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Abstract

:

The search for an efficient drug or inhibitor in the formation process of kidney stones has been a promising research topic towards reducing the risks of the formation of disease. However, several challenges have been faced in investigating the most common constituents of kidney stones, calcium oxalate and its hydrate forms (COM, COD and COT). This study focuses on the preparation and structural characterization (TG, XRD, FTIR, SEM) of calcium oxalate hydrates in the presence of gallic acid (GA) and by varying operating parameters such as temperature (25 °C, 36.5 °C and 48 °C), pH (5.6, 6.5 and 7.5) and amount of added GA (ranging from 100 mg to 1000 mg). Response surface methodology was applied in order to evaluate the effects of operating parameters in the formation of COM and COD, and for the process optimization towards maximizing their content in samples. The results indicated that GA inhibited the formation of COM (0–100%) and promoted the formation of COD (0 ≤ 99%), while a medium pH and the amount of added GA showed a significant effect in the process of COD formation. In order to investigate the interactions established in the formation process and the possible adsorption between GA and the formed crystals, electrochemical measurements were performed.
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1. Introduction


More than 70% of kidney stone patients suffer from urolithiasis induced by calcium oxalate stone formation, with calcium oxalate dihydrate (COD) as the most dominant crystal phase in healthy human urine, and calcium oxalate monohydrate (COM) as the most common present phase in diseased humans. In the absence of an adequate medical treatment, nephrolithiasis will surely be a remittent disease, with a recurrence rate of 70–80% in men and 47–60% in women over the next few years [1,2]. Due to the increase in the number of patients in the last few decades, urolithiasis is one of the most frequent and significant health problems nowadays. The number of affected people varies depending on the geographical location, ranging from 3–14% of the total population [3].



This disease is manifested through the accumulation of crystals and kidney stones in which only one or both kidneys can be affected. In fact, it is a pathological biomineralization as a consequence of physicochemical mechanisms. Among other things, these mechanisms include processes such as nucleation, crystal growth and aggregation and, finally, the binding and retention of calculi in the kidneys [4]. There are multiple reasons for the formation of urinary stones. According to recent scientific research, the most prominent causes of urolithiasis are genetic predispositions and environmental factors [5]. Increasingly, inappropriate living standards, as well as unhealthy eating habits, are among the reasons why the percentage of people suffering from this disease is gradually increasing over time. It has also been confirmed that urine contains many minerals that tend to form stones, and increased crystal aggregation will depend on urinary parameters such as pH, ionic strength or the presence of a substance with an activating or inhibitory effect [3,6]. Within the composition of kidney stones, the most prominent compound is calcium oxalate, which is an increasingly common subject of study in laboratory and clinical trials, in order to better understand the reasons for its occurrence in urolithiasis and the inhibition of this mechanism [6]. Oxalate stones can be caused by inherited or subsequent metabolic disorders, such as hypercalciuria, hypocitraturia, hyperoxaluria and changes in urine acidity, which are also considered to be the most common factors in the formation of stones in the body [7].



There are three crystalline forms in which calcium oxalate occurs. Monohydrate (CaC2O4·H2O, COM), mostly with rectangular morphology, is the form that binds most easily to the epithelial cells of the renal tubules, and, therefore, COM is the most common form in the composition of kidney stones [8]. As such, it has a great tendency to bind to other urinary macromolecules, leading to aggregation and stone formation. The second form that occurs is dihydrate (CaC2O4·2H2O, COD) [9]. It is the most commonly found bipyramidal crystal morphology in the urine of healthy patients [10]. When trihydrate (CaC2O4·3H2O, COT) crystals are formed, they have a rod-shaped morphology, but they are rarely found in the urine of patients because it is considered that these crystals are very unstable and rapidly convert to other types of crystals [11]. The main strategy aimed at inhibiting the formation of kidney stones is based on directing the process of crystallization of calcium oxalate into forms of dihydrate or trihydrate. Dihydrates and trihydrates are less bound to urine macromolecules and, therefore, their excretion is possible by excreting urine from the body. This prevents the formation of larger kidney stones and the occurrence of all the discomfort they could cause [12]. Despite progress made in urolithiasis treatments [13,14], the problem has still to be solved, and the use of phototherapy and medicinal plants are to be considered as a valuable support [15,16,17,18] in providing some therapies against the formation process of kidney stones. Phenolic acids are an important and abundant subgroup of phenolic compounds with the basic chemical structure C6–C1 (Hydroxybenzoic acids), consisting of a phenolic ring and a carboxyl substituent. Gallic acid or 3,4,5-trihydroxybenzoic acid is one of the most abundant phenolic acids, which is widely distributed throughout the plant kingdom where it is present either in free form or, more commonly, as a constituent of tannins [19]. Regarding its biological activity, gallic acid exerts antibacterial, antiviral, anti-inflammatory and antioxidant effects [20,21]. The effect of gallic acid on the formation of kidney stones, and especially calcium oxalate, has not been fully investigated. Li et al. [22] revealed in their work that gallic acid can alter the nucleation pathways of calcium oxalate, which eventually leads to the formation of three different hydrate structures. The investigation of the influence of individual physiological parameters on calcium oxalate formation is especially welcomed as it could contribute to the elucidation of crystal growth and nucleation mechanisms in urolithiasis. Furthermore, studies carried out on the formation of the specific hydrate phase of calcium oxalate, especially on the COM and COD, could also offer a valuable contribution towards understanding the effects of additives, and hydrodynamic and thermodynamic parameters in antilithiatic action.



