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The influence of aqueous extract of millet on the crystallization and the dissolution of calcium oxalate 
(CaOx) crystals were investigated in detail under supersaturated and artificial urinary circumstances in 
order to understand the effect of the water-soluble components of millet on CaOx kidney stones in 
humans. To investigate the inhibition effect, different volumes of millet extract were added separately to 
the combined supersaturated and artificial urinary solutions while the crystal deposition process was 
monitored by UV-Vis and conductivity measurements. The harvested crystals were characterized by FT-
IR, SEM, TGA, XRD and redox titrations so as to determine the structure and the morphology of CaOx 
crystals formed. Our findings indicate that the crystals obtained from inhibition and dissolution 
experiments were mainly calcium oxalate monohydrate (COM), the thermodynamically more stable 
phase. Furthermore, the results show that the millet extract has a promising inhibition effect in the 
supersaturated solution and in artificial urinary circumstances showing ~34 and ~26% decrease in 
crystal deposition, respectively, with 50 mL of millet extract compared to control experiments. The 
dissolution effect of millet extract is far superior to that of the inhibition effect. One gram of COM 
crystals completely disappeared when the crystals were washed ten times with 300 mL millet extracts. 
Under the same conditions, the control experiment showed only ~44% dissolution of COM crystals. 
Further investigations conducted with actual kidney stones under artificial urinary circumstances 
showed approximately 20% dissolution when washings were carried out using 300-mL portions of millet 
over one week. This novel finding may shed the light on the possible use of millet as a potential natural 
antiurolithic remedy to treat CaOx kidney stones in humans.  
 

Key words: Calcium oxalate, kidney stones, millet, inhibition, dissolution effect. 
 
 

INTRODUCTION 
 

Over several centuries, millions of people have been 
affected by kidney stone disease around the world. (Evan 
et al., 2019; Sakhaee, 2009; Tang et al., 2006).  Kidney 
stones are collections of gravel-like chemicals deposited 
in any area from kidney to bladder. (Wesson and Word 
2007).  Calcium   Oxalate  (CaOx)  is  one  of  the  leading 

constituents found in human kidney stones and it 
crystallizes in three different forms: CaC2O4.H2O (COM), 
CaC2O4.(2+x) H2O (x = 0.5) (COD), and CaC2O4.3H2O 
(COT). (Bouropoulos et al., 2001; Fischer and Muñoz-
Espí, 2011; Franceschi and Nakata, 2005). COT is very 
rare and  approximately 60% of kidney stones account for  
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the sum of COM and COD recorded in humans. (Moe, 
2006; Scales et al., 2012). Microcrystalline, bio-
mineralized aggregates of CaOx crystals can grow into 
several centimeters in size with prolonged retention in the 
urinary track. Any kidney stone less than 2 to 5 mm in 
size may pass with the urine and any crystallites bigger 
than that are retained in the body causing severe pain to 
the patient when they move in the urinary system. 
(Golzari et al., 2014; Peng et al., 2012; Segura et al., 
1997; Ouyan et al., 2003). Even though the kidney stone 
disease is currently a global health issue, few therapeutic 
protocols are effective to treat and to avoid the 
reoccurrence of kidney stones after surgical removal 
(Gravina et al., 2005; Xie et al., 2015).  Commercially 
available drugs such as tamosulosin, alfuzosin, nifedipine, 
doxazosin, and terazosin have been prescribed to 
patients as ureter muscle relaxants to ease the passage 
of kidney stones with the urine (Lipkin and Shah 2006). 
These drugs may not be effective for either achieving 
100% stone passage (Ahmed and Al-sayed, 2010; 
Porpiglia et al., 2004; Sio and Autorino, 2006) or for 
expelling relatively large stones without interventional 
therapies. (Gravina et al., 2005; Junuzovic et al., 2014; 
Resim et al., 2005). 

Renacidin, a drug which is a mixture of magnesium 
carbonate, citric acid, and glucono delta-lactone, has 
been used as a common non-pyrogenic irrigation solution 
to dissolve relatively large bladder calculi over last five 
decades. (Gonzalez et al., 2012) Renal and ureteral 
damage are the common problems reported with the 
prolong use of Renacidin as a clinical drug.

 
 (Fostvedt 

and Barnes, 1963; Manzoor et al., 2019; Polat and Eral, 
2022) And also, lack of well characterized COM 
dissolution agents make it difficult to establish calcium 
stones dissolution therapy. (Chutipongtanate et al., 2012) 
Therefore, the identification of new formulae or remedies 
to dissolve large kidney stones with ease and with 
minimal damage to the urinary track is an urgent and an 
essential task. (Polat and Eral, 2021). At the same time, 
preventing the reoccurrence of kidney stones is also 
important as the composition of the urine can influence 
the risks of stone reoccurance. (Batinic et al., 2000)   
Factors can be developed for the risks of stone formation 
resulting from the imbalance of promoting and inhibiting 
factors. (Basavaraj et al., 2007; Das et al., 2017). One set 
of factors related to urolithiasis was the ratio of 
oxalate/citrate × glycosaminoglycans. (Batinic et al., 
2000). Children showing a value for this ratio >34 were 
the subjects of increased oxalate excretion and other 
children showing a value <10 were the subjects of 
decreased glycosaminoglycans excretion. Citrate has 
been observed to inhibit calcium oxalate monohydrate 
crystal formation along with another compound 
hydroxycitrate. (Chung et al., 2016). These agents bind to 
different crystallographic planes to inhibit the growth of 
the crystal along the axes characteristic of the 
planes.Inhibition of crystal growth along these indicated 
axes occurs as a result of  the  increased  local  strain  on  
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the crystal lattice that causes the local dissolution of the 
cations/anions. Another set of risk factors regulate the 
formation of COM versus COD crystals through the 
interplay of Escherichia coli and melamine. (Zhao et al., 
2014). In the absence of E. coli secretion, only the 
thermodynamically stable crystal was formed: COM. 

