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Abstract: Objective: Urinary crystals in normal and kidney stone patients often have varying 

sizes, the interaction between renal epithelial cells and COD crystals generated in the tubular fluid 

could play an initiating role in the pathophysiology of calcium oxalate nephrolithiasis. This study 

aims to compare the cytotoxicity of micro/nano-calcium oxalate dihydrate (COD) crystals (50 nm, 

100 nm, 600 nm, 3 µm, and 10 µm) toward African green monkey renal epithelial (Vero) cells to 

reveal the mechanism of kidney stone formation at the molecular and cellular levels.  Methods: 

Vero cells were exposed to COD crystals of varying sizes at a concentration of 200 µg/mL for 6 h. 

The effects of COD crystals on Vero cell viability, apoptosis rate, and cellular biochemical 

parameters [(lactate dehydrogenase (LDH), superoxide dismutase (SOD), reactive oxygen species 

(ROS), hyaluronic acid (HA), osteopontin (OPN), and mitochondrial membrane potential (∆ψm)] 

were determined using biochemical and morphological analyses.  Results: Vero cell viability and 

apoptotic rate were closely associated with the size of COD crystals; lower cell viability and higher 

apoptosis rate was observed in cells exposed to smaller COD crystal size. The expression of SOD, 

ROS, HA and OPN also changed in a size-dependent manner after exposure to the five different 

sizes of COD crystals. The area ratio of the (100) face with a high density of Ca2+ ions to total 

surface area was also found to influence the severity of cell injury. Cell injury induced by COD 

crystals was mainly caused by excessive expression of intracellular ROS and reduction of 

free-radical scavenger SOD. Moreover, binding of large crystals on the cell membrane surface takes 

more time to cause cell injury than internalized small-sized crystals. Cell death rate was found to be 

positively correlated with the amount of internalized COD crystals. Conclusions: Although COD 

toxicity is often disregarded, the size-dependent cytotoxicity of COD crystals toward Vero cells was 

demonstrated in this study. 

Keywords: Size-dependent toxicity; Micro/nano crystals; Calcium oxalate; Oxidative damage; 

Adhesion and internalization; Biomineralization 
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1. Introduction 

Urolithiasis is a frequently occurring disease, its main component is calcium oxalate (CaOx). 

The formation of CaOx stones is a complex biological control process that includes crystal 

nucleation, growth, aggregation, and retention of crystals in vivo [1,2]. In general, the transient time 

of urine microcrystallines across the kidney is too short for crystals to grow large enough to block 

the urinary tract [3]. Crystal retention is mainly caused by the adhesion of crystals on renal tubular 

epithelial cells [4]. Thus, renal tubular epithelial cell injury is an important factor in the formation of 

CaOx stones [5,6]. 

CaOx stones mainly contain two components: calcium oxalate monohydrate (COM) and 

dehydrate (COD). COM crystals have been extensively studied for their capacity to induce cell 

injury [7–9]. COD is the secondary common type of kidney stone and the most frequent calcium 

oxalate crystal present in the urine of patients with idiopathic calcium urolithiasis [10]. 

Unfortunately, limited studies have been conducted regarding the effect of COD crystals on renal 

epithelial cells; in addition, only micron-graded COD crystals have been used for these studies 

[11,12]. 

The interaction between exogenous materials and biological system has gained increasing 

attention [13–15]. Size, which is an important physical parameter for crystals, plays a vital role in 

the interaction between micro/nano particles and cells. For instance, compared with 3 µm CuO 

particles, 42 nm nano-CuO particles exhibit higher cytotoxicity and cause cell death, mitochondrial 

damage, DNA damage, and oxidative DNA lesions of the human cell line A549 [16]. Yang et al. [17] 

reported that amorphous nano-SiO2 exposure induces more severe cytotoxicity in HaCaT cells than 

micro-sized SiO2 particles, with the expression levels of the differentially expressed proteins 

associated with the particle size. 
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Urinary crystals in normal and kidney stone patients often have different sizes, crystal phases, 

and morphologies because of differences in the supersaturation of lithogenic salts, pH value, 

viscosity, and retention time of microcrystalline among individuals [18–23]. Robertson et al. [21] 

found that recurrent stone formers excrete more crystalline calcium oxalate than their controls under 

similar conditions of diet and fluid intake; the difference is mainly due to increasing crystal size 

rather than increasing crystal number; the calcium oxalate crystalluria in recurrent stone formers 

mainly comprises octahedral COD crystals with 10–12 µm diameter and often are fused into 

polycrystalline aggregates with 20–300 µm diameter. In the controls, calcium oxalate is in the form 

of very small particles with 3–4 µm diameter with few or no aggregation. In our early study [22], the 

nanocrystallites with a size of less than 1,000 nm in the urine samples of 85 healthy persons and 65 

lithogenic patients were comparatively investigated. Most of the nanocrystallites in healthy urine 

samples were with a narrow particle size distribution from about 20 nm to 400 nm. In contrast, most 

of the particles in lithogenic urines had a broad particle size distribution from 1.1 nm to 1,000 nm.  

However, the impact of different crystal properties toward renal epithelial cells is still not clear, 

especiall the differences between nanocrystalline and microcrystalline known at present in urine 

have not been reported. 

Based on these reasons, five COD crystals of varying sizes (from 50 nm to 10 µm) were 

prepared and comparatively studied for their cytotoxicity toward African green monkey renal 

epithelial (Vero) cells to reveal the mechanism of kidney stone formation at the molecular and 

cellular levels. 