In this work, studies were conducted in which the focus was primarily placed on the influence of the process parameters such as temperature, system pH and the addition of gallic acid as an additive on the formation of different calcium oxalate hydrates. Based on the collected data and knowledge of the specific system under different conditions, the modes of action of individual parameters and their interactions on the changes of calcium oxalate composition and morphology were determined. The optimal conditions toward obtaining the maximum content of the two most dominant hydrate phases were determined using response surface methodology (RSM). The research also provided more understandable insights into the nucleation mechanism and incorporation of gallic acid under different process conditions to better understand the reasons for the formation of stones. An evaluation of crystal morphology and their chemical composition allows us to understand what type of crystal is formed and what influence the additive has on the size and morphology of these crystals.




2. Materials and Methods


2.1. Materials


Precipitation stock solutions were prepared from analytically pure (grade) chemicals, HCl (Gram-mol), NaOH (Gram-mol), Na2C2O4 (BDH Prolabo), CaCl2·2H2O (BDH Prolabo) and NaOCl (Kemika). Proper volume of Na2C2O4 and CaCl2 stock solutions, were diluted in ultrapure deionized water (conductivity < 0.055 mS cm−1) for reactant solutions preparation, respectively. Adjustment of pH value of the system was carried out by adding stock solution of NaOH or HCl. Using classical analytical methods, all stock solutions were standardized (CaCl2 by complexometric titration with EDTA, NaOH by volumetric titration with standard HCl, Na2C2O4 by titration with permanganate and HCl by volumetric titration with standard NaOH).




2.2. Precipitation Experiments


Synthesis of calcium oxalate seeds during spontaneous precipitation process was described in detail in previous papers [23,24,25]. In this report, slightly remodelled experimental protocol has been used with addition of gallic acid in reaction solution. The same concentrations of Ca2+ (ci = 7.5 × 10−3 mol dm−3) and C2O42− (ci = 4.0 × 10−3 mol dm−3) were adjusted in every reaction mixture. Besides, quantity of gallic acid varied from 100 mg to 1000 mg, pH value was in the range from 5.6 to 7.5 and the system was thermostated at three different temperatures: θ = 25 °C, 36.5 °C and 48 °C.



Double-walled glass, thermostated reactor was used for precipitation experiments. At first, calcium and oxalate solutions were adjusted to corresponding pH, after which solutions were thermostated at previously defined temperatures. The process started after rapidly mixing the equivalent volumes (V = 200 cm3) of reactant solutions. The synthesis of precipitate in reactor was monitored with combined glass electrode. During the precipitation process, data from electrode were presented on pH meter (HANNA HI 5522) in form of graph (pH vs. time). Suspensions were stirred with Teflon-coated magnetic stirring bar, continuously for 20 min. At the end of experiment, the content of the reactor was filtered through a 0.22 µm Millipore filter paper, after which precipitates were washed with small increments of pure water and dried in a vacuum desiccator. All precipitation reactions were repeated three times and the mean values are presented in results section.




2.3. Sample Characterization of Calcium Oxalate Hydrate


In order to determine hydrate phase and mineralogical composition of calcium oxalate crystals, several analytical methods, such as powder X-ray diffraction (XRD), thermogravimetric analysis (TGA) and infrared spectroscopy (FTIR) were applied. Furthermore, for resolving the question as to whether gallic acid is adsorbed on seed surface or if it is captured between calcium oxalate clusters, cyclic voltammetry (CV) was employed.



For infrared spectroscopy, 1–2 mg of dried samples were mixed with KBr (IR grade) and recorded on FTIR 8400S spectrophotometer (Shimadzu, Kyoto, Japan) in spectral range from 400 cm−1 to 4000 cm−1. The recorded spectra are the average of 20 scans. The device was equipped with DRS 8000 attachment at a spectral resolution of 4 cm−1. Analysis of collected data was processed using software package IR solution 1.30.



