apatites during crystallization and affect crystallization growth/rate and morphology 
of calcium phosphates. However, it is unknown how exogenous Na+ and K+ in the solution affect 
carbonated apatite after formation. Therefore, we investigated the mechanistic differences 
between Na+ and K+ on biomimetic apatite dissolution/recrystallization. To do so, biomimetic 
carbonated apatites with 3 or 7 wt% CO3

2- were exposed to NaCl or KCl solutions at various 
concentrations and pHs seen in saliva. Powder mass, Raman, FTIR, and XRD were used to 
determine the weight, composition, and structure of the mineral while the solution was 
characterized for pH and ionic variations. After mineral-solution exposure, significant 
differences were seen between NaCl and KCl solutions. The apatites exposed to NaCl underwent 
a classical dissolution/recrystallization mechanism exhibiting more loss in mass and carbonate 
during dissolution with modifications of A-, B-, and labile CO3

2- amounts during recrystallization 
which were dependent on the initial apatite CO3

2- content. Meanwhile, apatites exposed to KCl 
had less mass loss during dissolution and retained the crystal structure, A-, B-, and labile CO3

2- 
amounts during recrystallization, suggesting that K+ may shield apatites from dissolution. To our 
knowledge, this is the first study to parse out mechanistic differences between Na+ and K+ on 
biomimetic carbonated apatite dissolution/recrystallization. Overall, this study will provide 
insight on how fluctuating Na+ and K+ in saliva may affect tooth mineral composition and 
structure. 

 

Keywords: B Spectroscopy, C Chemical properties, D Apatite, E Biomedical Applications, B 
Impurities 
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1. Introduction 
Teeth are continuously bathed in saliva. Saliva is a complex fluid with an ever-changing 

composition. These changes depend on many factors, including time of day, stress [1], diet [2,3], 
and health conditions such as hyposalivation [4], aging [5], diabetes [6], and chronic kidney 
disease [7]. Two of the primary ionic components in saliva are sodium (Na+) and potassium (K+). 
These can fluctuate in concentration between 11.5-271.9 mM and 2.6-27.4 mM, respectively[1–
7]. The changes in salivary ionic composition give way to modified ionic exchange mechanisms 
between the surrounding saliva and tooth mineral [8]. 

Enamel and dentin are primarily composed of calcium-deficient carbonate-substituted 
apatite mineral [8–10]. This mineral is known for allowing substitutional ionic exchanges within 
its structure [11]. Some of these include cationic substitutions of Na+ and K+. Na+ can easily 
substitute for calcium (Ca2+) due to its similar ionic sizes (1.02 for Na+ vs 1.00 for Ca2+ for ionic 
radii size [12,13]. On the other hand, K+ has more difficulty substituting into the mineral lattice 
for Ca2+ due to its larger ionic radius (1.38) [13]. Since these monovalent ions substitute for the 
divalent Ca2+ ion, Na+ and K+ must be co-substituted with another ion, typically carbonate (CO3

2-

), to maintain charge balance [13]. For Na and CO3
2- coupled substitutions, previous studies have 

extensively identified the molecular interactions between Na+ and CO3
2- with most studies 

concluding the importance of Na+ within the apatite structure [14–17]. Other studies have also 
identified K+ sole effect on the apatites structure [18,19], albeit to a lesser extent, with little 
information about its coupled substitution with CO3

2- compared to Na+ [20,21]. Recently, our lab 
discovered that co-substitutions of Na+ or K+ with CO3

2- modifies the location of the CO3
2- 

within the apatite lattice, such as increased A-type CO3
2- in apatites synthesized with K+ 

compared to Na+ [22]. This resulted in modifications to the mineral structure and physiochemical 
properties.  

 CO3
2- substitution is one of the most common anionic substitutions in enamel and dentin. 

Enamel contains about 2 wt% CO3
2-, while dentin has ~5-7 wt% CO3

2- [8,9,23]. These carbonate 
ions can substitute in multiple places within the apatite structure. Carbonate can exchange for 
phosphate, known as B-type CO3

2-, and/or for the hydroxyl groups, known as A-type CO3
2-, 

within the crystalline core [24–26]. Carbonate can also reside in the amorphous hydrated layer, 
known as labile CO3

2- [24,27]. Changes in CO3
2- content and location can modify the 

morphological, structural, and chemical characteristics of apatite [25,28–30]. For example, 
increased B-type CO3

2- substitutions increase the mineral solubility and decrease the crystallinity 
[29,31], crystallite size [31,32] and stiffness [33]. Additionally, these substitutions change the 
atomic lattice spacing along both the a- and c-axes [28,29]. As it has previously been shown that 
Na+ and K+ can modify CO3

2- co-substitutions within the apatite lattice, this suggests that 
substitutions of Na+ and K+ that affect CO3

2- locations and concentrations could have significant 
effects on the solubility, structure, and mechanics of tooth minerals.   