 

2. Materials and methods 

2.1 Materials and Apparatus 

(1) Materials: African green monkey renal epithelial (Vero) cells were purchased from Shanghai 
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Cell Bank, Chinese Academy of Sciences (Shanghai, China). DMEM culture medium was purchased 

from HyClone Biochemical Products Co., Ltd. (UT, USA). Fetal bovine serum was purchased from 

Hangzhou Sijiqing Biological Engineering Materials Co., Ltd. (Hangzhou, China). Penicillin and 

streptomycin were purchased from Beijing Pubo Biotechnology Co., Ltd. (Beijing, China). Cell 

culture plates were purchased from Wuxi Nest Bio-Tech Co., Ltd. (Wuxi, China). 

Cell proliferation assay kit (CCK-8) was purchased from Dojindo Laboratories (Kumamoto, 

Japan). Lactate dehydrogenase (LDH) kit, biotinylated hyaluronic acid binding protein (bHABP) 

(MERCK Corporation, Germany), propidium iodide (PI), 4,6-diamidino-2-phenylindole (DAPI) 

staining solution, anti-fade fluorescence mounting medium and bovine serum albumin (BSA) were 

all purchased from Shanghai Beyotime Bio-Tech Co., Ltd. (Shanghai, China). Fluorescein 

FITC-Avidin was purchased from Wuhan Boster Biological Engineering Co., Ltd. (Wuhan, China). 

All conventional reagents used were analytically pure and purchased from Guangzhou 

Chemical Reagent Factory of China (Guangzhou, China).  

(2) Apparatus: The apparatus used include X-L type environmental scanning electron 

microscope (SEM, Philips, Eindhoven, Netherlands), laser confocal microscope (LSM510 Meta Duo 

Scan, Zeiss, Jena, Germany), inverted fluorescence microscope (IX51, Olympus, Tokyo, Japan), 

enzyme mark instrument (Safire2™, Tecan, Männedorf, Switzerland), inductively coupled plasma 

emission spectrometer (ICP-AES, Optima 2000DV, Perkin Elmer, CT, USA) and flow cytometer 

(FACS Aria, BD Corporation, CA, USA). 

 

2.2 Experimental methods 

2.2.1 Preparation of different-sized COD crystals and COD crystal suspension 

Five COD crystals with different sizes (50 nm, 100 nm, 600 nm, 3 µm, and 10 µm) were 

prepared as previously described [24,25] by changing the concentration of reactants, reaction 
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temperature, solvent, mixing manner, and stirring speed. A buffer solution was also used to control 

the pH of the solution. Crystal growth inhibitors were not added into the reaction system during 

crystal preparation. A combination of SEM, XRD, and FT-IR results revealed that all prepared COD 

crystals were the pure target product. The details would be reported elsewhere. 

For the preparation of different-sized COD crystal suspension, a certain amount of COD 

crystals were UV sterilized for 40 min and dispersed in serum-free DMEM culture medium at a 

concentration of 200 µg/mL. 

2.2.2 Cell culture 

Vero cells were cultured in DMEM culture medium containing 10% fetal bovine serum in a 5% 

CO2 humidified atmosphere at 37 °C. Trypsin digestion method was adopted for cell propagation. 

Upon reaching 80%–90% confluence, the cells were rinsed twice with PBS. A certain amount of 

0.25% trypsin digestion solution was then added and maintained for 3–5 min at 37 °C. Afterward, 

DMEM containing 10% fetal bovine serum was added to terminate the digestion. The cells were 

then blown well to form single cell suspensions. 

 

2.2.3 Cell viability assay 

One hundred microliters of cell suspension with a cell concentration of 1 × 105 cells/mL was 

inoculated per well in 96-well plates and incubated for 24 h. Afterward, the medium was changed to 

serum-free culture media and then incubated for another 12 h to achieve synchronization. The 

culture medium was removed by suction and the cells were washed twice with PBS. The 

experimental model was divided into two groups: (A) control group, in which only serum-free 

culture medium was added; (B) treatment group with COD crystals, in which cells were exposed to 

five sizes of COD crystals (50 nm, 100 nm, 600 nm, 3 µm, and 10 µm) at a concentration of 200 

µg/mL prepared with serum-free culture medium, respectively. Each experiment was repeated in 
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three parallel wells. After incubation for 6 h, 10 µl CCK-8 was added to each well and incubated for 

1.5 h. Absorbance (A) was measured by using the enzyme mark instrument at 450 nm. Cell viability 

was determined using the equation below. 

 (treatment group)
Cell viability %  100 %

 (control group)

A

A
= ×（ ）  

2.2.4 Lactate dehydrogenase (LDH) release assay  

One hundred microliters of cell suspension with a cell concentration of 1 × 105 cell/mL was 

inoculated per well and incubated for 24 h. Afterward, the medium was changed to serum-free 

culture media and then incubated for another 12 h to achieve synchronization. The experimental 

model was divided into four groups: (A) cell-free culture medium wells (control wells of 

background); (B) control wells without drug treatment (sample control wells); (C) cells without drug 

treatment for the subsequent cleavage of the wells (sample maximum enzyme activity control wells); 

and (D) treated group with different sizes of COD at a concentration of 200 µg/mL (drug-treated 

wells). After incubation, the absorbances were analyzed at 490 nm according to the LDH kit 

instruction. 

(Group D)- Group A
LDH%= 100%

(Group C)- Group A)

A A

A A
×

（ ）

（
 

2.2.5 Intracellular superoxide dismutase (SOD) assay  

One hundred microliters of cell suspension with a cell concentration of 1 × 105 cell/mL was 

inoculated per well in 96-well plates and incubated for 24 h. Afterward, the medium was changed to 

serum-free culture media and then incubated for 12 h to achieve synchronization. The cells were 

exposed to COD crystals of varying sizes at a concentration of 200 µg/mL for 6 h. Then, the liquid 

supernatant was collected to measure the SOD activity according to the SOD kit instructions. 

