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Abstract 

 

Evaluation of toxicity of iron oxide 

magneticnanoparticles in a kidney tubule-on-a-chip 

Laura Ha 

InterdisciplinaryProgram, Bioengineering Major 

The Graduate School 

Seoul National University 

 

Progress of nanotechnology holds great promise for a broad range of 

applications and has grown as an area of vigorous study in the applied science. 

Keepingpace with the rapidly developing technology, researchers have strived on 

merging such technology into medical application to develop less invasive but 

more effective medical devices. A powerful diagnostic tool, Magnetic Resonance 

Imaging (MRI), has been vividly practiced to examine anatomical details and 

functional information in noninvasive and real time monitoring manner.Iron oxide 

magnetic nanoparticle (IOMNP) caught a special attention in biomedicine as a 

great alternative of currently usedGd
+
-based MRI contrast agent due to its long 

term imaging advantage and size dependent property change.However, safety 

issue of IOMNP use as a MRI contrast agent is still controversial. In this paper, 

we attempt toexamine nephrotoxicity of IOMNP using our engineered kidney 
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tubule-on-a-chip that not only successfully reconstitute organ level physiological 

functions such as cytoskeleton rearrangement, increase tight junction formation, 

and cellular conformational rearrangement but also effectively predict of 

physiological responses with known pharmaceutical agent, at clinical relevant 

doses, in vitro. 

 

Key Words : Renal-tubule-on-chip, Iron Oxide Magnetic Nanoparticle, MRI 

contrast agent, nanotoxicity 
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1. Introduction 

 

1.1 Motivation 

1.1.1  MRI contrast agent 

Progress of nanotechnology has bespoken its great promise for a broad scope 

of application and has grown as an area of vigorous study in the applied science. 

Keeping pace with the rapidly developing technology, scholars have strived on 

merging such technology into medical application to develop less invasive but 

more effective medical devices and have shaped a field called nanomedicine.
1,2

 

Particularly, for the last 25 years, there has been a remarkable expansion in the 

utilization and manufacture of nanoparticles for a plenty of applications in 

biomedical fields.
3,4,5

 The majority of the applications subdivided into a few major 

categories: magnetic resonance imaging (MRI) contrast enhancement,
6,7

 drug 

delivery
8,9

 and magnetic hyperthermia
10

, cell separation
11

...etc…  

MRI which can offer exceptional anatomical details on the soft tissue contrast 

and functional information in noninvasive and real time monitoring manner has 

been used as one of the most powerful diagnostic tools in medical field.
12

 The 

sensitivity of MRI can be adjusted by the type of the injected contrast agent that 

augments the distinction of the area of interest from the background. Among 

various types of MRI contrast agents that have been developed, paramagnetic 
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compounds with a large number of unpaired electrons including Gd
3+

 have been 

selected and clinically used as the most desirable T1 contrast agents providing 

more clear and marked anatomical information.
13

 However, recently some studies 

have brought a question about thesafety of Gd
3+

.
14,15

 

 

1.1.2  Iron Oxide Magnetic Nanoparticles 

Engineer’s efforts to discover more effective but still safe MRI contrast agent 

reached magnetic nanomaterial. Among them, iron oxide magnetic nanoparticles 

(IOMNP) caught a special attention in biomedicine. IOMNP are especially 

attractive as an excellent alternative of Gd-complex based MRI contrast agent for 

several reasons: (1) the nanoparticles are advantageous for functionalization and 

long-term imaging,
16

 (2) IOMNP property changes depending on size; IOMNP 

with diameter of <4nm enables high resolution blood pool T1 weighted MR 

imaging of various blood vessels and IOMNP with diameter of >4nm enables high 

resolution blood pool T2 weighted MR imaging of various blood vessels,
12

 and (3) 

IOMNP have considered biocompatible and nontoxic.
17

 

The first IOMNP paper published was a study of developing dextran-coated 

monocrystalline iron oxide nanoparticles (MION) to investigate the mechanism of 

IOMNP cellular uptake but particle-mediated cytotoxicity wasn’t reported.
18

It was 

not until 2000 that the interest of IOMNP toxicity established in the broader 

scientific community. In 2003, significant drops in cell survival rates for human 
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adenocarcinoma cells exposed to various IOMNP preparation was reported.
19

 In 

2004, Barry et al.
20,21,22

 and Gupta et al.
23,24,25

 separately reported varying degrees 

of cell death in application of both uncoated and dextran-coated IOMNPs. 

Increasing studies on IOMNP have revealed sized, concentration, and surface 

coating dependent cytotoxicity of IOMNPs.  