In addition to its effect on CO3
2-, Na+ and K+ have also been shown to affect the 

crystallization and growth of calcium phosphates. For example, previous studies have shown that 
NaCl and KCl solutions have distinct differences on calcium phosphate crystal growth [34], 
nucleation rate [35], and crystal shape [35]. In addition, Na+ incorporation during crystallization 
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affects physiochemical properties of apatite, such as CO3
2- vibrations [15,36]. Despite knowing 

that Na+ and K+ can affect mineral growth, structure, and composition - much like other ionic 
components such as Mg+ and F- [37–39] - it is unknown how they affect biomimetic carbonated 
apatites after formation. Therefore, the goal of this study was to determine how extant 
biomimetic carbonated apatite is altered during exposure to Na+ and K+-rich solutions that 
simulate the concentrations range of Na+ and K+ within saliva. This study will provide insight as 
to how tooth mineral may react during salivary variations in Na+ or K+ content.  

2. Methods 
2.1. Synthesis 

To mimic the carbonate content in enamel and dentin, biomimetic apatite powders were 
synthesized through an aqueous precipitation reaction with an aim to obtain ~3 and ~7 wt% 
carbonate as previously described [29]. In short, 50 mL of 0.15 M calcium nitrate tetrahydrate 
(ACROS, USA), 50 mL of 0.09 M sodium phosphate (ACROS, India) were slowly titrated drop 
by drop into a 250 mL of either 0 mM or 6 mM sodium bicarbonate (Sigma-Aldrich, France) for 
3 or 7 wt% CO3

2- substitution, respectively, at 60°C. The low and high wt% of CO3
2- represents 

enamel and dentin, respectively. The pH was maintained at ~pH 9 with 0.1 M NaOH (ACROS, 
Sweden). Once completely titrated, the mixture was left to mature for 2 hours at ~pH 9 at 60°C. 
Afterwards, the precipitate was filtered, rinsed thoroughly, and dried at 60°C overnight. X-Ray 
Diffraction and Raman Spectroscopy was used to confirm the apatitic phase with carbonate 
substitutions. The amount of carbonate was determined by comparing the carbonate to phosphate 
ratio to our standardized carbonate apatites that were correlated to the carbon amount determined 
by Carbon Hydrogen Nitrogen [29]. 

2.2. Dissolution/exposure experiment 
50 mg of apatite with either 3% or 7% substituted carbonate was placed into 10 mL of 

either sodium chloride or potassium chloride in conical tubes. 3 concentrations of sodium 
chloride (Fisher, USA) or potassium chloride (Sigma-Aldrich, USA) were used: 0.05 M, 0.1 M, 
0.2 M, at 2 different pH’s, pH 5.5 and pH 7.4 (Supplemental Figure 1) to represent low and high 
amounts of Na+ or K+ concentrations at acidic and neutral pH’s that can occur in the mouth 
[40,41]. The powders were exposed to the solutions for 3 days and the pH of the solutions were 
obtained at 1, 3, 6, 24, 48, and 72 hours. After 3 days, the powders were filtered with P4 filter 
paper (Fisher Scientific, China), rinsed with 10 mL of Millipore water 3 times, and dried at 60°C 
overnight. The powders were massed to determine the mass lost during the exposure period. 
Each condition had 3 replicates.  

2.3. Raman Spectroscopy 
The composition of the powders was initially determined by using Raman spectroscopy. 

Using a WiTec alpha300 with a 785 nm laser, 10 points per sample were obtained at an 
acquisition time of 1 second for 30 accumulations. The following peaks were fit using the 
Lorentzian fit function of WiTec Program 5.1 to obtain the following peak areas: ν3 PO4

3- (430 
cm-1), ν4 PO4

3- (590 cm-1), ν1 PO4
3- (950 cm-1), ν1 PO4

3- (960 cm-1), ν2 PO4
3- (1050 cm-1), and ν1 

CO3
2- (1070 cm-1). The carbonate to phosphate ratio (CO3/PO4) was calculated from the ratio of 
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the 1070/(950+960) peak areas for each sample to determine the percent change in CO3/PO4 (%Δ 
CO3/PO4) [29,42,43]. Each condition had 3 replicates. 

2.4. Fourier Transform Infrared Spectroscopy 
Attenuated Total Reflectance (ATR) FTIR spectroscopy was used to confirm the apatite 

characteristic phase and determine the amount of A-type, B-type, and labile CO3
2- in the apatites 

before and after exposure. Using a Nicolet Magna-IR 500 spectrometer, each powder had an 
acquisition of 64 scans with a resolution of 2 cm-1 from 400-4000 cm-1. Using the OriginPro 
2021b software (OriginLab Corporation, Northampton, MA, USA), the ν2 CO3

2- peak within the 
900-750 cm-1 range were deconvoluted for the A-type, B-type, and labile CO3

2- peaks with the 
respective initial peak centers of 880 cm-1, 873 cm-1, 867 cm-1 using a Gaussian fit function [15]. 
Each condition had 3 replicates. 

2.5. X-Ray Diffraction 
The structure and phase of the powders were determined by X-ray Diffraction. Each 

sample was analyzed from 20-60° 2θ with 0.02° step with 1 second per step using a Bruker D2 
Phaser Diffractometer (Bruker AXS, Germany) operating at 30 kV and 10 mA. 11 peaks were 
deconvoluted using a PseudoVoigt function with the Diffrac.Eva software to determine the peak 
centers, full width at half max (FWHM), crystallite length and width, and lattice spacing of the 
apatites before and after solution exposure. The d-spacing for the 002, 310, and 004 planes were 
scrutinized. Afterwards, the crystallite length and width determined by the 002 and 310 planes 
respectively were determined via Scherrer’s equation using the peak FWHM. The powders were 
compared against stoichiometric hydroxyapatite from the Powder Diffraction File from the 
International Centre for Diffraction Data (ICDD). Each condition had 3 replicates. 