Weights of (each) hydrate phase in dried samples were investigated by thermogravimetric analysis (TGA) using a simultaneous TGA–DSC analyser (Mettler Toledo TGA/DSC1, Greifensee, Switzerland). Up to 15 mg of samples were placed into aluminium pan (100 µL) and heated up to maximum 300 °C with a heating rate of 2 °C min−1 in the oxygen atmosphere. Collected data were analysed by means of STARe Software 10.0. package.



Powder X-ray diffraction (XRD) was performed in order to explore composition and crystallinity of precipitates. A small amount of samples were put on silicon zero-background sample holder and gently pressed to obtain a flat surface. The date were obtained with Bragg–Brentano geometry in the 2θ range 5°–60° and step size 0.02° on Aeris Panalytical diffractometer with Ni-filtered copper radiation (Aeris Research, Malvern Panalytical, Malvern, UK). The analyses of recorded diffractograms were performed by means of Panalytical High Score Plus Software.



Microscopy studying was conducted by a light microscope (Motic B1 (Barcelona, Spain) equipped with digital camera Moticam 2) and scanning electron microscope, SEM (Tescan Vega3 LMU (Fuveau, France) with tungsten filament at 10 mm working distance, 5–30 kV acceleration voltage). The main purpose was to determine approximate crystal size and morphological characteristics of calcium oxalate precipitates. Small amount of samples, for SEM imaging, were placed on sample holder with carbon tape. The excess powder was removed by nitrogen gas flow.



Electrochemical investigations were run on PalmSens potentiostat/galvanostat (PalmSens BV, Utrecht, The Netherland) joined with PSTrace 4.2 software. Measurements were carried out in voltametric cell (15 mL) in a phosphate buffer at three pH values (pH 5.8, 6.5 and 7.5) with a three-electrode setup made of Ag/AgCl (inner electrolyte solution, c (NaCl) = 3 mol dm−3) as a reference electrode, platinum wire as a counter electrode and glassy carbon electrode as a working electrode (geometrical area 0.018 cm2). Inert atmosphere in electrochemical cell was achieved with (1 min) flow of high purity argon (ϕAr = 99.999%) before each experiment. For study of interactions between gallic acid and calcium oxalate precipitates formed in calcium oxalate system with addition of gallic acid, 5 mg of seed sample was diluted in phosphate buffer (pH 5.8, 6.5 and 7.5) and cyclic voltammograms were recorded. Cyclic voltammetry scan rate was set at 100 mV s−1.



In order to remove the adsorbed gallic acid from surface of precipitates, the samples were treated with 13% w/v sodium hypochlorite solution. Overall, 15 mg of samples were put in beaker with 10 mL of sodium hypochlorite. After 24 h, suspensions were continuously stirred for 1 h with Teflon-coated magnetic stirring bar and stored for next 24 h. Finally, after 48 h, suspensions were centrifuged on 5037 RCF (relative centrifugal force) for 5 min in automatic centrifuge (Hettich, Rotina 380R), and obtained precipitates were also washed with ultrapure water three times. Dried precipitates were dissolved in 200 µL of concentrated HCl and were analysed by means of cyclic voltammetry.




2.4. Response Surface Methodology and Process Optimization in Calcium Oxalate Formation


Response surface methodology (RSM) and experimental data generated by Box–Behnken design were used in order to derive optimal process parameters for obtaining maximum content of individual hydrate phase of calcium oxalate (COM and COD). By using commercial software Design-Expert® (ver. 9, Stat-Ease Inc., Minneapolis, MN, USA), statistical analysis was performed, while the quality of fitted mathematical models was assessed by the analysis of variance (ANOVA). The obtained models were employed to investigate the influence of each individual parameter (independent variables or inputs) or their interactions, such as temperature (X1), system pH (X2), and amount of added gallic acid (X3), on the precipitation of calcium oxalate. Both obtained models for COM and COD investigation were fitted with a second order (quadratic) response model without applying any transformations, and the models are described by the following Equation (1)


  y =  β 0  +   ∑  i = 1  k    β i   X i  +   ∑  i = 1  k    β  i i    X i    2  +   ∑     i = 1       i < j      k − 1      ∑  j = 2  k    β  i j    X i   X j           



(1)




where y designates investigated responses (content of COM and COD), β0, βi, βii, βij parameters represent constant coefficients of intercept, linear, quadratic and interaction terms, respectively, while Xi and Xj coefficients represent (−1, 0, +1) inputs or independent variables (Table 1). Therefore, process optimization and model evaluation were performed towards maximizing the content of individual COM and COD in the prepared samples.