2.2.6 Intracellular ROS assay 

Two milliliters of cell suspension with a cell concentration of 1 × 105 cells/mL was inoculated 
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per well in six-well plates. After synchronization, the cells were grouped. COD crystals of varying 

sizes were then added. After 6 h incubation, the supernatant was aspirated and the cells were washed 

twice with PBS and digested with 0.25% trypsin. Afterward, DMEM supplemented with 10% fetal 

bovine serum was added to terminate digestion. The cells were suspended by pipetting, followed by 

centrifugation (1000 rpm, 5 min). The supernatant was aspirated and the cells were washed once 

with PBS and centrifuged again to obtain a cell pellet. The cells were resuspended by adding and 

thoroughly mixing 500 µl of PBS in a microcentrifuge tube. The samples were then stained with 2', 

7'-dichloro-fluorescein diacetate (DCFH-DA) and analyzed. 

2.2.7 HA expression assay  

One milliliter of cell suspension with a cell concentration of 1 × 105 cells/mL was inoculated 

per well in 12-well plates. After synchronization, the cells were grouped. COD crystals of varying 

sizes were then added. After 6 h incubation, the supernatant was aspirated and the cells were washed 

twice with PBS. Afterward, the cell were fixed with fixation fluid (composed of 5% glacial acetic 

acid, 10% formalin, and 70% ethyl alcohol) and washed three times. One hundred microliters of 5 

ug/mL bHABP solution (prepared in 3% bovine serum albumin solution, fresh prepared) was then 

added to the cells and incubated at 4 °C overnight. Afterward, the cells were washed with PBS three 

times for 5 min each. One hundred microliters of FITC-avidin (fluorescein isothiocyanate-avidin) 

was added to the cells and incubated for 1 h. The cells were washed with PBS three times for 5 min 

each. DAPI staining solution was then added to the cells and incubated for 4 min. The cells were 

again washed with PBS three times for 5 min each. Finally, the prepared samples were mounted with 

anti-fade fluorescence mounting medium and observed in a confocal microscope. HA expression and 

cell nuclei were stained green and blue, respectively.  

Quantitative analysis: HA fluorescence intensity was analyzed by Axiovision software (ZEISS, 

Jena, Germany). HA expressions in 100 cells were quantitatively detected for each group. 

2.2.8 Osteopontin (OPN) expression assay 

One thousand microliters of cell suspension with a cell concentration of 1 × 105 cell/mL was 
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inoculated per well in 12-well plates and incubated until confluent monolayers formed. Afterward, 

the culture media were discarded and the cells were rinsed with D-Hanks and then incubated in 

serum-free culture media with COD crystals of varying sizes for 6 h. The supernatant was aspirated 

and the cells were washed with PBS three times for 5 min each. The cells were then fixed with 4% 

paraformaldehyde for 10 min. Afterward, the cells were washed with PBS three times for 3 min each. 

The cells were incubated in sheep serum for 20 min. Afterward, the first OPN antibody (1:100) (CA, 

USA) was mixed into the samples and incubated at 4 °C overnight. The cells were then washed with 

PBS three times for 5 min each. Afterward, FITC secondary antibody (1:100) (CA, USA) was added 

to the cells in the dark and incubated at 37 °C for 0.5 h. The cells were again washed with PBS three 

times for 5 min each. Finally, the cells were stained and sealed with DAPI. Fluorescence was 

observed using a laser confocal fluorescence microscope. OPN expression and cell nuclei were 

stained green and blue, respectively.  

2.2.9 Measurement of mitochondrial membrane potential (∆ψm) 

The density of seeded cells and experimental grouping were the same as those in Section 2.2.6. 

After 6 h of incubation, the supernatant was aspirated and the cells were washed twice with PBS and 

digested with 0.25% trypsin. DMEM supplemented with 10% fetal bovine serum was then added to 

terminate digestion. The cells were suspended by pipetting, followed by centrifugation (1000 rpm, 5 

min). The supernatant was aspirated and the cells were washed with PBS and centrifuged again to 

obtain a cell pellet. The cells were resuspended by adding and thoroughly mixing 500 µl of PBS in a 

microcentrifuge tube. Finally, the samples were stained with 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethyl 

-imidacarbocyanine iodide (JC-1) and then analyzed.  

2.2.10 Cellular apoptosis assay 

Apoptosis induced by varying sizes of COD crystals in Vero cells was measured by FCM with 

Annexin V-FITC/PI double staining assay. Briefly, the cells were harvested after 6 h of exposure to 

200 µg/mL of COD crystals, and then stained using Annexin V-FITC/PI apoptosis assay kit 
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according to the manufacturer’s instructions. About 1.5 × 105 cells were collected and washed with 

PBS (centrifuged at 1000 rpm for 5 min). The cells were resuspended in 200 µL binding buffer. 

Afterward, 5 µL Annexin V-FITC was added and then incubated in darkness at room temperature for 

10 min. The cells were again resuspended in 200 µL binding buffer and stained with 5 µL PI. The 

prepared cells were then analyzed using a flow cytometer. 

2.2.11 SEM observation of adhered COD crystals on Vero cell surface 

The density of seeded cells and experimental grouping were the same as those detected by HA. 

After reaching the adhesion time, the supernatant was removed by suction, washed three times with 

PBS, fixed in 2.5% glutaraldehyde at 4 °C for 24 h, fixed with 1% OsO4, washed three times with 

PBS, dehydrated in gradient ethanol (30%, 50%, 70%, 90% and 100%, respectively), dried under the 

critical point of CO2, and treated with gold sputtering. The crystal adhesion was observed by SEM. 