Despite of numerous scientific observations about the nanotoxicity of IOMNP, 

however, the topic is still controversial. There may be a number of reasons for 

these discrepancies. One of the reasons comes from the fact that, the studies, 

unfortunately, have relied on analysis of cells grown in 2D cell culture models 

that fail to reconstitute the in vivo cellular microenvironment; as a result, these 

cultures commonly unsuccessful possessing their differentiated functions. In fact 

many in vivo toxicity studies of IOMNP indicate no acute or subacute toxic 

effects. Efforts to address these drawbacks led to the development of organ on 

chips which integrate microfluidics technologies with living cells cultured within 

3D devices to study physiology in an organ specific context and to develop 

specialized in vitro disease model.  

 

1.1.3  Kidney 

Kidney is a paired bean shaped organ, encapsulated by thin and tough fibrous 

capsule. The mammalian kidney is divided into three sections: renal Cortex, outer 

renal medulla and an inner renal medulla. It contains up to 18 lobule composed of 
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nephron, a functional unit of kidney. Each kidney is known to compose more than 

millions of nephrons and each nephron consists of glomerulus and systemic 

tubules. 

Kidney is supplied with blood by single renal artery that divided into five 

segmental arteries at renal hilum. Within the kidney, the segment further branch 

into several lobular arteries and interlobular arteries therefore, blood flows 

through afferent arteriole into glomerulus and blood flows out of glomerulus 

through efferent arteriole. Afferent and efferent arteriole control the glomerulus 

capillary pressure to make it selectively contracting and dilating.
26

 

 

Figure 1. Structure of Human Kidney 

Due to its nature of high blood supply and ability to concentrate blood 

circulating toxins, kidney which functions as a complex osmoregulatory organ 

that has water and nutrient reabsorption and waste removal is particularly 
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susceptible to xenobiotics. However, the nanoparticles impacts on kidney have 

received little attention.  

 

1.2 Objectives of Thesis 

We recently engineered a kidney-on-a-chip that reconstitute tubular portion of 

kidney in vitro; this system not only successfully recapitulated organ level 

physiological functions such as cytoskeleton rearrangement, increase tight 

junction formation, and cellular conformational rearrangement
27,28

but also 

effectively predicted of physiological responses with known pharmaceutical agent, 

cisplatin, at clinical relevant doses.
29

 

Thus, here, we extend the microfluidic kidney-on-a-chip approach with 

primary kidney tubular epithelial cells even further to explore nephrotoxicity of 

IOMNP using kidney tubule-on-a-chip. 
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2.  Materials and Methods 

 

2.1 Device Fabrication 

The renal-tubule-on-a-chip which was reported in our previous study
27,28

 was 

applied to culture primary cultured rat inner medullary collecting duct cells. 

Silicon elastomer was mixed with curing agent (10:1 weight ratio) thoroughly and 

poured on a silicon master carefully; the upper flow channel was obtained through 

an hour of baking and a cautious micromolding process of baked 

polydimethylsiloxane (PDMS) on a silicon master. The inlets and outlets of the 

upper flow channel which has dimension of 1mm width x 1cm length x 100um 

height were punched and the bottom well (medium reservoir) was attained by 

removing  rectangular block (1.5mm width X 0.6cm length X 3mm height) from 

thin bare PDMS slab. 

 

Figure 2.Fabrication of multi-layer microfluidic device (MMD) 
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Then, a top component and a bottom component of a channel were plasma 

treated (60 W,PDC-32G, Harrick Scientific, Ossing, NY) for 1 min, and 

sandwiched assembly of top channel component, a porous membrane, and a 

bottom component respectively proceeded for the generation of a multi-layer 

microfluidic device (MMD) (Fig. 2). 

 

2.2 Cell culture and flow experiments 

Both kidneys were removed from 7 weeks old male Sprague-dawley rats (200g 

body weight, Samrako, Osan, Korea) after diethyl ether anesthetization. The inner 

medulla was rapidly selected, placed in cold DPBS DPBS (pH 7.4. supplemented 

with 80mM urea, and 130mM NaCl, 640mOsm per kg H2O), and cut into small 

pieces (1mm cubes) respectively. Enzyme solution (1ml DMEM/F-12, 2mg of 

collagenase B, 0.7mg of hyaluronidase, 80nM urea, and 130mMNaCl) was 

applied to the pieces then incubation at 37°C in humidifies 5% CO2 incubator for 

60-90 min with occasional mixing proceeded. Once tubule fragments observed, 

adding a hypertonic culture medium (DMEM/F-12, 80mM urea, 130mMNaCl, 

10mM HEPES, 2mM L-glutamine, penicillinstreptomycin (10000U/ml) and 10% 

FBS) was added causing tissue digestion; then centrifugation performed at 160 g 

for 1 min. After repeating washing step, IMCD cells were located on the flat cell-

culturing dish (control) and fibronectin coated (5µg/ml for 1 h) PDMS device 

(kidney chip). The PDMS well was filled with medium and the chip was floated 
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on the medium filled petridish (30mm).  