3. Results and Discussion


3.1. The Structural Analysis


Weight percentages of oxalate hydrates in the samples were determined using thermogravimetric analysis of dried samples (Table S1 in Supplementary Material). By comparing the obtained results with theoretical values for pure COM (12.33%), COD (21.96%) and COT (29.67%), it was indicated that, in some samples, mixtures of COM, COD and COT precipitated at given experimental conditions [26,27]. Table 2 presents the details of each experimental condition designated as “Run”. For simplicity and better visibility of the results, certain runs were chosen and then described in detail. Blank samples (precipitated experiment without gallic acid) and runs 13, 15 and 17 are shown in Figure 1. Thermograms of the blank sample indicate that weight loss occurred during one step and started at approximately 66.58 ± 2.71 °C (inflection point at 144.08 ± 1.42 °C). Total weight loss of the sample, occurring after heating up the sample to 300 °C, was found to be approximately 11.77 ± 0.62%, corresponding to approximately one crystalline water molecule in COM [26,27]. The thermogram of run 15 also demonstrated weight loss during just one step but this started sooner at 60.56 °C. Total weight loss of the sample after heating up to 300 °C was 21.84% demonstrating the presence of two crystalline water molecules in COD. From Figure 1, in run 13 it can be seen that the weight loss in the first step was 12.28%. The sample containing pure COT in the first step lost approximately 19.2% of weight loss [26], and it was evident that in run 13, in addition to the COM hydrate phase, COT also precipitated. The total weight loss in run 13 was 20.85% and the process took place in a two-step process, which is an indication that COT is present. In run 17, the weight loss in the first step was 8.80% and, in the second, was 10.41%, which was a total weight loss of 19.21%. However, because the process took place in a two-step process, a possible presence of COT is indicated, while the presence of COM and COD is demonstrated in the one-step process [23,24,25]. Moreover, in run 17, only after a detailed XRD quantitative analysis was it possible to determine which hydrate phase was present in the samples.



The FTIR method in our work presented qualitative analysis for determination of the presence of different oxalate hydrates in the samples. The obtained IR results, shown in Figure 2b, were compared with the vibration bands of oxalate standards (COM, COD and COT) given in Table S2 in Supplementary Material [28,29]. It can be seen from Figure 2b and Table S2 that the blank sample, precipitated without gallic acid, had only COM vibration bands, while run 15 had only COD vibration bands. The blank sample showed five peaks above 3000 cm−1, near 3487, 3428, 3339, 3259 and 3061 cm−1, assigned to stretching vibrations of the coordinated water molecules [30]. In other samples, the appearance of an elongated band due to an increase in the water content was observed. For run 15, a weak vibration band was observed at about 3470 cm−1, while for run 13 and run 17, depending on the increase in the trihydrate content, the visibility of vibration bands decreased. The blank sample also provided vibration bands at 782 cm−1 and 520 cm−1, which are assigned to the bending of water that differ only by their shape and intensity [30]. Characteristic bands for carbonyl vibrations were obtained in the region from 1200–1800 cm−1. It can also be observed, that differences were visible in the region from 1600 to 1650 cm−1 as well. The blank sample, which was pure COM, had one very sharp band at 1618 cm−1, while for run 15, a shift to 1638 cm−1 was observed. In runs 13 and 17, the division of this peak into two peaks was observed, while the COT content increased. The specific absorption band of COD at 912 cm−1 in run 15 was very useful to attest the presence of higher COD content in the samples [31]. Run 17 had vibration bands of all three hydrate forms, which indicate that a mixture of COM, COD and COT was formed. In run 13, vibration bands for COM and COT were present.



Results of the FTIR spectroscopy indicate that all three oxalate hydrates precipitated in the observed experiments. However, it should be noted that the FTIR method in our work is semi-quantitative for the determination of oxalate. Other authors stated that if small amounts of different oxalate hydrates in the samples were present (≤10%) it is difficult to quantify the proportion of an individual hydrate [28].



XRD measurements (Figure 2a and Table 2) revealed the crystallization of different types (COM, COD and COT) and amounts of calcium oxalate crystals produced in the presence and absence of gallic acid. In all experimental conditions where gallic acid was not present in the system, COM precipitate was exclusively formed (data not shown). Quantitative XRD analysis are shown in Table 2. It can be seen that all three observed parameters (pH, temperature and mass of gallic acid) affected the formation of the desired, unstable calcium hydrate COD.