2.2.12 Quantitative analysis of COD internalization by ICP-AES 

One milliliter of cell suspension with a cell concentration of 1 × 105 cells/mL was inoculated 

per well in 12-well plates and incubated for 12h. After synchronization, the cells were grouped. COD 

crystals of varying sizes were then added. After 6 h incubation, the supernatant was aspirated and the 

cells were washed three times with PBS to remove unbound COD and then treated with 0.4 mL 

EDTA (4 mM) for 8 min to remove the bound COD. After the EDTA treatment, the cells were rinsed 

three times with cold PBS to completely remove the external soluble COD. The samples were then 

transferred to 25 mL beakers and mixed with 4.0 mL concentrated HNO3 and 1.0 mL HClO4 solution 

for digestion. A separate HClO4 solution was heated until smoke appeared; the heat was then used to 

dry the solution. After cooling, 3 mL of 2% dilute HNO3 was added. An inductively coupled plasma 

emission spectrometer (ICP-AES) was used to measure the concentration of Ca2+ ions, which was 

then converted to determine the amount of COD internalization. The control group was treated using 

the same method to determine the interference of intracellular Ca2+ in Vero cells. 
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2.2.13 Statistical analysis 

The experimental results were analyzed statistically using SPSS 13.0 software and expressed as 

mean±SE from three independent experiment.  

 

3. Results  

3.1 Characterization of COD crystals by SEM 

The SEM images of the prepared COD crystals of varying sizes are shown in Fig. 1. The mean 

sizes of the crystals are as follows: 50 ± 10 nm, 100 ± 20 nm, 600 ± 100 nm, 3 ± 1 µm, and 10 ± 2 

µm, respectively. 

Morphological changes were also observed together with the change in size of the COD crystal: 

50 nm COD crystals are mainly spherical. Some part of the 600 nm crystals assume thick tetragonal 

bipyramid structures. All of the 10 µm crystals assume thin tetragonal bipyramid structures. The 

schematic representation of morphology and crystal face variation of different sizes of COD crystals 

is presented in Fig. 2. The differences in the crystal faces of COD crystals are related to the rule of 

natural crystal growth. Classical crystallization theory indicates that the diverse crystal morphologies 

of similar minerals are due to the differences in the crystal faces with regard to surface energy and 

external growth environment [26]. Generally, the growth rate of a crystal face is related to its surface 

energy if a similar growth mechanism functions on each face [26,27]. Fast-growing faces exhibit 

high surface energies that disappear in the final morphology, and vice versa. 

Considering the changes in the crystal faces of the three large-sized COD crystals (600 nm, 3 

µm, and 10 µm) (Figs. 1 and 2), we could infer that the (100) face exhibits higher surface energy 

than the (101) face because of its faster growth rate. Hence, small COD crystals demonstrate large 

(100) face area and large-sized COD crystals present relatively small (100) face area. That is, the 

(100) and (101) faces disproportionately change with increasing crystal size. In addition, the ratio of 
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the (100) face area to the (101) face area (A(100)/A(101)) gradually decreases with increasing crystal 

sizes as can be observed in submicron- and micron-sized COD crystals with regular structures.  

 

3.2 Effects of COD crystal size on cell viability, LDH release, and SOD activity 

The viability of Vero cells after exposure to varying sizes of COD crystals for 6 h was detected 

by CCK-8 assay (Fig.3a). Under the same concentration (200 µg/mL), cell viability increased from 

66.7% to 88.5% as the crystal size increased from 50 nm to 10 µm. The cell viability was found to be 

closely associated with crystal size. Cell injury induced by COD crystals was found to be 

size-dependent and followed the order 50 nm > 100 nm > 600 nm > 3 µm > 10 µm > control group; 

that is, the smaller the COD crystal size, the higher its cytotoxicity. 

LDH is a stable enzyme of the cytoplasm that is released extracellularly once the cell 

membrane ruptures. Thus, LDH is considered as a marker of cell membrane integrity [28]. As shown 

in Fig. 3b, all five COD crystals could cause increase in LDH release (9.76%–5.08%). In addition, 

the amount of LDH released was found to be size-dependent and followed the order 50 nm > 100 

nm > 600 nm > 3 µm > 10 µm > control group. 

Decrease in SOD activity indicates that the ability of an organism to resist free radical 

injury is weakened, and the degree of free radical injury to the organism is enhanced. As shown 

in Fig. 3c, SOD activity in all five crystal-treated groups decreased, with the same regularity as that 

of cell viability; that is, the smaller the COD crystal size, the greater the decrease in SOD activity. 

 

3.3 Intracellular ROS generation induced by varying sizes of COD crystals 

ROS levels, which can be elevated by pathological and physiological stimuli, indicate the 

degree of oxidative stress inside the cell. Oxidative stress occurs when the generation of ROS 

overwhelms the natural antioxidant defenses of cells. Renal cellular exposure to oxalate (Ox) and/or 

CaOx crystals could lead to the production of ROS, development of oxidative stress, followed by 
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injury and inflammation [29]. 

To further elucidate the mechanisms of COD cytotoxicity, intracellular ROS levels of the 

different treatement groups were determined (Fig. 4). The intracellular ROS level of Vero cells after 

exposure to varying sizes of COD crystals elevated in a size-dependent manner; that is, the smaller 

the COD crystal size, the more intracellular ROS generated. 