When E. coli was present in the urine, only COD was 
formed. From this same study, the extreme sensitivity 
was observed for the presence of melamine upon the 
formation of calcium oxalate crystals in urine. 
Fundamental studies of calcium oxalate monohydrate 
solubility showed increased solubility as the calcium 
cation was exchanged by sodium, potassium, or 
magnesium (Ibis et al., 2020). 

This short literature summary shows that (1) altering 
the bulk solution properties can be used to increase 
solubility of calcium oxalate stones, and (2) introducing 
certain agents at the solution/calcium oxalate crystal 
interface causes dissolution of this interface; thereby, 
altering the stone solubility using very little of the 
therapeutic agent. Finally, the most effective treatment 
protocols combine several active agents. In this regard, 
natural remedies have attracted considerable interest 
over synthetic drugs due to the presence of high levels of 
inhibitors with relatively high efficiency. (Atmani et al., 
2004). The use of medicinal plants for the treatment of 
kidney stones have been studied extensively, however, 
many showed diuretic properties rather than dissolution 
or formation-prevention properties. (Alok et al., 2013; 
Chitme et al., 2010; Himani et al., 2013). In recent years, 
due to the popularization of social media and related 
internet usage, millet has been the subject of many 
reports showing its effectiveness for treating CaOx kidney 
stones, however, there are no experimental evidences 
available in the literature to explain its action on kidney 
stones. (www.cuisinandhealthy.com Accessed by 2018. 
08. 05.; www.healthyfoodvision.com Accessed by 2018. 
08. 05.; www.secretlyhealthy.com Accessed by 2018. 08. 
05.; www.staynaturallyhealthy.com Accessed by 2018. 
08. 05).  

Therefore, the current study is designed to investigate 
the antiurolithic properties of millet as an effective 
inhibiting and dissolution agent to treat CaOx kidney 
stones found in humans. Millet seeds are rich in proteins, 
carbohydrates, lipids, minerals and vitamins. (Baptist and 
Perera, 2007; Geervani and Eggum, 1989; Kalinova and 
Moudry, 2006; Qiu et al., 2005). The major fatty acids 
found in millet are linoleic, oleic, and palmitic acids (Table 
S-1, Supplementary Information). (Ghodsizad and 
Safekordi, 2012). Several chemical and biological 
compounds e.g. citrate, phosphates, proteins, 
macromolecules, such as organic acids and vitamins are 
known to act as molecular modifiers or inhibitors to prevent the 

solid phase crystal formation or to retard the nucleation, 
aggregation and growth of crystals. (Chung et al., 2016; 
Gul and Monga, 2014; Jung et al., 2004; Qiu et al., 2004; 
Roberto et al., 2019; Sheng et al., 2003; Taller et al., 
2007). Since  millet  is  rich  in  more of the aforementioned  
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compounds (vide supra), the main aim of this study is to 
investigate the possible use of millet as an effective 
inhibiting and dissolution agent to treat calcium oxalate 
kidney stones found in humans. 

 
 
MATERIALS AND METHODS 

 
Sodium oxalate (Na2C2O4), potassium permanganate (KMnO4), 
sulfuric acid (H2SO4), sodium citrate (Na3C6H5O7), magnesium 
sulfate (MgSO4) and sodium sulfate (Na2SO4) were obtained from 
Merck chemical company. Sodium chloride (NaCl), sodium 
dihydrogen phosphate (NaH2PO4) and potassium chloride (KCl) 
were purchased from BDH chemical company. Calcium chloride 
(CaCl2) was obtained from Cancaster chemical company in GPR 
grade. Calcium chloride monohydrate (CaCl2.H2O) was supplied 
from Sigma chemical company. All of the other chemicals were 
obtained in GPR grade and used as received without further 
purifications. Actual CaOx kidney stones were collected from 
general hospital, Colombo, Sri Lanka from percutaneous 
nephrolithotomy cases. The calcium stones were characterized by 
redox titrations to confirm the identity. The obtained results were 
compared with an authentic sample of 99% pure COM purchased 
from Sigma Aldrich chemical company.  

 
 
Inhibition experiments  

 
Different varieties of millet are grown commercially such as finger 
millet, pearl millet, and proso millet. Proso millet (Panicum 
miliaceum) was used for the current study which grows well in south 
Asia. Millet grains were purchased from the local market in Matara, 
Sri Lanka and the identity was confirmed with the help of the plant 
genetic resource center at Gannoruwa, Sri Lanka. Millet solutions 
were prepared by soaking 200 g of dehulled millet grains in boiled 
water (~95°C, 1 L) for 12 h. The resulted solution was filtered and 
this filtrate was used for all experiments. To investigate the 
inhibition effect, different volumes of millet extract were added 
separately to supersaturated solutions as well as to artificial urinary 
solutions. CaOx super saturated solutions were prepared according 
to the procedure reported in literature, however, the concentrations 
used in the current study were approximately 25 times greater than 
the supersaturated level used in the literature. (Zhao et al., 2014). 
5mmol of Na2C2O4 were dissolved in 40 mL of deionized water 
under magnetic stirring (6 rpm). 4 mmol of CaCl2 were dissolved 
separately in 50 mL of deionized water and added to the 
aforementioned Na2C2O4 solution at a rate of 5 mL/min. The pH 
value of the solution was adjusted to 7.3 by adding few drops of 
0.01 M HCl and kept at 37.5°C. This solution was used as the 
supersaturation solution, herein. Initially, small volumes of millet (5, 
10, 15, 20, 25 and 30 mL) were added separately to the 
supersaturation solutions to avoid the dilution of Ca