The main reflections of calcium oxalate crystals in the absence of gallic acid, the blank sample, had only COM diffraction peaks at d = 0.593, 0.365, 0.296, 0.249, 0.235, 0.227, 0.207 and 0.197 nm, which were assigned to (  1 ¯  01), (020), (  2 ¯  02), (112), (130), (202), (321) and (303) planes of COM crystals, while run 15 had only diffraction peaks at d = 0.618, 0.442, 0.277, 0.241, 0.224, 0.212, 0.196 and 0.190 nm, which were assigned to (200), (211), (411), (103), (213), (530), (611) and (413) planes of COD crystals [32,33]. It is evident from Figure 2a, that runs 13 and 17 had diffraction peak characteristics for all three hydrate forms. Quantitative estimations using relative peak heights/area proportions indicate that run 13 had 50% COM and 49% COT, while run 17 had 76% COM, 13% COD and 11% COT.




3.2. Morphology of Calcium Oxalate Crystals


Previously described synthesis conditions revealed different morphologies of COM, COD and COT crystals (Figure S2). Figure 3 shows the SEM micrographs of the crystals precipitated in the experiments blank (a) without gallic acid and experiments run 17 (b), run 13 (c) and run 15 (d) with added gallic acid.



According to the SEM observations (Figure 3a), crystals precipitated in the absence of gallic acid were calcium oxalate monohydrate (COM), having a dendritic structure with very rough edges and tips. From Figure 3b, the flower-like crystals, which are characteristic for COD, can be seen. COM crystals become more numerous, smaller, thinner and more regularly shaped, sometimes dumbbell-shaped or twined. At first, COT crystals are more difficult to notice and differentiate, as it is more likely that COT are aggregated with COM crystals. In Figure 3c, differences in the morphology of precipitated crystals can be observed. The edges of the crystals are more twisted, and it is assumed that the COM and COT crystals are aggregated. Very irregular aggregates are also detected. Figure 3d represents the bipyramidal shape of the COD. Most often COD morphology reported in the literature is bipyramidal and/or flower-like [23,34,35,36]. Micrographs of all prepared samples are presented in Supplementary Materials in Figure S1. The obtained morphologies agree with the results of other methods.




3.3. The Influence of the Process Parameters on the Obtained Calcium Oxalate Hydrate Phases


Prior to the process optimization towards obtaining the maximum content of COM and COD, it is essential to investigate an individual parameter or parameter’s influence on each investigated response (y). In this study, mathematical modelling and process optimization were carried out according to the Box–Behnken experimental design through 17 experiments and using the following independent variables: temperature (X1), system pH (X2) and the amount of added gallic acid (X3). Interestingly, all investigated variables or inputs for the obtained COM were statistically significant (p-value < 0.05), with significant model and non-significant Lack of Fit (Table S3). The obtained coefficient of determination was calculated to be R2 = 0.9645. Similarly, the model adequacy for obtaining the COD content was evaluated by the p-value < 0.05, showing the statistical significance and non-significant Lack of Fit (p-value > 0.05) (Table S4). In addition, all of the inputs were significant, with obtained R2 = 0.9736.



The adequacy of the obtained fitted models was assessed by the ANOVA analysis shown in Table S3 and Table S4. The obtained results fit the quadratic function described by the following coded equation for COM (2) and COD (3) as follows


  C O M = 67.25 + 17.22  X 1  − 24.69  X 2  − 26.61  X 3  − 4.16  X 1 2  + 7.27  X 2 2  − 2.60  X 3 2  + 23.21  X 1   X 2  + 9.72  X 1   X 3  − 17.91  X 2   X 3   



(2)






  C O D = 30.68 − 22.98  X 1  + 26.15  X 2  + 19.66  X 3  − 1.75  X 1 2  − 0.9068  X 2 2  − 3.36  X 3 2  − 22.28  X 1   X 2  − 22.19  X 1   X 3  + 19.39  X 2   X 3   



(3)







Analysis of the individual parameters of temperature (X1) in obtaining COM and COD indicates that an increase in the system temperature favours the formation of the COM hydrate phase. This observation is in accordance with a study by Ouyang et al. [37], which involved the investigation of the effects of additives and different parameters on the growth mechanism of calcium oxalates [37]. They concluded that phase composition and crystal morphology is highly affected by the system temperature, and that an increase in the crystallization temperature promotes the formation of COM, while a decrease in the temperature increases the content of COD. Moreover, it is well-known that lower temperatures of the crystallization system favours the formation of COD [38]. Furthermore, the different trends are also observed regarding the influence of the system pH (X2) on the formation of the individual hydrate phase of calcium oxalate. According to the analysis, a higher pH (5.6 ≤ pH ≥ 7.5) favours the formation of COD, while a slightly acidic medium promotes the formation of COM. Although the role of the pH medium in the calcium oxalate formation is still highly controversial [39] and possible mechanism is still not completely elucidated, a few studies have reported that a higher pH could promote the formation of COD [40,41]. Recently, the systematic investigation of the effects of the pH on the calcium oxalate precipitation was reported by Manissorn et al. [41] with given conclusions that COM crystallized more efficiently at lower pH (pH = 4.0), while the formation of COD was promoted at a highly basic media (pH = 8.0). From the medical aspect, the acidic medium (for example acidic urine) could contribute to cellular injury and facilitate the COM crystal-cell adhesion leading to crystal retention, and, here, alkalization could represent one of the potential solutions towards crystal formation inhibition [41].