IMCD cell were culture in hypertonic culture medium for 4 days at incubator (at 

37°C, humidified 5% CO2). The cells did not penetrate the border between the 

channel and the membrane and were grown confluently after 4 days; then, cells 

were exposed to a fluid shear stress of 1 dyne/cm
2
 was applied with hypertonic 

flow medium (DMEM/F-12, with 1% FBS, 640mOsm/kgH2O) using a syringe 

pump (KD scientific, Holliston, MA) for 6 h at 37°C. This flow rate was 

calculated using the following equation: τ=6µQ/bh
2
, where µ is the medium 

viscosity (gm/cm/s), Q is the volumetric flow rate (cm
3
/s), b is the channel width, 

and h is the channel height. Each set of experiments was repeated five times. 

 

2.3 Immunofluorescence microscopy 

After flow experiments, IMCD cell-attached membrane substrate was 

selectively collected from the MMD and the cells were quickly washed with PBS. 

Then, they were fixed with paraformaldehyde solution (3.7% in PBS) for 15min 

and incubated with blocking and permeabilization solution (1% BSA and 0.3% 

Triton-X 100 in PBS) for 15min. The cells were then stained with the following 

antibodies: TRITC-phalloidin (1:200 in PBS) for filamentous actins (F-actin), 

anti-aquaporin 2 (1:100 in PBS) and anti-Na-K-pump (1:500 in PBS), washed 

with PBS three times, and incubated with fluorescein- conjugated secondary 

antibody for 1 h at room temperature. As the last step, the cells were covered with 
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mounting medium containing antifade reagent. 

 

2.4 Live/dead imaging and cell viability assay 

After 5 h of fluidic shear stress, various sizes and concentrations of IOMNPs 

were treated to the inner tubular fluid (IF) region for an hour. Before the oxidative 

stress condition, cell nuclei were labeled with 10µM Hoechst for 30 min, the live 

dead cell count was determined by a cytotoxicity assay kit and examined using an 

inverted fluorescence microscope (OLYMPUS IX71, Olympus Optical Co. Ltd., 

Tokyo, Japan). Cells were incubated with Eth-1 for 20 min to detect dead cells 

and calcein-AM (2nM, green fluorescence) was applied to check live cells. 

 

2.5 Toxicity assessment 

The measurement of reactive oxygen species (ROS) level was pursued by 

diffusing the cell permeable fluorogenic probe 2’,7’-dichlorodihydrofluorescin 

diacetate (DCFH-DA) into IONMP applied cells. A stable and non-fluorescent 

molecule, DCFH-DA was hydrolyzed in presence of cellular esterases to non-

fluorescent 2’,7’- Dichlorodihydrofluorescin(DCFH). Then when ROS level 

increases, DCFH reacts with ROS and transforms into highly fluorescent 

compound 2’,7’- Dichlorodihydrofluorescin (DCF). 

Confluent layer of IMCD cells grown in kidney chip were incubated for 15 min 

with 20µM of DCF-DA. Cells were carefully washed with PBS and treated with 
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different sizes and concentrations of IOMNP particles for an hour. After 

nanoparticle exposures, cells were lysed by lysate then, ROS levels were 

determined by entering collected supernatants into fluorimeter that has excitation 

wavelength of 480nm and emission wavelength of 520nm.  Data from at least 5 

independent triplicates were reported as fluorescence intensity percentage and 

expressed as mean fluorescence ratio.  

 

2.6 Transmission Electron Microscopy (TEM) 

Confluent layer of cells cultured on-chip were exposed to various sized (3nm, 

12nm, 30nm) IOMNPs for an hour, washed with PBS and fixed by 2.5% 

glutaraldehyde in 0.1M dosiumcacodylate buffer at 4 degree for 2 h and post-fixed 

with osmium teraoxide (pH 7.4). After dehydration in ascending grades of ethanol, 

cells were subsequently embedded in epoxy resin. Ultrafine sections (70nm) were 

performed using an ultramicrotome before observation using a Hitachi H7650 

electron microscope. The chemical nature of IOMNP observed in the cells was 

confirmed by energy dispersive x-ray spectrometer (EDS) to measure the 

wavelength emitted during X spectrum coupled to TEM (JEOL 2000FX). 
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3. Results and Discussion 

 