2+
 and C2O4

2-
 

ions. Control experiments were performed using adequate volumes 
of deionized water (5, 10, 15, 20, 25 and 30 mL). Additional 
experiments were completed, increasing the volume up to 35, 40, 
45, and 50 mL. After keeping these solutions under static conditions 
for 24 h, at 37.5°C, the solutions were filtered and CaOx crystals 
were collected and dried at 105°C. The mass of harvested crystals 
was recorded. A separate experiment was performed using CaCl2 
and Na2C2O4 alone under the same conditions to harvest CaC2O4 
which was used to calculate the %inhibition. Typical %inhibition 
calculations were performed using the following equation. 

 

 

 
 
 
 
A typical standard reference artificial urine solution was prepared to 
simulate the natural urine conditions. .(Miyake et al., 1988). The 
composition of the artificial urinary system comprises 0.634 g of 
NaCl (sodium chloride), 0.0869 g of NaH2PO4 (sodium dihydrogen 
phosphate), 0.2606 g of Na3C6H5O7 (sodium citrate), 0.0489 g of 
MgSO4 (magnesium sulfate), 0.258 g of Na2SO4 (sodium sulfate), 
0.450 g KCl (potassium chloride), 0.089 g of CaCl2.2H2O (calcium 
chloride dihydrate), 0.161 g of NH4Cl (ammonium chloride) in 200 
mL of deionized water. The pH of the solution was adjusted to 7.3  
by adding few drops of 0.01 M HCl. 4 mM of CaCl2 was dissolved in 
50 mL of deionized water and 5 mM of Na2C2O4 was dissolved in 
40 mL of deionized water. These two solutions were injected into 
the aforementioned artificial urinary system prepared in a conical 
flask at a constant velocity under 37.5°C. Ten milliliters of millet 
extract was added to the solution and was kept in an incubator at 
37.5°C for 6 h and the solution was filtered off and the formed 
crystals were collected. The mass of crystals was recorded after 
drying at 105°C. The aforementioned procedure was repeated 
using 20, 30, 40 and 50 mL of millet. The control experiments were 
carried out using 10, 20, 30, 40 and 50 mL of deionized water. The 
mass of the crystals formed was recorded after drying the collected 
crystals at 105°C. Experiments were conducted in triplicate 
whenever possible. 
 
 
Dissolution experiments  
 
Approximately 1 g of CaC2O4.H2O crystals was measured into a 
conical flask and 300 mL of millet solution was added into it and 
was kept for 6 h under static conditions. After that the solution was 
filtered and the weight of the undissolved crystals was determined 
after drying at 105°C. This procedure was repeated with fresh 300 
mL samples of millet until all the solids dissolved. Control 
experiments were performed using 300 mL volumes of deionized 
water and approximately 1 g of CaOx crystals. The dissolution 
effects of millet on actual kidney stones were investigated using 
approximately 0.2 g of CaOx kidney stones. The stone was washed 
with deionized water and dried at 105°C prior to use. A three 
hundred wash solution was added to the calcium stones in a 
conical flask which was maintained under artificial urinary 
conditions at 37.5°C and an equaling pH of 7.3. The system was 
then left alone under static conditions for 6 h. The solution was 
filtered, stones were collected, and then dried at 105°C. Likewise, 
the whole procedure was repeated seven times. 

 

 
Characterizations 
 
The obtained CaOx crystals in all experiments were analyzed by 
redox titrations, TGA, FT-IR, XRD, and SEM. The crystal deposition 
process was monitored by measuring the free oxalate concentration 
using UV-Vis spectrophotometer (HITACHI, UH 5300 UV/VIS). 
Infrared spectra of pure CaOx and CaOx obtained in the presence 
and absence of millet were recorded on a Thermo Scientific Nicolet 
IS10 spectrometer. Ion mobility of the solution was measured using 
Conductivity meter (WGCON 1103, Wagtech). X-ray powder 
diffraction studies were carried out using Ultima IV diffractometer 
scanning form 0-60° with 0.02 step width. Phase and morphology 
identification of CaOx crystal was completed using a Scanning 
Electron Microscope (SEM- Hitachi SU 6600 with 35.0 k 
magnification). Thermal Gravimetric Analyses (TGA) were 
performed on a TAQ 600 TGA under a stream of dry air. For the 
determination of metal ion concentrations in millet extracts, iCE 
3000 AA015121002 vl-30 atomic absorption spectrometer was 
used (Flame type: air-C2H2, burner height 11.0 mm, wavelength 
422.7 nm, bandpass 0.5 nm, and neubilizer uptake 4 s were used). 
The  compositions  of  the  ethanoic millet extracts were determined  
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Figure 1. UV-Vis spectra of super saturated solutions in the presence of different volumes 
of millet. 
Source: Authors 

 
 
 
by the Gas chromatography – Mass spectrometer (Agilent 
technology 5977 A. with a heating rate of 20°C min

-1
 from room 

temperature to 250°C with a 5 min hold time followed by 25°C min
-1

 
until 400°C). The nitrogen content of the millet extracts was 
evaluated by Kjeldahl digestion method. 
 