2.6. Inductively Coupled Plasma – Optical Emission Spectroscopy (ICPOES) 
One solution sample from each condition (n=1) was analyzed for changes in calcium 

(Ca), phosphorus (P), sodium (Na), and potassium (K) before and after solution exposure via a 
Perkin Elmer 7300DV Dual View Inductively Coupled Plasma–Optical Emission Spectrometer 
(ICP-OES). All samples were directly analyzed at 20x dilution due to the very high levels of 
phosphate in the samples. Standard quality assurance procedures were employed, including 
analysis of initial and continuing calibration checks and blanks, duplicate samples, preparation 
blanks (Blank), post digestion spiked samples, and laboratory control samples (LCS). 

2.7. Statistical Analyses 
Multiway Analysis of Variance (ANOVA) with Tukey test comparison was used in 

OriginPro 2021b (OriginLab Corporation, Northampton, MA, USA) to determine the statistical 
significance for the aforementioned quantitative analyses and between the independent variables 
of pH, concentration, Na+ vs K+, and wt% CO3

2-. Significance is classified as p<0.05. 

3. Results 
3.1. pH 

The change in solution pH (ΔpH) with mineral exposure was significantly higher when 
the solution had an initial pH of 5.5 (pHi 5.5) compared to pHi 7.4 (Figure 1A and Supplemental 
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Table 1). The average ΔpH was between 1.48 and 2.49 for the 3% CO3
2- apatites at pHi 5.5 and 

between 1.81 and 3.02 for 7% CO3
2- apatites at pHi 5.5. This is 15X larger than the average ΔpH 

for pHi 7.4 which ranged from -0.12 to 0.20 for 3% CO3
2- and -0.13 to 0.92 for 7% CO3

2-.  

Regarding the solution cationic concentration, the increase in [Na+] or [K+] molar 
concentrations generally decreased the ΔpH overall at all pH’s and wt% CO3

2-. However, the 
differences were only statistically significant for 0.05 M concentrations for both Na+ and K+ 
when considering pH and wt% CO3

2- as factors (Supplemental Table 2). ΔpH of the solution 
when mineral was added to water was the lowest value in nearly all cases, contrary to the trend 
suggesting that increased cationic content reduced ΔpH.  

When comparing crystals containing either 3% or 7% substituted CO3
2- at all conditions, 

the 7% CO3
2- samples induced a significantly larger ΔpH in all solutions compared to their 3% 

CO3
2- counterparts (Supplemental Table 3). Similarly, when comparing the effect of KCl versus 

NaCl, the KCl solutions exhibited a significantly larger ΔpH than their NaCl and water 
counterparts when factoring wt% CO3

2- and pH (Supplemental Table 4). Conversely, there was 
no significant difference between NaCl and water. 

3.2. Mass 
KCl had significantly less mineral mass lost after exposure than NaCl at both 3% and 7% 

CO3
2- (Figure 1B and Supplemental Tables 5-6). For 3% CO3

2-, there’s roughly 20% more mass 
loss in NaCl than KCl, while NaCl had 40-50% more mass loss than KCl at 7% CO3

2-. There 
were no apparent trends with concentration or pH in mass lost. However, more mass was lost at 
3% CO3

2- than 7% for KCl as well as NaCl (Supplemental Tables 7-8). 

3.3. Raman – Carbonate content  
Overall, the %ΔCO3/PO4 was significantly higher for the mineral placed in KCl than in 

NaCl at 3 wt% CO3
2-, indicating higher amounts of CO3

2- in the mineral in KCl (Figure 2 and 
Supplemental Table 9). For NaCl solution exposures, the %ΔCO3/PO4 was generally unchanged 
at pH 5.5 for apatites with an initial 3% and 7% CO3

2- substitution. However, the %ΔCO3/PO4 
was significantly elevated for crystals containing 3% CO3

2- compared to 7% CO3
2- at pH 7.4 

(Supplemental Table 10). For the mineral exposed to KCl, the %ΔCO3/PO4 significantly 
increased about ~20-30% at both pHs and at all concentrations for 3 wt% CO3

2- compared to 7% 
CO3

2- (Supplemental Table 11).  

3.4. FTIR - Carbonate type 
Raman established that the apatite crystals placed in KCl had higher CO3

2- content than 
apatite placed in NaCl especially for crystals with low starting CO3

2- (3%). FTIR data indicates 
that this may be due to shifts in the CO3

2- environment within the crystal lattice. For 3 wt% CO3
2- 

for apatites exposed to all solutions, the relative amounts of A-type CO3
2- generally did not 

change after being exposed to all pH’s and concentrations (Figure 3A). At an initial 7 wt% CO3
2- 

content, the amount of A-type CO3
2- generally decreased for apatites exposed to NaCl at all 

concentrations and pHs compared to the unexposed powder (Ctrl); however, no apparent trends 
in terms of concentrations nor pH were observed. For apatites with an initial 7 wt% CO3

2-, there 
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were no changes in CO3
2- content as a function of CO3

2- location. In addition, there were no 
changes in A-type A-type CO3

2- between the 3% and 7% CO3
2- unexposed control groups. 