This work also includes the investigation of the gallic acid addition (X3) and its effect on the individual calcium oxalate hydrate phase formation (y). As expected, the hydrate phase composition was affected by the gradual increase in the mass concentration of additive (gallic acid). With the increase in the added amount of gallic acid, a decrease in COM content was observed. However, with the increase in the mass of gallic acid, an increase in the COD content was denoted. In the investigated pH range, gallic acid in the systems was present in the monovalent form (designated as GA−), which undoubtedly altered the hydrate composition and crystal morphology (compared to the blank system). The gallic acid in the GA− form promoted the formation of COD with typical bipyramidal crystal morphology, inhibiting the formation of smaller, thinner and twined COM crystals. In the nucleation process (the systems involving Ca2+/C2O42−/H2O/GA− species), Ca2+ ions possibly interact with C2O42− and GA− leading to the formation of calcium oxalate clusters by specific interactions [22]. This could potentially indicate that gallic acid could be an efficient inhibitor or modulator towards obtaining specific hydrate modifications of calcium oxalate.



Finally, the interactions between the temperature (X1) and the system pH (X2), and also between the system pH (X2) and added amounts of gallic acid (X3) were observed to be significant for the obtaining of COM content. The simultaneous effect of temperature and system pH is shown in Figure 4. It is evident that an increase in the temperature (X1; θ = 25–48 °C) and at a lower pH (X2; pH = 5.6), meant the maximum content of COM was obtained. The same trend was observed with parameters X2 and X3 (Figure 4b,c) showing that a decrease in gallic acid content (X3; 100 mg) at lower pH (X2; pH= 5.6), saw the highest content of COM (100%) obtained. In contrast, by analysing the model for COD formation, all interactive terms were statistically significant. Exclusively, a lower temperature (X1; θ = 25 °C) and higher pH (X2; pH = 7.5) of the system gave the highest content of COD (99.32%) (Figure 5). Similarly, with a lower temperature (X1; θ = 25 °C) and the highest amount of gallic acid (X3; 1000 mg), a high content of COD (90.51%) was observed. Furthermore, at a higher pH (X2; pH 7.5) and with the highest amount of gallic acid (X3; 1000 mg), a higher content of COD (91.61%) was detected.



According to the statistical analysis (ANOVA), the obtained models are adequate for the COM and COD investigation. Therefore, the optimal conditions of temperature, system pH and amount of added gallic acid were determined in order to attain the highest content of COM and COD based on the desirability function approach. The optimal conditions for the maximal content of COM are estimated to be: a temperature of θ = 48 °C, pH = 6.84 and an added amount of gallic acid of 114.09 mg to obtain 99.57% of COM in the sample. Furthermore, to obtain the maximal content of COD in the sample, the predicted parameters are: a temperature of θ = 25 °C, pH = 6.81 and an added amount of gallic acid of 890.91 mg to obtain the content of COD of 99.02%. In order to verify the obtained data, the experiments were performed in triplicates under the predicted and optimum RSM conditions. The experimental data show good agreement with the predicted data with suitable deviations of ±5% (Figure 6). As shown in Figure 6, typical morphological characteristics of calcium oxalate were obtained, with dumbbell-shaped or twined COM (Figure 6b) and bipyramidal COD (Figure 6d) morphologies detected.




3.4. Cyclic Voltammetry


Cyclic voltammetry was used to detect interactions between gallic acid and calcium oxalate precipitates formed in the calcium oxalate system with the addition of gallic acid. In Figure 7, cyclic voltammograms of calcium oxalate precipitates in three buffer solutions, pH = 5.8 (Figure 7a), 6.5 (Figure 7b) and 7.5 (Figure 7c) are shown. It can be seen that one oxidation peak at the potential, Ep,a = 0.83 V (pH = 5.8), 0.80 V (pH = 6.5) and 0.69 V (pH = 7.5) was detected at all three pH values, which shows that gallic acid (GA) was adsorbed on the calcium oxalate precipitate. The oxidation peak of run 15 was the most pronounced at pH = 5.8, while at higher pH values the oxidation peaks of runs 13 and 17 were more pronounced.