 
RESULTS AND DISCUSSION  
 

Inhibition effect of millet in supersaturated solutions 
 
The dynamics of the CaOx deposition process in the 
supersaturated solutions were examined by UV-Vis 
spectroscopy for successively increasing volumes of the 
millet solution (Figure 1).  

The variation in the UV-Vis peak at 214 nm was 
correlated to the C2O4

2- 
ion concentration in the solution. 

(Carvalho et al., 2006). The oxalate concentration in 
solution decreased rapidly at the onset of crystallization 
for each of the experiments having different volumes of 
wash solution. Moreover, in each case, the oxalate 
concentration reached a minimum concentration at some 
time, and then the C2O4

2- 
anion concentration increased 

slightly to a steady value for several hours. This non-
monotonic behavior in the anion concentrations may be 
due to the establishment of dissolution precipitation 
equilibrium in  the  solution  after  rapid  precipitation. The 

final concentrations of oxalate anion at 40 h were lowest 
for the smallest, initial wash volume (5 mL) and highest 
for the largest wash volume (30 mL) indicating that the 
high millet concentrations have an inhibition effect on 
CaOx crystallization. The UV- Vis data alone were not 
sufficient to differentiate the effect of varying millet 
concentrations on CaOx crystal deposition. To shed light 
on these crystallization dynamics, the amount of CaOx 
crystals formed in supersaturated solutions in the 
presence and absence of millet was measured and is as 
shown in Figure 2.  

The CaOx precipitation declined with increasing 
volumes of millet and water. Compared to control 
experiments, it is obvious that the crystal deposition 
process is inhibited in the presence of millet. With the 
addition of the first 5 mL of solutions, nearly 99.4% of 
crystals precipitated from the control solution; whereas, 
only 94% of the crystals formed in the millet-treated 
solution.  In a similar fashion, with subsequent aliquots of 
control and millet in simulated urine solutions, we 
observed increased inhibition of the formation of oxalate 
crystals:  98.3% of crystals formed in the control versus 
88% of crystals formed in the millet-simulated urine 
solution with the next 5 mL of wash solutions. Roughly, a 
stepwise, consistent inhibition effect was observed in the 
presence  and  absence  of  millet  (~0.6% for control and 
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Figure 2. %Crystal formed in supersaturated solutions in the absence and presence of 
millet extract (each data point represents the average value of three readings). 
Source: Authors 

 
 
 
presence and absence of millet (~0.6% for control and 
~6% for millet-treated experiments for every 5-mL volume 
increment, respectively) with increasing volumes up to 25 
mL. As there was a sudden decrease in the CaOx 
formation with aliquot showing 30-mL millet volume (80% 
CaOx in 25 mL vs ~63% CaOx in 30 mL), the millet 
volume was increased up to 50 mL (Figure 2). After 30 
mL millet volumes treated solutions, the crystal formation 
was not significantly affected by the increased millet 
volumes showing only 59% with 50 mL millet volume. In 
all experiments, we used fixed amount of Ca

2+
 and C2O4

2-
 

ions. Therefore, based on these observations, it can be 
concluded that the 30-mL millet extract composed of 
inhibitors has the maximum inhibition effect. Even though 
the inhibitor concentration increases, after the addition of 
30 mL of millet volumes, only a certain fraction actively 
participate for slowing down the CaOx precipitation. 

The conductivity of these solutions depends upon the 
concentration of the ionic species.  Figure 3 shows the 
changes in conductivity of the two solutions in the 
presence and absence of 5-mL millet solutions. The 
conductivity of the control sample fell by 38% suggesting 
that some of the ions were removed from the solution by 
crystallization. In millet-treated sample, the initial 
conductivity was slightly higher than that of water-treated 
sample indicating the presence of ionic  species  in  millet 

solution, vide infra. We speculate that these chemical 
species might prevent the formation of CaOx crystals by 
holding Ca

2+
 and C2O4

2-
 in soluble state.CaOx can be 

precipitated in three different forms as discussed 
previously. Therefore, several tests were completed to 
characterize the as-formed crystals. As the first step, 
oxidation-reduction titrations (MnO4

-
 vs C2O4

2-
) were 

conducted to investigate the oxalate content in the 
precipitates obtained from control and millet-treated 
experiments. The mean oxalate contents of crystals 
obtained in the absence and presence of 30-mL millet 
were 60.45 ± 0.31 and 60.70 ± 0.26%, respectively. 
Theoretically calculated values for the oxalate contents 
for CaC2O4.H2O and CaC2O4.2H2O are 60.27 and 
53.66%, respectively. Therefore, the C2O4

2-
 content in the 

CaOx precipitate closely matches with CaC2O4.H2O. To 
investigate any structural differences present in CaOx 
obtained in control and millet-treated samples, FT-IR, 
TGA, XRD, and SEM analyses were completed.  

The infrared spectra of CaOx obtained from treating 
millet and de-ionized water were recorded as shown in 
Figure 4. The multiple peaks observed in the region of 
3000 - 3500 cm-1, are due to stretching of O-H bond in 
coordinated water. Two strong bands were observed at 
1312 and 1605 cm

-1
 for all samples prepared in the 

presence  and  absence of  millet. (Carmona et al., 1997). 