The 7 wt% CO3
2- unexposed control had higher levels of B-type CO3

2- compared to the 3 
wt% control as expected (Figure 3B). For 3 wt% CO3

2-, apatites placed in water generally 
increased in B-type CO3

2- at both pH’s. At the same CO3
2- content, apatites exposed to NaCl 

showed a decreasing trend in B-type CO3
2- compared to controls at both pH’s, while apatites in 

KCl retained the same amount of B-type CO3
2- at all concentrations and pH’s except 0.05 M KCl 

at pH 5.5. Three wt% CO3
2- apatites placed in NaCl exhibited less B-type CO3

2- than those in 
KCl. For apatites with an initial 7 wt% CO3

2-, there were no changes or trends in B-type content 
after exposure for all solutions, concentrations, and pHs. 

For the unexposed samples (Ctrl), the relative amounts of labile CO3
2- decreased as the 

initial wt% CO3
2- increased (Figure 3C). At 3 wt% CO3

2-, apatites exposed to NaCl showed a 
trending increase in labile CO3

2- compared to the unexposed control sample while KCl samples 
generally showed no changes and water samples showed a trending decrease in labile CO3

2-. 
Contrarily, there were no changes in labile CO3

2- at 7 wt% CO3
2- after exposure to all conditions. 

3.5. XRD – Structure 
The apatites before exposure to the solutions exhibited an average d-spacing of 3.445 and 

3.444 along the 002 (c-axis) for 3 and 7 wt% CO3
2-, respectively, while the average 310 (a-axis) 

d-spacing was 2.273 and 2.264 (Figure 4A-B). The increased c-axis spacing and the decreased a-
axis between the initial 3% and 7% CO3

2- apatites agrees with previously reported trends for B-
type apatites [29]. For 3 wt% CO3

2- apatites exposed to NaCl, the c-axis and a-axis showed a 
trending decrease compared to the unexposed control apatite at pH 7.4. However, there were no 
statistically significant differences in the mineral c-axis or a-axis spacing as a function of any of 
the independent variables.  

For crystallite size, 3% CO3
2- had a significantly higher crystallite length and width along 

the c-axis and a-axis, respectively, compared to 7% CO3
2- for all variables as expected (Figure 

5A-B and Supplemental Tables 12-13) [29,44]. 3% CO3
2- apatite at all conditions had between 

230.04-321.72 nm in crystallite length with no significant changes between conditions. 7% CO3
2- 

apatite in all conditions had between 106.30-189.09 nm in crystallite length (Figure 5A) with no 
significance between changes as well. Additionally, NaCl exhibited a trend of higher crystallite 
length than KCl, specifically at pH 7.4 at all wt% CO3

2- as well as 7% CO3
2- at pH 5.5. There 

were no trends with concentration or pH at either wt% CO3
2- or within NaCl and KCl. 

The crystallite width for 3 wt% CO3
2- apatites exposed to water increased in water at pH 

5.5 and 7.4 (Figure 5B). The crystallite width also increased for 3 wt% CO3
2- in NaCl at pH 7.4 

as compared to unexposed control while the width either stayed the same or decreased in KCl. 
For apatites with an initial 7 wt% CO3

2-, no changes were observed for apatites exposed to water 
and KCl. Contrarily, the width significantly increased for all NaCl conditions compared to KCl 
(Supplemental Table 14). 
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3.6. ICP-OES – Ionic content of solutions 
The solutions before and after exposure to the apatite powders were analyzed for Ca2+, P, 

Na+, and K+ content through ICP-OES to determine the change of solutes (ΔCa, ΔP, ΔNa, and 
ΔK). ΔCa and ΔP increased in the solution at all conditions for 3 and 7 wt% CO3

2-, indicating an 
increase of Ca2+ and P after exposure to the apatite powders (Figure 6A-B). While 3% CO3

2- 
apatites were generally similar in Ca2+ and P content in the solution after exposure to the 
powders, 7 wt% CO3

2- apatites in NaCl at pH 5.5 as well as water at both pH’s had an increased 
Ca2+ and P content in the solution compared to NaCl pH 7.4 and KCl at all conditions. There 
were generally no significant changes between KCl at all conditions at 7 wt% CO3

2-. 

As expected, ΔNa content did not change in the solution for water and KCl for 3 and 7 
wt% CO3

2- apatites, irrespective of pH and concentration (Figure 6C). Na+ content in the solution 
with 7 wt% CO3

2- generally did not change as well. However, for NaCl solutions with 3% CO3
2- 

apatites, the amount of Na+ in the solution decreased, especially for pH 7.4 with increasing NaCl 
concentration. 

Conversely, K+ content in the solution did not change for NaCl irrespective of wt% CO3
2, 

concentration, and pH after exposure to the powders as expected (Figure 6D). There were 
inconsistent changes with KCl, exhibiting a range of either relatively low to high increases or 
decreases of K+ content in the solution for both wt% CO3

2-.  