In Figure 8, cyclic voltammograms of gallic acid (c = 1.5 mM) in three buffer solutions and calcium oxalate precipitate (blank sample, runs 13, 15 and 17) with added GA (c = 1.5 mM) in three buffer solutions, pH = 5.8 (Figure 8a), 6.5 (Figure 8b) and 7.5 (Figure 8c) are shown. It can be seen that GA showed two oxidation peaks. The first oxidation peak, Ep,a1, = 0.33 V (pH = 5.8), 0.31 V (pH = 6.5) and 0.21 V (pH = 7.5), which correspond to the oxidation of hydroxyl group in para position and the second oxidation peak, Ep,a2 = 0.63 V (pH = 5.8), 0.62 V (pH = 6.5) and 0.60 V (pH = 7.5), which correspond to the oxidation of hydroxyl group in meta position to carboxyl group [42]. Cyclic voltammograms of calcium oxalate precipitate (blank, runs 13, 15 and 17) showed two oxidation peaks which correspond to the oxidation of GA and a new oxidation peak at the potential Ep,a3 = 0.83 V (pH = 5.8), 0.80 V (pH = 6.5) and 0.69 V (pH = 7.5), which correspond to interactions between GA and the calcium oxalate precipitate [24]. The third oxidation peak of run 13 was the most pronounced at pH = 5.8, while at higher pH values the oxidation peak of run 17 showed a higher oxidation peak.



Cyclic voltammetry was also used to determine whether the GA was adsorbed on the surface of the calcium oxalate precipitate (seeds) or incorporated in the seed. In order to remove the adsorbed GA from the surface of seeds, samples were treated with 13% w/v sodium hypochlorite solution [43]. The precipitates were left to stay for 48 h, centrifuged and the obtained precipitates were washed several times with ultrapure water. Dried precipitates were dissolved in concentrated HCl and analysed in phosphate buffer pH = 6.5. In Figure 9a, cyclic voltammograms of the blank and run 15 samples are shown. Compared to Figure 7b, the oxidation peak of GA at 0.80 V was not visible, which confirms that GA was adsorbed on the surface of the seed in run 15. In Figure 9b, the cyclic voltammogram of run 13, and in Figure 9c of run 17, are shown. One broad shoulder at the 0.34 V is visible in both voltammograms, which can be explained with the capturing of GA in calcium oxalate clusters that was observed in both seed samples. The oxidation peak of GA was confirmed with the addition of GA in both samples (c = 0.02 mM) where a more pronounced broad shoulder was observed at the same potential (E = 0.34 V) in both samples, which confirms that GA was captured in calcium oxalate clusters. The obtained data agree with the literature, since, in pure hydrate form (run 15), the adsorption of GA did not occur, while in the other two runs (runs 15 and 17), where the presence of GA resulted in a mixture of three hydrate forms, gallic acid was captured in the calcium oxalate clusters [22]. It was also observed that, if the proportion of individual hydrates is less than 10%, GA will not be visible in the cyclic voltammogram (Figure S2).