Ranaweera et al.           69 
 
 
 

 

0 100 200 300 400

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

 

 

C
o

n
d

u
ct

iv
it
y 

(m
S

)

Time (min)

 Millet Treated

 Control

 
 

Figure 3. Changes in the conductivity in the absence and presence of 30-mL of millet. 
Source: Authors 
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Figure 4. FT-IR spectra obtained from the precipitates harvested in the presence and absence 
of 30-mL millet, and for CaC2O4.H2O. 
Source: Authors 
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Figure 5. TGA data of crystals obtained from the control and millet-treated samples (with 30-mL 
volume). 
Source: Authors 

 
 
 
The strong band at 1605 cm

-1
 is due to the antisymmetric 

stretching mode of carbonyl group of oxalate. (Maurice-
Estepa et al., 2000). The value is slightly shifted from the 
literature value at 1614 cm

-1
. The band at ~1312 cm

-1
 is 

assigned to the C=O symmetric stretching mode. FT-IR 
spectroscopy showed spectra obtained from the millet-
treated and control samples that were identical to an 
authentic sample of COM. Most interestingly, absence of 
additional IR peaks in the millet-treated sample compared 
to pure authentic COM confirms the association of 
negligible amount of any other foreign substances other 
than CaOx in the harvested precipitates during CaOx 
nucleation, crystal aggregation and crystal growth.  

Pure COM was thermally decomposed under stream of 
air and decomposition kinetic data are depicted in Figure 
5. The mechanism of the CaC2O4.H2O thermal 
decomposition involves three stages as follows. (Frost 
and Weier, 2004; Qin et al., 2021). 
 

                           (1) 
 

                                              (2) 
 

                                                   (3) 
 

Water treated samples showed the  same  decomposition  

kinetic data as pure CaC2O4.H2O. The first weight loss of 
pure CaC2O4.H2O is 12.30% at 186°C and the value is 
consistent with the theoretical value of 12.33% as shown 
in the first equation. The small weight loss observed at 
52°C in authentic CaC2O4.H2O is may be due to the 
physically absorbed water molecules in the CaOx 
crystals. 

The small weight loss at 491°C is due to the oxidation 
of CO under air sweeping and perfectly agrees with the 
data reported for COM. The ~44% weight loss expected 
for the third weight change of the decomposition 
mechanism was not observed under air sweeping and 
higher temperatures may be required other than 762°C. 
In millet-treated samples, the decomposition kinetic data 
is consistent with three major weight changes. However, 
slight changes could be identified in each sample. The 
second weight loss occurs at a slightly lower temperature 
than that of the pure CaOx crystals (~ 483°C vs ~ 491°C). 
The last decomposition process seems to be more 
difficult in the millet-treated sample compared to the pure 
CaOx crystal as it occurred at 793°C (~ 793°C vs ~ 
762°C). CaOx crystals obtained from the control 
experiments experience further difficulties of the third 
decomposition. The enthalpy of dehydration is 66.5 
kJ/mol attending to the loss of one water molecule from 
the  calcium  oxalate monohydrate, reaction (Equation 1).   
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Figure 6. XRD patterns of crystals harvested in the presence and absence of 30-mL millet, and pure COM. 
Source: Authors 

 
 
 
The enthalpies of reaction for reactions (Equations 2 and 
3) are 341 and 178 kJ/mol, respectively (Supplemental 
Information, Table 2).  Notice that all of these reactions 
are endothermic which implies that the interiors of these 
crystals will be cooler than the exteriors under the 
dynamics expected for the DSC experiment.  Under the 
case of heat transfer control, this difference in 
external/internal temperatures can influence the rate of 
thermolysis so that the characteristic temperature of the 
weight loss may be different for oxalate crystals of 
different sizes.   

Crystals harvested in the presence and absence of 30-
mL of millet were characterized by powder X-ray 
diffraction technique (Figure 6). The millet-treated sample 
showed several intense peaks having 2θ values 15.00, 
24.48, 30.20, 36.06, and 38.26° and these peaks 
correspond to the miller indices of (-101), (020), (-202), 
(301), and (130) of COM. (Kesavan et al., 2012; Zhao et 
al., 2014). However, 2θ values of authentic COM and 
CaOx obtained from the control experiment were slightly 
shifted. The authentic COM had 2θ values at 14.92, 
24.38, 30.12, 35.96, and 38.28°. The CaOx crystals 
obtained from the control sample showed peaks at 14.92, 
24.40, 30.12, 35.96, and 38.30°. These slight changes 
indicate the possible small differences in the crystal 
structure of the three samples. XRD data confirms the 
absence of peaks at 2θ values of 14.32, 20.07, 22.72, 
32.23 and 40.17° which resembles the reflections of COD 
(Zhao et al., 2014). 

Overall, these data are consistent  with  the  conclusion  

that the obtained crystals do not contain many impurities, 
however, there may be some slight changes in the crystal 
structure of the CaOx obtained from millet-treated 
samples. In order to investigate this hypothesis, SEM 
images were recorded for crystals obtained in the 
presence and absence of millet and compared them with 
pure COM.   