 

3.4 HA release induced by varying sizes of COD crystals   

HA is an important crystal-binding molecule that is upregulated during various inflammatory 

disease states [30]. HA expression in Vero induced by varying sizes of COD was detected by laser 

confocal microscopy (Fig. 5). Compared with normal cells with weak green fluorescence, Vero cells 

treated with 50 nm COD crystals emitted the strongest green fluorescence. Based on quantitative 

analysis, HA expression in the COD crystal-treated cells was found to be size dependent and 

followed the order 50 nm > 100 nm > 600 nm > 3 µm > 10 µm > control group; that is, the smaller 

COD induces more severe cell injury and greater HA expression. 

 

3.5 OPN expression induced by varying sizes of COD crystals 

OPN is widely spread throughout organs and tissues, including the kidney. In healthy kidney, 

OPN is confined to the distal parts of a subset of nephrons and would be obviously upregulated after 

renal epithelial cell injury [31]. OPN expression in Vero cells after treatment with varying sizes of 

COD crystals is shown in Fig. 6. Compared to the control group where minimal OPN expression was 

observed, all the crystal-treated groups showed obvious green fluorescence. The fluorescence 

intensity of nano groups (50 and 100 nm) was obviously higher than that in the micro groups, 

indicating that smaller crystals induce higher OPN expression. 
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3.6 Decrease in mitochondrial membrane potential caused by COD and time effect 

Decrease in mitochondrial membrane potential (∆ψm) is a representative event in early 

apoptosis. JC-1 differentially labels mitochondria with high and low ∆ψm by forming J-aggregates 

or monomers that emit orange-red or green light, respectively [32].  

We analyzed the changes in ∆ψm in cells treated with varying sizes of COD crystals using a 

mitochondrial membrane potential assay kit. Compared with the control group, all five sizes of COD 

caused ∆ψm to decrease. The three smaller COD crystals (50, 100, and 600 nm) caused the greater 

∆ψm decrease compared with 3 µm and 10 µm COD (Figs. 7A and 7B). 

Moreover, two representative COD crystals were selected (a nano-crystal and a micro-crystal) 

and assessed for their effect in ∆ψm under different time treatments (Fig. 7C). The result show that 

50 nm COD caused an obvious decrease (about 16.1%) in ∆ψm as early as 3 h treatment time, 

whereas 10 µm COD caused only 1.8% decrease in ∆ψm. However, when treatment time was 

increased to 12 h, 10 µm COD also caused a significant decrease in ∆ψm (9.4%). 

 

3.7 Apoptosis of Vero cells induced by varying sizes of COD crystals 

Flow cytometric analysis show that varying sizes of COD crystals induced apoptosis in a 

size-dependent manner (Fig. 8). The apoptosis rates of the five treated groups were all higher than 

that of the control group, of which 50 nm COD crystals induced the highest apoptosis rate. The 

apoptosis rate of the 50 nm, 100 nm, 600 nm, 3 µm and 10 µm COD-treated groups were 14.5%, 

11.4%, 8.4%, 4.7%, and 2.4%, respectively. Under the same concentration of 200 µg/mL, the effects 

of micro-sized COD crystals on cell apoptosis were much milder than that of nano-sized COD 

crystals, indicating that nanoparticles had stronger cytotoxicity than microparticles. 

 

3.8 SEM detection of adhesion between Vero and varying sizes of COD crystals  
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The SEM images of Vero cells after exposure to varying sizes of COD for 6 h are presented in 

Fig. 9. The following observations can be noted: 

1) Small COD crystals aggregated on the cell surface at a greater extent compared to large COD 

crystals. For instance, the nano-sized COD crystals (50 and 100 nm) exhibited obvious aggregation 

after adhering to Vero cells. By contrast, slight aggregation was observed in 600 nm COD crystals, 

which was more minimal in the larger 3 and 10 µm COD crystals. 

2) The number of crystals that adhered on the cell surface decreased with increasing COD 

crystal size. 

For the 10 µm COD crystals, only a small part of the cells was in contact with COD crystals. 

The number of crystals was less than that of the cells, so two types of cells may be observed.  

The first type comprises cells that are in contact with large COD crystals (Figs. 9e, 10a and 

10b). These cells that were injured by crystal adhesion significantly shrank to about 10 µm. They 

have rough surfaces and contain small particles owing to protein, lipid, and sugar secretions. 

The second type are cells that have no crystals on their surfaces (Figs. 10c and 10d). These cells 

have smooth surfaces similar to that of normal cells, and are spindle-shaped with length of about 

20–25 µm, indicating a smaller degree of injury. 

As shown in Table 1, under the same concentration of 200 µg/mL, the number of crystals 

decreased significantly with increasing COD crystal size. For the 10 µm COD crystal group, every 

six cells could be in contact with only one crystal. Most cells had no chance to be in contact with 

COD crystals (Fig. 10), and hence, had minimal injury. Therefore, the injury induced by 10 µm COD 

crystals was much weaker than that caused by the smaller COD crystals. 

3) Compared to the high adhesion ability of micro-COM to cells, the adhesion ability of 

micro-COD toward cells is much milder [33]. However, long treatment (6 h) exposure to high 

concentration of micro-COD suspension could also cause cell injury (Figs. 3–10). 
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3.9 Quantitative analysis of COD internalization by Vero cells 

For the quantitative analysis of COD internalized by Vero cells, 4 mM EDTA was used to 

remove externally bound COD crystals [34]. The uptake of COD into the cell was then measured by 

ICP-AES. The result shows that internalization is closely related to COD crystal size (Fig. 11). 

Among the five groups, 50 nm COD crystals exhibited the highest internalization (16.3 µg/cm2). The 

amount of internalized crystals was found to decrease with increasing crystal size; 10 µm COD 

crystals were hardly internalized because of their large size. 