4. Discussion 
Teeth are mainly composed of dynamic carbonated apatite mineral which is subjected to 

many ionic fluctuations in the surrounding salivary fluid, such as variations in Na+ or K+ 
concentration. Because the apatite mineral easily allows substitutions to occur, these Na+ and K+ 
ions can integrate, ultimately changing the composition and mineral structure [20,22]. While 
many previous studies by others and ourselves have determined that Na+ increases B-type CO3

2- 
incorporation into apatites during formation [22,45,46], we recently discovered that K+ can 
increase the amount of A-type CO3

2- substitution during bone-like apatite synthesis [22]. These 
different co-substitutions within apatite ultimately changed the lattice structure and carbonate 
environment despite the lower K+ incorporation into apatite compared to Na+. Previous studies 
have also shown that NaCl and KCl solutions can affect crystal growth of calcium phosphates 
differently, in which increased NaCl concentration increased the crystal growth rate compared to 
KCl [35]. However, the growth rate decreases when seeded crystals were placed in NaCl [34]. 
While these studies have looked at the effects of Na+ and K+ during synthesis, crystallization, 
and growth, it is important to understand how Na+ and K+ in the solution affect pre-existing 
carbonated apatites after crystallization. In this study, to better understand this behavior, 
biomimetic apatites with 3 and 7 wt% CO3

2- were exposed to increasing NaCl or KCl 
concentrations with either pH 5.5 or 7.4 to represent possible variations in salivary chemistry.  

When the apatite crystals were exposed to NaCl solutions, the significant increase in pH, 
especially at initially low starting pH (pHi), was expected as acidic solutions increase apatite 
dissolution and release larger concentrations of buffering ions, such as CO3

2- and PO4
3- (Figure 

1) [44,47–49]. Apatite dissolution in NaCl was confirmed by the reduction of crystal mass and 
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increase of Ca2+ and P in the solution after exposure for both pHs and initial wt% CO3
2- (Figure 

6A-B). Along with a loss of mass (Figure 1B), apatite exposed to lower pHs has been associated 
with decreased mineral CO3

2- content [44,49]. Indeed, at low pHi, both the 3 and 7% CO3
2- 

apatites exhibit a decrease in CO3
2- with exposure, indicating that CO3

2- was released from 
apatite to increase the solution pH (Figure 2). At pH 7.4, the increased or lack of change within 
the mineral CO3

2- content correlates with the lack of change in ΔpH at the elevated pHi (Figure 
1A). This suggests that less dissolution was occurring for apatites in NaCl at higher pHs, 
agreeing with previous studies [44]. Together, these results point to a classical dissolution 
phenomena in NaCl in which the apatite mineral dissolves by releasing buffering ions, 
specifically CO3

2-, to increase the solution pH.  

CO3
2- can substitute into three separate locations in the apatite mineral crystal and it is 

unclear which locations are preferentially affected by solution exposure. For apatites in NaCl, the 
initial crystal composition played an essential role in determining which CO3

2- was most affected 
by solution exposure. The general loss of B-type CO3

2- for 3 wt% CO3
2- apatites in NaCl for all 

concentrations indicates that the mineral crystals were undergoing dissolution with a preferential 
removal of B-type CO3

2- when initially exposed to the NaCl solutions (Figure 3B-C). This was 
supported by the decrease in the c-axis spacing, particularly seen in the 3% CO3

2- apatite exposed 
to NaCl at pH 7.4 as compared to the unexposed crystals (Figure 4A) [29]. The increased labile 
CO3

2- suggests that the CO3
2- in solution may be integrated through ionic exchange in the 

hydrated layer once recrystallization occurs [27]. In addition, the general decrease of Na+ content 
in the solution (Figure 6C) suggests that the initial 3 wt% CO3

2- is likely taking up Na+ from the 
solution in conjunction with the change in CO3

2- content during recrystallization. Conversely, the 
7% CO3

2- apatite exhibited fewer modifications of the CO3
2- content with exposure than the 3% 

CO3
2- apatite (Figure 2). In these apatites, the lack of change in labile and B-type with only 

general decreases in A-type CO3
2- content suggests that the higher carbonated mineral 

preferentially releases the CO3
2- in the apatite channels when exposed to NaCl (Figure 3B-C) 

[36]. This agrees with previous studies indicating a relationship between A-type CO3
2- and Na+ 

for highly carbonated apatites synthesized at higher temperatures as created in this study [15]. 
Due to the small amount of A-type dissolved, the lattice spacing was not affected (Figure 3A). 
Regardless of the location of the carbonate loss, the increased crystallite size for crystals exposed 
to NaCl compared to the unexposed crystals (Figure 5A-B) may be explained by the CO3

2- 
removal from the lattice as this may lead to the formation of less distorted crystals, which 
reduces the crystal energy and promotes crystal growth [29,50,51]. Overall, exposure of apatite 
to NaCl solutions resulted in larger apatite crystals with modified CO3

2- distributions that are 
dependent on the initial apatite composition itself, rather than pH or NaCl concentration.  