SEM images of authentic samples showing calcium 
oxalate-monohydrate (dumbell-shaped), and erythrocytes 
(circular) are as shown in Figure 7.  Figure 7a is our data 
for the SEM of pure COM which demonstrates the 
characteristic dumbell shape (> 1 µm). Figure 7b-e shows 
the crystals harvested after treatment with 5, 15, 20, and 
25 mL of millet-treated solutions. The sizes of the crystals 
are as follows:  (b) 2-3 µm; (c) 1-3 µm; (d) 1-3 µm; 2-3 
µm; (e) 1-4 µm. We observed other features in the SEM 
that were not dumbbell shaped. The detailed 
investigations of the precipitates harvested by treating 5 
and 15 mL of millet extract showed small crystallites 
which are sitting on the top of the precipitates. The size of 
those particles was ~1 μm. Relatively large, aggregated, 
plate like crystallites having sizes 2-3 μm, can be visible 
underneath those small particles. The crystals collected 
by treating 20 mL of millet extract still exhibits some of 
those small particles but the amount is less. With the 
highest millet concentrations, those small particles are 
almost absent whereas the bottom layer of crystals are 
clearly visible which contain inter connected, 2-3 μm size 
plates. We propose two hypotheses to explain these 
morphology  habits.  The   first   hypothesis  is   that   with  
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Figure 7. SEM images of (a) pure CaC2O4.H2O (b) 5 mL (c) 15 mL (d) 20 mL and (e) 25 mL of millet-treated sample and (f) with 25 mL of de-
ionized water (control).  
Source: Authors 
 
 
 
increasing millet concentrations, precipitation of the top 
layer of crystals with relatively small crystals is stopped 
by the inhibitors present in millet. The second hypothesis 
is that the small crystallites are still formed in high millet 
concentrations and those small particles are then 
dissolved in the millet solution by chemolysis. We 
conclude that the second hypothesis is in operation under 
supersaturated conditions as the evidences provided by 
the conductivity measurements. As shown in Figure 3, 
the conductivity of the solution declined during the first 
100 min and then gradually increased until 400 min due 
to the dissolution of precipitated CaOx crystals. The initial 
declined in the conductivity suggests the formation of 
both large and small crystallites whereas the later 
increasing values of conductivity is consistent with the 
dissolution of probably the small crystallites. In the control 
sample (Figure 7f), most of the small particles are absent 
due to the absence of either promoters or inhibitors. In 
control  sample,  CaOx   particles  stick  together  to  form 

relatively large crystallites suggesting the occurrence of 
aggregation and growth of CaOx. In comparison, shapes 
of the pure CaOx crystals are different from the 
morphology habits observed for millet-treated samples.  
In millet-treated samples, the particle sizes of CaOx 
crystals are small due to poor aggregation which is 
caused by the inhibitors present in the millet extract. 
These results confirm that the crystals obtained from 
inhibition experiments are identical to that of pure COM 
crystals. 
 
 
Dissolution effect of millet  
 
CaOx crystals were dissolved in deionized water as well 
as in millet (Figure 8). In control experiments, the mass of 
CaOx crystals decreased almost linearly with each 
washing. This is mainly due to the dissolution of constant 
amount  of  CaOx crystals   in  300 mL of fresh de-ionized 
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Figure 8. % crystal remained after washing with millet and deionized water. 
Source: Authors 

 
 
 
water. In contrast, there was a rapid dissolution effect 
upon washing with millet extract.  

Initial washings with millet extracts showed rapid 
dissolution of COM crystals, however, with subsequent 
washing steps, the dissolution rate decreased. After ten 
days of washings, almost 0% of CaOx crystals remained 
in the millet-treated sample whereas about 56 wt% of 
CaOx crystals remained in the control wash. These data 
clearly indicate that millet has a promising dissolution 
effect on CaOx crystals and it could be a potential 
remedy to cure CaOx stones in patients who are suffering 
from kidney stones. 

To support this enhanced dissolution effect of millet, 
the electrical conductivity of the solution was recorded for 
the first 8 h. These data are reported in Figure 9. In these 
experiments, 0.2002 and 0.2004 g of CaOx crystals were 
dissolved separately in 300 mL of water and millet, 
respectively. 

In control experiments, the conductivity increased until 
240 min (15 μS at t = 0 and 19 μS at t = 240 min) and 
then slowly decreased until 450 min (16.4 μS at 450 min). 
No linear relationship was observed in the incline or 
decline process from the control experiment until 240 
min, where Ca

2+
 and C2O4

2-
 start to precipitate and tends 

to reach a dynamic equilibrium. In contrast, initial 
conductivity in the millet extract treated sample was 
greater by few orders of magnitude due to the presenceof 
large amount of ionic species in  the  millet  solution  (300 

mL). Furthermore, the conductivity of the solution 
increased continuously up to 450 min (816 μS at t = 0 
and 996 μS at t = 450 min). This suggests that CaOx 
crystals continuously dissolve in the millet solution even 
until 450 min. 
 
 
Inhibition effect of millet in synthetic urine 
 
The inhibition effect and the dissolution effect of millet 
extract on CaOx crystals are quite fascinating in aqueous 
medium; we wanted to determine if this behavior 
observed in vitro could be observed in solutions that 
mimic in vivo systems. Accordingly, we report in Figure 
10 the behavior of millet on crystal deposition in synthetic 
urine.  

Both in millet-treated and control experiments, the 
%CaOx crystal formation were declined with the volume 
added. Addition of 10-mL volume increments to the 
control samples, ~ 3% decrease was observed. 
Approximately, ~10% decrease was observed in millet-
treated samples. As shown by the graph in Figure 10, 
millet extract is effective in preventing the formation of 
CaOx crystals in artificial urine. An interesting inhibition 
effect was observed when the volumes of the millet 
extract change from 20 to 30 mL which is consistent with 
the previous observations reported under supersaturated 
conditions. The  inhibition effect of millet is 25% greater in  
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Figure 9. Conductivity change in millet and control samples with washings. 
Source: Authors 
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Figure 10. %CaOx formed in artificial urine with the addition of variable volumes of millet and water (each data 
point represents the average value of three readings). 
Source: Authors 

 
 
 
millet-treated sample in contrast to control experiment (50 
mL millet extract vs 50 mL of deionized water). The 
formed   crystals     under     artificial    urine    were   also 

characterized by FT-IR, TGA, and SEM. The collected 
data were identical to those data that were observed for 
pure COM crystals (Figures S-1 to S-4  in  supplementary  
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Figure 11. Pictures of calcium kidney stones (a) before and (b) after washing with millet. Promoter 
region is circled in (a).  
Source: Authors 

 
 
 
information). Based on experimental data reported so far, 
it is noteworthy to accept that the fact that the millet 
extract has a noticeable effect on preventing the 
formation of CaOx crystals as well as dissolving calcium 
stones even under synthetic urine condition. 
 