From the correlation analysis, cell death rate was found to be positively related to the amount of 

internalized crystals (R2 = 0.9444).  

 

4. Discussion 

Urinary supersaturation is the driving force behind crystal formation in the kidneys, and it is 

closely related to the size of the initial formed crystallites. Mersmann et al. [35] stated that the 

median crystal size is affected by the mean relative supersaturation for inorganic and organic 

systems, and the median crystal size drops with increasing relative supersaturation. In fact, stone 

formers tend to excrete urine that is more supersaturated than that of non-stone formers [36]. Thus, 

the initial formed urine crystallites in stone-formers would be smaller than that in healthy controls, 

but the excreted crystallites in urine were not any more the initial formed crystallites which have 

undergone a series of physicochemical changes containing crystal growth and aggregation [2, 37]. 

So far, the impact of crystal size toward renal epithelial cell injury has not yet attracted much 

concern. 

 

4.1 Size-dependent toxicity of COD crystals on Vero cells 

Under the same crystal concentration of 200 µg/mL, cell injury and toxicity of varying sizes of 

COD crystals to Vero cells was found to be size-dependent (Figs.3–10): 50 nm > 100 nm > 600 nm > 
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3 µm > 10 µm. The possible reasons for this difference are discussed below: 

1) Small-size effect of nano-COD crystals 

The higher injury ability of nano-COD crystals toward cells, which is obviously higher than 

traditional micro-crystals, may be attributed to the smaller crystal size. As shown in Fig. 4, 

intracellular ROS content gradually increased with decreasing COD size from 10 µm to 50 nm. 

Excessive ROS generation could induce oxidative stress, which is a key mechanism for nanoparticle 

toxicity [38].  

Owing to the high surface area of small COD crystals, more active sites are created to capture 

oxygen molecules, which leads to the production of superoxide radical (•O2
−) and other ROS 

through dismutation or Fenton reaction [39]. Excessive formation of cellular ROS could induce 

mitochondrial membrane permeability, ultrastructural mitochondrial damage, and disruption of the 

respiratory chain to trigger apoptosis [40]. Therefore, cell apoptosis induced by small COD crystals 

is more serious than that of large-sized crystals. 

Although the differences in cell injury induced by varying sizes of COD crystals have not been 

reported, the effect of size in other materials has been studied extensively. For instance, 20–80 nm 

nano-calcium phosphates could significantly inhibit the proliferation of osteosarcoma U2OS cells, 

whereas ordinary rod-like calcium phosphates (length: 300–500 nm, diameter: 30–80 nm) have no 

inhibitory effect [41]. Li et al. studied the potential cytotoxicity of amorphous silica particles with 

different sizes (498, 68, 43, and 19 nm) in cultured human hepatoma (HepG2) cells; the cytotoxicity 

generated by silica particles strongly depended on particle size; smaller silica particle possessed 

higher toxic effect and induced decrease in cell number, cellular shrinkage, chromatin condensation, 

and vacuolar degeneration [42]. In addition, smaller SiO2 was found to induce more multinucleated 

cells, which rarely occured in the Si498-treated group and the control group. 

2) More positive charges on the surface of small-sized COD crystals enhance their 
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interaction with Vero cells 

COD crystals usually possess tetragonal bipyramid structure consisting of four 

symmetry-related (100) face and eight (101) face (constituting the two vertices). With increasing 

COD crystal size, the morphology of COD crystals gradually changes from a small-sized sphere (≦ 

100 nm) to a thick medium-sized tetragonal bipyramid (600 nm), and eventually, to a thin large-sized 

tetragonal bipyramid (≧ 3 µm) (Fig. 2). The (101) face area (A(101)) increased and the (100) face area 

(A(100)) relatively decreased with increasing crystal sizes as can be observed in submicron- and 

micron-sized COD crystals with regular structures, leading to a decrease in A(100)/A(101) ratio. Hence, 

besides the size effect of varying sizes of COD on cytotoxicity, the variation of crystal face area was 

also related to their toxicity on Vero cells. 

The surface concentrations of Ca2+ ions in the (100) face (0.0439 Ca2+/A2) of COD was 

obviously higher than that of the (101) face (0.0225 Ca2+/A2) [33], the adhesion force of the (100) 

face with more positive charges was higher than that of the (101) face. AFM detection also showed 

that the adhesion force between the (100) face of COD crystal and AFM tips modified with 

S(CH2)10COO- or S(CH2)2NHC(NH2
+)NH2 was obviously higher than that of the (101) face. 

Therefore, the (100) face of COD crystals preferentially adheres to the plasma membrane of renal 

cells [43]. At the same time, the Ca2+ ion-rich (100) face theoretically induces more obvious 

phosphatidylserine eversion and cell depolarization [44], thus causing more severe cell injury. 

Consequently, 50 nm COD crystals induced maximum toxicity toward Vero cells, leading to the 

observed decrease in cell viability, SOD activity, and ∆ψm (Figs. 3a, 3c, and 7); increase in LDH 

release, intracellular ROS level, and apoptosis rate (Figs. 3b, 4, and 8); and increased expression of 

adhesion molecules such as HA (Fig. 5) and OPN (Fig. 6). By contrast, 10 µm COD crystals caused 

the weakest injury toward Vero cells. 