4. Conclusions


Calcium oxalates, as major constituents of kidney stone composition, are still attracting scientific attention as actual mechanisms, and the influence of different chemical substances on the crystal formation are not yet clearly understood. In this study, the influence of temperature, system pH and the presence of gallic acid on the individual hydrate phase of calcium oxalate formation was investigated. By performing the statistical analysis, it was observed that a higher temperature, lower system pH and lower amounts of added gallic acid promoted the formation of the COM hydrate phase of calcium oxalate. However, a lower temperature, higher system pH and higher amounts of added gallic acid favoured the formation of COD. According to the desirability function approach, the optimal conditions for obtaining the maximum content of COM and COD were determined and experimentally verified showing good agreement with the predicted data with suitable deviations of ±5%. The possible interactions and the behaviour of the added gallic acid in the presence of COM and COD were studied by cyclic voltammetry. The results of cyclic voltammetry showed that gallic acid is adsorbed on the surface of the seed in run 15, while in run 13 and run 17, where a mixture of three hydrate forms with more than 10% occurred, gallic acid was captured in the calcium oxalate clusters. Interactions between the blank sample COM and run 15, run 13 and run 17 were confirmed since a new oxidation peak was detected in all investigated samples suspended in phosphate buffer when the cyclic voltammogram of calcium oxalate precipitates with added gallic acid was recorded. This research could represent the first such example of combining the precipitation experiments based on the experimental design and mathematical modelling, and performing the process optimization toward maximizing the content of the two most dominant hydrate phase of calcium oxalate (COM and COD). These findings could contribute to the efficient process optimization towards obtaining specific hydrate phases of calcium oxalate, while elucidating the possible effects of the operating conditions on the crystal formation in the pathological biomineralization of kidney stones.
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Figure 1. Thermal curves of calcium oxalate samples. 
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Figure 2. (a) XRD diffraction diagrams and (b) FTIR spectra of precipitated systems; Blank, Run 13, Run 17 and Run 15. The standard diffraction spectra and the main reflections of COD (up) and COM (down) are shown for comparison. The standard vibrations bands for COD (up) and COM (down) are also shown. 
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Figure 3. SEM of various morphological types of calcium oxalate.(a) Blank, (b) Run 17, (c) Run 13 and (d) Run 15. 
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Figure 4. 3D plots of the influence of individual parameters and their interactions: (a) temperature (X1) and system pH (X2), (b) temperature (X1) and added gallic acid (X3), (c) system pH (X2) and added gallic acid (X3) on the COM content response (y). 
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Figure 5. 3D diagrams of the effects of individual parameters and their interactions: (a) temperature (X1) and system pH (X2), (b) temperature (X1) and added gallic acid (X3), (c) system pH (X2) and added gallic acid (X3) on the COD content response (y). 
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Figure 6. XRD diffractograms of the samples (a) COM, and (c) COD obtained under optimal conditions; SEM images of (b) COM obtained under optimal conditions, and (d) COD obtained under optimal conditions. 
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Figure 7. Cyclic voltammograms of calcium oxalate precipitate (Blank (―), Run 15 (―), Run 13 (―), Run 17 (―)) in phosphate buffer solutions pH = 5.8 (a), 6.5 (b) and 7.5 (c). Scan rate 100 mV/s. 
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Figure 8. Cyclic voltammograms of GA (c = 1.5 mM) (―) and calcium oxalate precipitate (Blank (―), Run 15 (―), Run 13 (―), Run 17 (―)) with added GA (c = 1.5 mM) in phosphate buffer solutions pH = 5.8 (a), 6.5 (b) and 7.5 (c). Scan rate 100 mV/s. 
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Figure 9. Cyclic voltammograms of phosphate buffer pH = 6.5 (―) and (a) calcium oxalate precipitate (Blank (―) and Run 15 (―), (b) Run 13 (―) and Run 13 with added gallic acid (GA) (c = 0.02 mM) (―), (c) Run 17 (―) and Run 17 with added gallic acid (GA) (c = 0.02 mM) (―). Scan rate 100 mV/s. 
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Table 1. RSM design using the uncoded and coded levels of independent variables for the preparation of individual calcium oxalate hydrate phase (dependent variable; y).
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Independent Variable

	
Symbol

	
Level




	
Low (−1)

	
Center (0)

	
High (+1)






	
Temperature (°C)

	
X1

	
25

	
36.5

	
48




	
System pH

	
X2

	
5.6

	
6.55

	
7.5




	
Added Gallic Acid (mg)

	
X3

	
100

	
550

	
1000
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Table 2. Experimental Box–Behnken design and identification of each individual calcium oxalate hydrate phase by XRD technique, presented as response or dependent variable (y).
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Operating Parameters

	
Response




	
Run

	
Temperature

	
System pH

	
Added Gallic Acid

	
COM

	
COD

	
COT




	

	
°C

	

	
mg

	
%






	
1

	
36.5

	
5.60

	
1000

	
93.68

	
0.02

	
6.30




	
2

	
48.0

	
6.55

	
100

	
94.99

	
5.00

	
0.01




	
3

	
48.0

	
5.60

	
550

	
93.95

	
1.28

	
4.77




	
4

	
25.0

	
6.55

	
1000

	
6.53

	
90.51

	
2.96




	
5

	
25.0

	
5.60

	
550

	
95.66

	
2.94

	
1.40




	
6

	
48.0

	
7.50

	
550

	
91.47

	
8.53

	
0.01




	
7

	
36.5

	
5.60

	
100

	
96.73

	
3.03

	
0.24




	
8

	
25.0

	
6.55

	
100

	
90.28

	
6.30

	
3.42




	
9

	
36.5

	
6.55

	
550

	
71.25

	
15.61

	
13.15




	
10

	
36.5

	
6.55

	
550

	
74.08

	
11.75

	
14.17




	
11

	
36.5

	
6.55

	
550

	
77.32

	
12.41

	
10.27




	
12

	
36.5

	
6.55

	
550

	
75.36

	
12.97

	
11.67




	
13

	
48.0

	
6.55

	
1000

	
50.13

	
0.45

	
49.42




	
14

	
36.5

	
7.50

	
1000

	
8.00

	
91.61

	
0.39




	
15

	
25.0

	
7.50

	
550

	
0.34

	
99.32

	
0.34




	
16

	
36.5

	
7.50

	
100

	
85.97

	
14.02

	
0.02




	
17

	
36.5

	
6.55

	
550

	
76.08

	
12.55

	
11.37
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