 
Dissolution effect of millet on actual kidney stones  
 
Since millet showed a significant inhibition and dissolution 

effect on CaOx crystals at high supersaturation levels, 
dissolution experiments were extended to using actual 
CaOx kidney stones collected from the general hospital in 
Colombo, Sri Lanka. The stones and artificial urine 
solution were added to a 300-mL millet solution which 
was maintained at 37.5°C under static condition for 6 h. 
Then the solution was filtered and calcium stones were 
collected, dried overnight at 105°C and weighed. 
Likewise, the stone was washed seven times with 300-
mL portions of millet and we found ~20 wt% of the stone 
dissolution (by weight, Figure 11).Initially, there was a 
rapid dissolution and later, the dissolution rate slowed 
down with subsequent washings similar to what was 
observed for authentic Ca2C2O4.H2O crystals dissolution.    

In typical bio mineralization, the stone formation occurs 
through the attachment of preformed microcrystals onto a 
surface of an existing stone or onto cell debris which act 
as a promoter region for the crystal growth. In Figure 11a, 
we identified the promoter region which is marked with a 
circle. With subsequent washings, this promoter region 
disappeared and as a result, the stone was dissolved. 
The wash solution confirms the presence of Ca

2+
 and 

C2O4
2-

 ions; as a result, we propose that these  ions  may  

have originated from the surface of existing small stones.  
The data shown here provide convincing evidence that 

chemicals present in the millet, either singly or in concert, 
are effective in suppressing the precipitation of CaOx 
from supersaturated solutions in the presence of a 
synthetic urine solution. Moreover, these chemicals under 
the same conditions are even more effective for 
dissolving COM crystals.  Both tests were conducted in 
the presence of a control wash solution:  deionized water. 
The chemical composition of proso millet has been 
evaluated extensively Sun et al., (2018). However, to 
understand the mechanism of millet on COM dissolution 
and inhibition, a complete investigation was carried out to 
reveal the chemical composition of the aqueous extract of 
millet. Data obtained from AAS studies showed that the 
millet extract contains Mg (49 ppm), Ca (<0.1 ppm), K (26 
ppm), Na (2 ppm), and PO4

3-
 (3 ppm).  GC-MS analysis 

showed the presence of 1-2-dibenenedicarboxylic di-iso-
octyl ester, 9,12-octadecadienoic acid, and botulin as 
major compounds in an ethanoic extract of millet. The 
other possibility is that the hydrolysis of 1,2-
benzenedicarboxylic acid, di-iso-octyl  ester in the 
solution providing 1,2-benzene dicarboxylic acid which 
can chelate with calcium as HCl was added to adjust the 
pH of the solutions. Nitrogen analysis of the same 
aqueous extract showed protein (~5.5% by weight) and 
main amino acids present in proso millet were Leucine, 
aspartic acid, glutamic acid, and proline acid (Baptist and 
Perera, 2007; Sun et al., 2018). 

Magnesium ions form a water-soluble complex with 
oxalate ions (vide supra), thus preventing CaOx 
complexation under sufficiently high concentrations of 
added    Mg    cations.    To      investigate    this     effect, 
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supersaturated solutions were incubated with 10 to 50 
ppm magnesium solutions and we observed a negligible 
effect on the mass of the precipitate as ksp value of 
magnesium oxalate is higher than the calcium oxalate. As 
a result, we concluded that magnesium ions do not 
contribute to reduce the mass of CaOx precipitates. Next, 
we turn our attention to the organic acids found in millet 
extract. Organic acids are macromolecules which act as 
molecular modifiers to inhibit the CaOx formation in 
supersaturated solutions. The role of organic acids is to 
attach on to the crystal surface and thereby induce the 
crystal dissolution without affecting the rate of crystal 
growth. The dissolution results in the formation of water-
soluble organic acid-calcium salts. According to recent 
findings, the role of organic acids on CaOx dissolution is 
different from the conventional mechanisms. Surface 
energy of the crystal surface changes as organic acids 
adsorb onto the terrace or step. When the solute-crystal 
interactions are in a less favorable condition with respect 
to organic acid-crystal surface interactions, the absorbed 
organic acids then creates a localized strain on the CaOx 
lattice surface (vide supra). As a result, the step or the 
terrace dissolve to release calcium and oxalate ions and 
to expose the inner surface for crystal-inhibitor 
interactions. In a similar fashion, the CaOx crystal 
dissolution takes place in the super saturated and 
artificial urine circumstances. Organic acids act as agents  
to bind with Ca

2+
 ions in the solution, thus, suppress the 

number of Ca
2+

 ions available to bind with oxalate ions.  
It is possible that the proteins in the millet extract inhibit 

the nucleation and aggregation and growth of CaOx 
crystals from the supersaturated solutions. For example, 
urinary proteins have been functioning as inhibitors for 
CaOx crystallization. Proteins with anionic functional 
groups such as aspartic acid and glutamic acid, have 
shown significant reduction in CaOx crystal formation. 
(Jung et al., 2004; Qiu et al., 2004; Taller et al., 2007). 
Osteopontin, which is rich in aspartic acid, is known to 
suppress the CaOx crystal formation. (Grohe et al., 2007; 
Thurgood et al., 2010; Wesson et al., 2003). Especially, 
aspartic and glutamic acids containing proteins have 
shown dual role on CaOx crystallization acting as an 
inhibitor at low concentrations and as a promoter in high 
concentrations. The individual effect of these proteins 
mainly depends on the pH and ionic strength of the 
growth solution, and inhibitor concentrations (Farmanesh 
et al., 2014). In artificial and urinary solutions, acidic 
groups, e.g. carboxylic groups in proteins, directly 
interacting with Ca

2+
 ions on the crystal surfaces to form 

calcium bridges through (crystal)COO
-
….Ca

2+
…..