3) The smaller the COD size, the higher the crystal adhesion and the larger the injury on 
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cells 

Under the same concentration, smaller crystals occur in greater number (Table 1), which 

increases their injury probability toward cells. Therefore, the injury to Vero cells is significantly 

enhanced in nano-COD crystals. Analysis of the contact probability between Vero cells and varying 

sizes of COD crystals under fixed crystal concentration (200 µg/mL) showed that the number of 

crystals and contact probability decreased with increasing COD crystal size. For the 10 µm 

COD-treated group, about every six cells could be in contact with only one crystal. Most of the cells 

had no chance to be in contact with crystals (Fig. 10), and hence, had minimal injury. By contrast, 

every cell can be assigned to 1.29 × 106 crystals for the 50 nm COD-treated group. Therefore, the 10 

µm COD crystals induced the weakest injury toward Vero cells. 

4) Difference in internalization of varying sizes of COD crystals in Vero cells 

A high correlation was found between the amount of internalized exogenous particles and 

cytotoxicity [34]. Smaller COD crystals (≦600 nm) were easily internalized by the cells (Fig. 11) 

[45]. The increased LDH release also indicates that cell membrane fluidity improved, which further 

promoted cell endocytosis of COD crystals (Fig. 3b). By contrast, large COD crystals (3–10 µm) 

were difficult to uptake into the cells. Therefore, the injury induced by nano-COD crystals was 

greater than that of micro COD crystals. Many studies also reported that cellular uptake of 

exogenous materials is closely related with crystal size [46,47]. 

With increasing treatment time, ∆ψm in 10 µm COD-treated group obviously decreased (Fig. 

7c). However, based on ICP results, Vero cells could hardly uptake the large crystals (Fig. 11a). This 

finding implies that it takes more time to cause cell injury by large crystals binding on cell 

membrane surface than that of internalized small crystals. In addition, the degree of injury in large 

crystal-treated groups was much less than that in small crystal-treated groups (Fig. 7c). 

A direct correlation was found between the amount of internalized exogenous particles and cell 
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injury. Based on the correlation (Fig. 11b), cell death rate was positively related to the amount of 

internalized crystals. Such result suggested that the internalized COD crystals may be the primary 

cause of Vero cell death. 

 

4.2 Injury mechanism of Vero cells induced by varying sizes of COD crystals 

Based on the above results, a model of Vero cell injury mechanism induced by varying sizes of 

COD crystals is proposed (Fig. 12). 

Interaction of varying sizes of COD crystals with Vero cells upregulates NADPH oxidase and 

stimulates the generation of •O2
- via NADPH oxidase [48]. Excessive •O2

- formation could induce 

mitochondrial dysfunction, which further causes the formation of •O2
- and, eventually, oxidative 

stress (Fig. 4). At the same time, intracellular •O2
- could be converted into H2O2 with SOD, which 

results in the observed decline in the amount of SOD (Fig. 3c). However, excessive •O2
- formation 

could overwhelm the natural scavenging activity of cells, which causes ∆ψm decrease (Fig. 7) and 

even apoptosis (Fig. 8). This phenomenon leads to the increase in LDH release (Fig. 3b), 

phosphatidylserine (PS) eversion [49], HA expression (Fig. 5), and OPN upregulation (Fig. 6). 

Moreover, COD crystals could combine with negatively charged molecules and aggravate their 

adhesion and internalization toward Vero cells. 

Compared to large COD crystals, small COD crystals possess higher specific surface area, and 

hence, more exposed active sites and higher ratio of Ca2+ ion-rich (100) face area to total surface area. 

The interaction between small COD crystals and Vero cells is greater than that in large COD crystals. 

Therefore, the toxicity induced by COD crystals changes in a size-dependent manner. 

The size of COD crystals may affect endocytosis. Small crystals can easily enter cells. The 

internalized COD crystals are then distributed in the cytoplasm and incorporated into lysosomes via 

vesicular transport. Intracellular lysosome contains a variety of acid hydrolases [50] that could 
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dissolve the internalized crystals into Ca2+ and Ox2- ions for excretion [51]. At the same time, 

excessive levels of internalized crystals beyond the natural digestion capacity of cells aggravate cell 

injury [34]. Some of the COD crystals could pass through epithelial cells and be transferred to the 

interstitium via transcytosis, which further induces cell injury and inflammation, eventually leading 

to stone formation [52]. 

 

5. Conclusions 

Five COD crystals of varying sizes were prepared and their injury ability toward Vero cells was 

comparatively studied. All of the COD crystals could decrease cell viability, increase cell apoptosis 

rate, and cause changes in biochemical parameters (LDH, SOD, ROS, HA, OPN, and ∆ψm) in a 

size-dependent manner. The cytotoxicity induced by COD was found to be size-dependent and 

follows the order 50 nm > 100 nm > 600 nm > 3 µm > 10 µm. Small crystals are more easily 

internalized by Vero cells compared to large crystals, which explains the difference in the severity of 

cell injury. The high cell toxicity induced by nano-COD crystals may be attributed to their greater 

active sites, higher surface energy, and larger surface area. Cell death rate was found to be positively 

related to the amount of internalized COD crystals. Cell toxicity induced by large COD crystals was 

weaker mainly due to their low contact probability and the decrease in total area of the Ca2+ ion-rich 

(100) face. Our study reveals the relationship between crystal size and renal epithelial cell injury, this 

will provide an insight into the underlying pathogenesis of nephrolithiasis. 
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Captions 

 

Table 1. Contact probability between Vero cells and varying sizes of COD crystals under fixed 

crystal concentration of 200 µg/mL. 

Fig. 1. SEM images of COD crystals of varying sizes.(a) 50 nm; (b) 100 nm;(c) 600nm; (d) 3 µm; (e) 

10 µm. Scale bars: (a-c) 200 nm; (d) 1 µm; (e) 5 µm. 