Apatite crystals in NaCl exhibited the expected behaviors of a conventional 
dissolution/recrystallization and release of buffering ions; however, this was not the case for 
KCl. Much like in NaCl, the presence of mineral in KCl increased the solution pH, indicating 
that buffering ions may be released (Figure 1A). The ΔpH also increased with reduced pHi and 
reduced KCl concentration as seen with NaCl. However, the similarities end there. The 
significantly less mass lost in apatite in KCl compared to its NaCl counterpart (Figure 1B) 
suggests that the increase in solution pH is not caused by mineral dissolution. Instead, K+ may 
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have protective effects against dissolution of apatite itself [52,53]. Furthermore, the 3% CO3
2- 

apatite did not exhibit the expected loss of CO3
2- with exposure like NaCl (Figure 1B and Figure 

2). Instead, the CO3
2- levels in apatite increased with KCl exposure, further supporting the 

expected decrease in crystallite size with increasing CO3
2- (Figure 5A-B). Without apatite 

dissolution or the release of CO3
2- buffering ions, the measured increase in pH may be caused by 

the sequestration of protons (H+) in the metastable hydrated surface layer and/or the protonated 
states of PO4

3- or CO3
2- to create HPO4

2- and HCO3
- substitution in the apatite lattice or within 

the hydrated layer [36,54–56]. To elaborate, the final pH for all conditions was ~pH 7, resulting 
in the ionization of the solution PO4

3- into HPO4
2-. HPO4

2- is known to integrate within the B-
type sites to replace CO3

2- in the lattice as well as within the amorphous apatite surface layer 
[27,55,57]. This may provide a possible explanation for the dissolution-free buffering. 
Accumulation of positively charged H+ into the hydrated layer could also recruit negatively 
charged CO3

2-, which may explain both the buffering and the increased CO3
2- content. Overall, 

this data suggests that having K+ in the solution may be protective against dissolution of apatites 
compared to the dissolving nature of Na+ solutions as seen in this study. To our knowledge, this 
is the first time that this behavior has been described.  

With so many possible ion exchanges, it was necessary to determine how KCl exposure 
affected the location of the CO3

2-. Once again, exposure to KCl had significantly different effects 
on CO3

2- location than NaCl. The 3% CO3
2- apatites in KCl showed a general decrease in A-type 

CO3
2- and an increase in B-type CO3

2- compared to the unexposed mineral (Figure 3A). It 
previously has been shown that the presence of K+ during crystal formation shifts the location of 
CO3

2- away from the B-type location and into the A-type locations [22], the opposite of what was 
seen here. This data indicates that the K+ in the KCl is likely not integrating into the lattice of the 
exposed apatites, but it may be serving as a protective barrier in the solution instead, perhaps in a 
Stern-like layer [58,59] or in the hydrated layer. The K+ levels in the solution showed mixed 
results supporting the idea that there is no significant exchange of K+ between the solution and 
the mineral lattice (Figure 6D). Interestingly, the increase in B-type CO3

2- did not significantly 
affect the lattice spacing of the crystals (Figure 4A). This could be due to the smaller number of 
CO3

2- exchanges in the KCl sample as compared to the NaCl samples. In addition, the lack of 
change of labile CO3

2- in the hydrated layer for the 3% CO3
2- apatites in KCl (Figure 3C) may 

point to an increased uptake of H+ in the hydrated layer. Because HPO4
2- substitutes for the PO4

3- 
groups/B-type sites within apatite, this may be through protonation of HCO3

- or HPO4
2- – as a 

better mechanism for reducing H+ in the solution than HPO4
2- substitution within the lattice. At 

an initial 7% CO3
2-, the apatites exhibited no change in A, B, or labile-type apatite with exposure, 

further supporting the idea that K+ acts as a protectant to the mineral crystals, compared to Na.   

In terms of the independent variables of pH and concentration, there were surprisingly 
few correlations with mineral properties. The concentration of both NaCl and KCl as well as the 
pHi significantly affected the ΔpH of the solution (Figure 1A). In addition, the pHi may have had 
slight effects on the CO3

2- content and location. However, these were rarely the primary factors 
responsible for the measured changes in mineral properties. It is possible that the time frame of 3 
days and the rapid increase from pH 5.5 to ~pH 7-8, especially for KCl, may explain the lack of 
effect of pHi as the mineral in all conditions generally equilibrated within the first hour 
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(Supplemental Figure 2-3). Previously, the initial pH exhibited more significant effects in 
solutions with high buffering capacities unlike the ones used here [60]. Instead, these apatites 
behaved more like apatite dissolution in water [44]. In terms of concentration, it has previously 
been shown that the effect of concentration on the dissolution properties of apatite is dependent 
on the type of simple salt [61], where NaCl may have relatively little effect on the dissolution 
mechanism supporting the data collected here.  

4.1. Limitations 
Biological and biomimetic carbonated apatites have a substantial amount of HPO4

2- in the 
hydrated surface layer and within the crystalline apatite core [24]. Due to the increased pH, low 
mass loss, and increased CO3

2- content after exposure, HPO4
2- may contribute to ionic 

substitution and dissolution in this study. Therefore, future studies determining the role of HPO4
2- 

in Na+- and K+-rich solutions will be important to understand the mechanism. 

In addition, the solutions used here did not include other ions such as phosphate. 
Phosphate is a necessary component of saliva as well as other solutions used in medical research 
laboratories to prevent dissolution and alteration of mineral and calcified tissues [49,62,63]. 
Thus, future studies identifying this mechanism will be needed to fully understand carbonated 
apatite mineral dissolution in Na- and K-rich solutions with physiological phosphate conditions. 