-
OOC-

(protein) cationic groups of the protein interact with the 
negatively charged oxalate groups on the surface to form 

(crystal)COO
-
….

+
H3N(protein), however, surface Ca

2+
 ions 

generate repulsive forces as the interactions are 
Ca

2+
……

+
H3N(protein) type. Furthermore, large 

macromolecules in the millet solutions prevent the direct 
interaction    between   calcium   and   oxalate   ions.  The  

 
 
 
 
crystal growth is also inhibited due to the presence of 
limited interactions of those kinds. 

It was claimed that these findings are important in 
several aspects. First, the net dissolution effect of millet 
on CaOx stones in artificial urine is encouraging for 
exploring the possible use of millet to treat CaOx kidney 
stones. This study reports the activity of millet in very 
high level of supersaturated solutions but the actual 
concentrations of Ca

2+
 and C2O4

2-
 ions in human urine 

are comparatively very low. That means, millet may have 
an enhanced inhibition effect in actual urine. Second, the 
depletion of growth regions in actual kidney stones may 
prevent the initial crystal nucleation on cell debris as well 
as adherence to the epithelial cell lining during crystal 
growth. Millet would also reduce the size of the relatively 
large calcium stones as an irrigation solution making 
them prone to pass with urine which may eliminate the 
expensive medical procedures such as shock wave 
lithotripsy or surgical removals. The inhibition effect of 
millet could suppress the reoccurrence of calcium stones 
when they are properly washed with millet solution. 
However, more clinical work is necessary to understand 
the actual effect of millet on calcium stones as the actual 
mechanism is still poorly understood in the human body 
(Xie et al., 2015). 
 
 
Conclusions 
 
Successfully, we have demonstrated the influence of 
millet extract on CaOx crystal formation and dissolution. 
Our data clearly support the fact that the CaOx crystal 
formation is inhibited by the action of several inhibitors 
present in millet. The net CaOx precipitation was declined 
by ~34% in supersaturated solution and by ~25% in 
synthetic urine. Our characterization protocols confirmed  
the identity of formed crystals as thermodynamically more 
stable COM. The millet extract has also influenced the 
crystal habits and morphological characteristics of COM 
crystals formed. In the presence of millet, the formed 
COM crystals were relatively small due to poor 
aggregation and crystal growth whereas in the absence 
of millet, COM particles grew bigger showing aggregation 
of small crystals into clusters. The millet extract is 
capable of dissolving actual CaOx stones as we found 
~20% weight loss with seven washings. Although it is not 
possible to draw definite conclusions on how individual 
inhibitors in millet act on CaOx formation and dissolution, 
we propose the most effective dissolution and inhibition 
protocols combine several active agents present in millet.  
To sum up, we report that the overall dissolution and 
inhibition activity of millet on CaOx and calcium stones 
mainly arises by the action of organic acids and proteins 
present in millet. In order to understand the detailed 
mechanism, active compounds should be separated and 
treated individually under the same condition and it is out 
of this scope.  
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SUPPLEMENTAREY INFORMATION 
 

Table S-1.  Fatty Acid Composition in Millet Oil Extract. 
 

Fatty acid Weight (%) 

C14:0 0.04 

C16:0 6.11 

C16:1 0.18 

C17:O 0.05 

C17:1 0.05 

C18:O 1.21 

C18:1 24.18 

C18:2 64.58 

C18:3 0.87 

C20:1 0.71 
 

Source: Authors 
 
 
 

Table S-2. Enthalpies of reaction data for the thermolysis of calcium oxalate hydrates. 
 

Reaction 
 

COM 
Hrxn, i kJ/mol 

 COD COT 

CaC2O4.nH2O   --> CaC2O4  + H2O   66.5 83.6 143.9 

CaC2O4  --> CaCO3  + CO   341.16   

CaCO3    --> CaO  + CO2   178.49   

 
 
 

 
 

Figure S-1. FT-IR spectra of CaOx obtained under synthetic urine by (a) treating 
30-mL of millet, (b) treating with 30-mL deionized water and (c) CaC2O4.H2O.  
Source: Authors 
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Figure S-2. TGA curves of CaOx obtained under synthetic urine by (a) treating 
30-mL of millet, (b) treating with 30-mL deionized water and (c) CaC2O4.H2O.  

 
 
 

 
 

Figure S-3. XRD diffractogram of CaOx obtained by (a) treating 30-mL of millet, 
(b) treating with 30-mL deionized water and (c) CaC2O4.H2O. 
Source: Authors 
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2-4 µm and bigger particles at the bottom 

 
 

Figure S-4. SEM Image of CaOx harvested in the presence of 30-mL millet in 
artificial urine circumstances. We identified that these data are very similar to the 
data reported for the precipitates collected under supersaturated conditions. 
Source: Authors 