Fig. 2. Schematic representation of morphology and crystal face variation of COD crystals with 

crystal size increase. (a) Nano-scale, spherical; (b) submicron, thick tetragonal bipyramid; (c) 

micron, thin tetragonal bipyramid. 

Fig. 3. Change in cell viability (a), LDH release amount (b), and SOD activity (c) of Vero cells after 

exposure to varying sizes of COD crystals for 6 h. Crystal concentration: 200 µg/mL. 

Fig. 4. Intracellular ROS level of Vero cells after exposure to varying sizes of COD crystals for 6 h. 

(A) histogram of intracellular ROS; (b) quantitative results of intracellular ROS. Crystal size 

was marked above and below the box. 

Fig. 5. Hyaluronan expression in Vero cells after exposure to varying sizes of COD crystals for 6 h. 

(A) Laser scanning confocal microscope images; (B) Quantitative results of expressed HA. 

Bars: 20 µm. 

Fig. 6. OPN expression in Vero cells after treatment with varying sizes of COD crystals for 6 h 

detected by laser scanning confocal microscope. Scale bars: 20 µm 
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Fig. 7. Effect of varying sizes of COD crystals on mitochondrial membrane potential (∆ψm) in Vero 

cells. (a) Dot plot of ∆ψm after incubation with varying sizes of COD for 6 h; (b) quantitative 

histogram of ∆ψm; (c) quantitative histogram of ∆ψm after treatment with 50 nm and 10 µm 

COD crystals under different treatment times. 

Fig. 8. Cellular apoptosis of Vero cells after exposure to varying sizes of COD crystals for 6 h. (a) 

Dot plots of cellular apoptosis. Quadrants Q1, Q2, Q3, and Q4 denote the ratio of necrotic cells, 

late-stage apoptotic cells, normal cells, and early-stage apoptotic cells, respectively. (b) 

Quantitative results of cellular apoptosis.  

Fig. 9. SEM images of COD crystals after exposure to varying sizes of COD for 6 h. (a) 50 nm; (b) 

100 nm; (c) 600 nm; (d) 3 µm; (e) 10 µm. Crystal concentration: 200 µg/mL. Adhesion time: 6 

h. Scale bars: (a, b) 2 µm; (c,d) 5 µm; (e) 10 µm. 

Fig. 10. SEM images of 10 µm COD crystals that adhered to Vero cells (a,b). The cells with adhered 

crystals were seriously injured; the cells without adhered crystals were minimally injured (c,d). 

Scale bars: 5 µm. 

Fig. 11. Quantitative analysis of varying sizes of COD internalized by Vero cells (a) and the 

correlation between COD internalization and cell death rate (b).  

Fig. 12. A proposed schematic illustration of cellular and molecular mechanism of Vero cell injury 

after exposure to varying sizes of COD crystals. (a) Mechanism of oxidative damage induced 

by exposure to COD crystals; (b) Cellular fate of internalized COD crystals. 
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Table 1. Contact probability between Vero cells and varying sizes of COD crystals under fixed 

crystal concentration of 200 µg/mL. 

Crystal size d/nm 50 nm 100 nm 600nm 3 µm 10 µm 

Mass of a single COD crystal /µg*1
 1.27×10-10 1.02×10-9 2.19×10-7 2.74×10-5 1.02×10-3 

Relative ratio of crystal mass 1 8.0 1 724 2.16×106 8.03×106 

Number of adhered COD crystals (Ncrystal) /
 *2

 4.10×1011 5.11×1010 2.38×108 1.90×106 5.11×104 

Number of adhered COD crystals on a cell / *3
 1.29×106 1.61×105 7.48×102 5.97 0.16 

*1: The density of COD crystal: ρ(COD)= 1.94 g/cm3. 

*2: The mean diameter of Vero cell is about 20 µm (Fig.10). If a cell is regarded as a sphere, the area 

of each cell is approximate 3.14×10-4 mm2. If the cell is closely connected, an area of 

10mm×10mm contains about 3.18×105 cells (Ncell). Since the hole diameter (d) of 12-well cell 

culture plate used in this experiment is 22.1 mm, the area of each hole is 383.6 mm2; when 200 

µg COD crystal was added to each hole, the mass of COD crystals (W) in an area of 

10mm×10mm was (200µg/383.6mm2)×100mm2=52.14 µg. Taking 50 nm COD crystal as an 

example, the number of adhered crystals in this area (Ncrystal) was: 52.14 µg/(1.27×10-10)= 

4.10×1011. 

*3: Ncrystal/Ncell=4.10×1011/3.18×105=1.29×106. 
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(a)                                      (b) 

  
(c)                                      (d) 

 

(e) 

 

Fig. 1. 

 

 

Page 31 of 43 Journal of Materials Chemistry B

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
B

A
cc

ep
te

d
M

an
us

cr
ip

t



 32

 

 

     (a)                        (b)                              (c) 

 

 

 

Fig. 2. 
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Fig. 3. 
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Fig. 4. 
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Fig. 5. 
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Fig. 6.  
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Fig.  7. 
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Fig. 8. 
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(c)                                      (d) 
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Fig. 9. 
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(c)                                      (d) 

 

 

Fig. 10. 
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Fig. 11. 
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Fig. 12. 
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Graphical Abstract 

 
Manuscript-- ID TB-ART-09-2014-001626 

 

A table of contents entry. This should include: 

 

* Colour graphic: maximum size 8 cm x 4 cm 

* Text: one sentence, of maximum 20 words, highlighting the novelty of the work 

 

 

Size-dependent toxicity and interactions of calcium oxalate dihydrate crystal on Vero renal 

epithelial cells was demonstrated 
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