Furthermore, the conditions shown here were performed in triplicate. While the standard 
deviations were relatively small for most of the dependent factors, more replicates would be 
needed in future studies to further determine the statistical power. 

5. Conclusions 
The effect of variations in solution pH and cationic content on biomimetic tooth mineral 

structure and composition was investigated. It was found that, Na+ causes dissolution of the 
mineral, resulting in greater release of CO3

2- (primarily B-type CO3
2- at low initial wt% CO3

2- 

and primarily A-type CO3
2- at high starting CO3

2- wt%), which increases the crystallite length 
and width as well as decreases the overall mass. This suggests that the apatite mineral undergoes 
classical dissolution and recrystallization in Na-rich solutions. On the other hand, KCl appears to 
protect the mineral from dissolution, resulting in less mass loss after exposure and retention of A-
type, B-type, and labile CO3

2- as well as the crystalline lattice. Despite this lack of dissolution, 
the apatite was still able to buffer the acidic solutions likely because of H+ sequestration. 
Revealing the phenomena between Na+, K+, and biomimetic apatites could aid in the 
development of treatments for the prevention of tooth dissolution. It also may provide some 
insight as to why K-rich diets aid in bone health while Na-rich diets are detrimental to bone. 
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Figure 1. pH and mass change after 3 days of mineral-solution exposure. A) The delta pH increased after exposure to 
apatite with either 3 or 7 wt% CO3

2-, indicating increased solution pH with trends in concentrations (0, 0.05, 0.1, 0.2 M). B)
The mass of apatite decreased after exposure to the solution, especially for apatites with an initial 3 wt% CO3

2- in water, NaCl, 
and KCl as well as 7 wt% CO3

2- apatites in water and NaCl. Significance is indicated as p>0.05.
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Figure 2. CO3/PO4 ratio of the apatite mineral. The overall increased %ΔCO3/PO4 in the initial 3 wt% CO3
2- apatites in 

KCl indicated more CO3
2- after exposure than water and NaCl. The means of NaCl/KCl, pH, and concentration groups were 

compared using 3-way ANOVA within each wt% CO3
2- group. Significance is p>0.05.
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Figure 3. Relative amounts of the CO3
2- types within the ν2 CO3

2- region. A) A-type CO3
2- generally did not change for 

apatites with an initial 3 wt% CO3
2- after exposure to the NaCl or KCl compared to the unexposed apatite (Ctrl). Initial 7 wt% 

CO3
2- in NaCl exhibited a trending decrease in A-type while KCl generally did not change. B) B-type CO3

2- generally 
decreased for 3 wt% CO3

2- apatites in NaCl but remained the same for KCl. C) Labile CO3
2- had a trending increase for 3 wt% 

CO3
2- apatites in NaCl only.
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Figure 4. Apatite lattice spacing. The d-spacings of the A) c-axis (002) and B) a-axis (310) in all conditions, including the 
unexposed apatite mineral indicated as Ctrl.
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Figure 5. Crystallite sizes of apatite. The A) crystallite length and B) crystallite width using the (002) and (310) planes of 
apatite, respectively. 
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Figure 6. Solutes 
within the solution 
after exposure. A)
Calcium and B) 
phosphorus 
increased in the 
solution after 
exposure to the 
mineral. C) Sodium 
generally decreased 
in the solution at 
lower initial wt% 
CO3

2- while D) 
potassium amounts 
fluctuated 
regardless of wt%, 
concentration, or 
pH.
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Supplemental Figure 1. Schematic of experimental setup. Biomimetic carbonated apatites with 3 or 7 wt% CO3
2- was exposed to 

either 0-0.2 M NaCl or KCl at pH 5.5 or 7.4 for 3 days. 
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Supplemental Figure 2. pH over time for NaCl solution exposed to apatites with an initial (A, B) 3 wt% CO3
2- or (C, D) 7 

wt% CO3
2-.
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Supplemental Figure 3. pH over time for KCl solution exposed to apatites with an initial (A, B) 3 wt% CO3
2- or (C, D) 7 
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Supplemental Figure 4. FTIR waveumbers of A) A-type CO3
2-, B) B-type CO3

2-, C) labile CO3
2- in the ν2 CO3

2- region for all 
conditions. 
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Supplemental Figure 5. A representative FTIR spectrum of biomimetic apatites with (A) 3 and (B) 7 wt% CO3
2- before 

exposure.
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Supplemental Figure 6. A representative Raman spectrum of biomimetic apatites with (A) 3 and (B) 7 wt% CO3
2- before 

exposure to the KCl and NaCl solutions.
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Supplemental Figure 7. A representative XRD pattern of biomimetic apatites with (a) 3 and (b) 7 wt% CO3
2- before exposure 

to the KCl and NaCl solutions.
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Supplemental Tables 

 

Means that do not share a letter are significantly different. 

 

ΔpH stats 
Table 1. The average ΔpH of all conditions at pH 5.5 or pH 7.4 when considering the initial pH. 
Two 3-way ANOVAs were used to compare either 1) wt% CO3

2-, NaCl vs KCl, and pH or 2) 
concentration, NaCl vs KCl, and pH. 

Initial pH Mean Groups Groups 
5.5 2.13548 A  
7.4 0.26683  B 

 

Table 2. The average ΔpH when considering concentration. 

3-way ANOVA comparisons: 1) concentration, NaCl vs KCl, and pH or 2) concentration, wt% 
CO3

2-, and pH 

Concentration Mean Groups Groups 
0.05 1.46292 A  
0.1 1.18208  B 
0.2 1.06708  B 
0 1.04909  B 

 

Table 3. The average ΔpH when considering initial wt% CO3
2-. 

3-way ANOVA comparisons: 1) concentration, wt% CO3
2-, and pH or 2) wt% CO3

2-, NaCl vs 
KCl, and pH 

wt% CO3
2- Mean Groups Groups 

7 1.49146 A  
3 0.94  B 

 

Table 4. The average ΔpH when considering NaCl vs KCl.  

3-way ANOVA comparisons: 1) wt% CO3
2-, NaCl vs KCl, and pH or 2) Concentration, NaCl vs 

KCl, and pH 

 Mean Groups Groups 
KCl 1.43333 A  
0 1.04909  B 
NaCl 1.04139  B 
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% ΔMass 
Table 5. The average %Δmass when considering NaCl vs KCl for 3 wt% CO3

2- apatites. 

3-way ANOVA comparison: 1) concentration, NaCl vs KCl, and pH 

 Mean Groups Groups Groups 
KCl -14.4212 A   
0 -31.0911  B  
NaCl -35.7236   C 

 

Table 6. The average %Δmass when considering NaCl vs KCl for 7 wt% CO3
2- apatites. 

3-way ANOVA comparison: 1) concentration, NaCl vs KCl, and pH 

 Mean Groups Groups Groups 
KCl 1.88889 A   
0 -31.6  B  
NaCl -39.7682   C 

 

Table 7. The average %Δmass when considering KCl groups only. 

3-way ANOVA comparison: 1) concentration, wt% CO3
2-, and pH  

wt% CO3
2- Mean Groups Groups 

7 -5.3913 A  
3 -18.0451  B 

 

Table 8. The average %Δmass when considering NaCl groups only. 

3-way ANOVA comparison: 1) concentration, wt% CO3
2-, and pH  

wt% CO3
2- Mean Groups Groups 

3 -34.7166 A  
7 -37.9925  B 

 

 

CO3/PO4 
Table 9. The average %ΔCO3/PO4 when considering 3 wt% CO3

2- groups only. 

3-way ANOVA comparisons: 1) NaCl vs KCl, concentration, and pH 

 Mean Groups Groups 
KCl 20.65737 A  
0 6.36478  B 
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NaCl 5.75322  B 
 

Table 10. The average %ΔCO3/PO4 when considering NaCl groups only. 

3-way ANOVA comparison: 1) wt% CO3
2-, concentration, and pH 

wt% CO3
2- NaCl 

Concentration 
pH Mean Groups Groups Groups Groups 

2 0.1 7.4 29.17796 A    
2 0.05 7.4 17.34727 A B   
2 0.2 7.4 8.47931  B C  
7 0.2 5.5 4.19577  B C D 
2 0.05 5.5 -0.51833  B C D 
7 0.1 5.5 -1.17393  B C D 
7 0.05 5.5 -3.47968   C D 
7 0.1 7.4 -3.79715   C D 
7 0.2 7.4 -5.18287   C D 
7 0.05 7.4 -5.6996   C D 
2 0.2 5.5 -7.22486   C D 
2 0.1 5.5 -12.742    D 

 

Table 11. The average %ΔCO3/PO4 when considering KCl groups only. 

3-way ANOVA comparison: 1) wt% CO3
2-, concentration, and pH 

wt% CO3
2- KCl 

Concentration 
pH Mean Groups Groups Groups Groups Groups 

2 0.1 7.4 35.81487 A     
2 0.2 7.4 32.53626 A B    
2 0.05 7.4 25.62518 A B    
2 0.2 5.5 25.4579  B    
2 0.1 5.5 7.7603   C   
7 0.2 7.4 6.77031   C D  
7 0.05 5.5 4.20014   C D  
7 0.2 5.5 3.79685   C D  
7 0.05 7.4 1.87884   C D E 
2 0.05 5.5 -3.25028    D E 
7 0.1 5.5 -7.04293     E 
7 0.1 7.4 -7.39904     E 

 

Crystallite length and width 
Table 12. The average crystallite length when considering wt% CO3

2-. 
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3-way ANOVA comparison: 1) wt% CO3
2-, pH, and NaCl vs KCl or 2) wt% CO3

2-, NaCl vs KCl, 
and concentration 

wt% CO3
2- Mean Groups Groups 

3 285.9422 A  
7 145.056  B 

 

Table 13. The average crystallite width when considering wt% CO3
2-. 

3-way ANOVA comparison: 1) wt% CO3
2-, pH, and NaCl vs KCl or 2) wt% CO3

2-, NaCl vs KCl, 
and concentration 

wt% CO3
2- Mean Groups Groups 

3 86.33941 A  
7 56.99063  B 

 

Table 14. The average crystallite width when considering NaCl vs KCl. 

3-way ANOVA comparison: 1) wt% CO3
2-, pH, and NaCl vs KCl 

Na vs K grouping crystallite width  
 Mean Groups Groups Groups 
NaCl 84.33839 A   
water 75.822  B  
unexposed 
apatite 

65.81383  B  

KCl 59.42935   C 
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