3.1 Mimicking the renal tubule microenvironment on-chip 

To examine IOMNP toxicity in vitro, we used a multilayer microfluidic device 

(MMD) made of PDMS, a transparent silicon elastomer.
27,28

 Primary cultured rat 

IMCD cells were cultured on ECM coated thin, porous membrane that separates 

upper channel and bottom well (Fig. 3A). The top PDMS channel provided a 

luminal area and the bottom PDMS channel provided an interstitial area. The cells 

were grown confluently after four days and penetration through the border 

between the channel and the membrane was not observed. Once confluent 

monolayer of IMCD is formed inside the MMD, fluidic shear stress of 1dyne/cm
2
 

was applied to IMCD for 6 h to produce complete kidney tubule-on-a-chip. The 

primary cultured rat IMCD cells were also seeded in the separate MMD same 

density and cultured in the absence of flow as a control. 
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Figure3. Schematic illustration of fabrication and operation of kidney tubule-

on-chip.  Microfluidic device is fabricated by sandwiching polyester 

membrane with PDMS channel and PDMS reservoir through plasma 

treatment and placed in culture medium filled culture dish. Cellular 

rearrangement of actin filaments and AQP2 and Na-K pump in microfluidic 

device were observed depending on application of fluidic shear stress of 

1dyn/cm
2
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Immunoflourescence microscopic analysis of the IMCD cells after four days of 

IMCD culture revealed that exposure of FSS stimulated massive actin 

depolymerization and AQP2 pump and Na-K pump translocation; AQP2 was 

localized at the intracellular vesicle region, while Na-K pump was localized at the 

basolateral membrane. In contrast, the IMCD cells cultured in MMD in the 

absence of FSS showed no actin depolymerization and mixed population of AQP2 

pump and Na-K pump was observed over the apical and basolateral 

membraneregions of the IMCD cells (Fig. 3B). 

It has been long known that renal transporters and water channels are localized 

in the apical and basolateral membrane of tubular epithelial cells to maintain 

homeostasis.
26,30,31

Based on the evidences, our experimental results are 

physiologically relevant; therefore, it is rational to state that we successfully 

mimic the tubule microenvironment in kidney renal tubular chip and generated in 

vivo likekidney tubular cells in vitro. 

 

3.2 IOMNP toxicity evaluation 

To examine the toxicity of IOMNP, we then applied different sizes (3 nm, 11 

nm, 30 nm) and different concentrations (10µg/ml, 100µg/ml, 1000µg/ml) of PEG 

coated IOMNP on cell culture dish cultured IMCD cells and kidney renal tubular 

chip cultured IMCD cells. IMCD cells were exposed to IOMNP for an hour steady 

state. After an hour, the nanoparticles were carefully removed and live/dead 
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imaging was proceeded to examine the cell viability.  

 

 

Figure 4.Schematic of Dish cultured IMCD cell viability under IOMNP 

induced stress condition. Live/Dead microscope image of IMCD cells in 

cultured in petridish after 3 nm, 11 nm, 30 nm sizes and 10 µg/ml, 100µg/ml, 

1000µg/ml concentrations of IOMNP exposure. Hoechst was used to label cell 

nuclei (blue) to count initial cell number and Eth-1 (red) was used to label 

dead cell after nanoparticle application for an hour. 
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When 3nm IOMNP concentration of 1000µg/ml was added to cell culture dish 

cultured IMCD cells for an hour, 26.20±1.1% of cell death was observed; when 

3nm IOMNP concentration of 100µg/ml was added to cell culture dish cultured 

IMCD cells for an hour, 3.31±2.01% of cell death was observed; when 3nm 

IOMNP concentration of 10µg/ml was added to IMCD cells for an hour, 2±0.19% 

of cell death was observed. When 11nm IOMNP concentration of 1000µg/ml was 

added to cell culture dish cultured IMCD cells for an hour, 17.17±0.06% of cell 

death was observed; when 11nm IOMNP concentration of 100µg/ml was added to 

IMCD cells, 1.80±0.002% of cell death was observed; when 11nm IOMNP 

concentration of 10ug/ml was added to IMCD cells, 1.1±0.001 % of cell death 

was observed. When 30nm IOMNP concentration of 1000µg/ml was added to cell 

culture dish cultured IMCD cells cultured dish for an hour, 1.57±0.12% of cell 

death was observed; when concentrations of 100µg/ml and 10µg/ml were added to 

separate IMCD cells cultured dish for an hour, 1±0.1% of cell death was observed 

(Fig. 4).  



 16 

 

Figure 5. Fluidic shear stress of 1 dyne/cm
2
 induced cytotoxicity 

Then, kidney renal tubular chip cultured IMCD cells, which were polarized 

and depolymerized by fluidic shear stress inside the channel,were also exposed to 

different sizes(3 nm, 11 nm, 30 nm) and concentrations(10µg/ml, 100µg/ml, 

1000µg/ml) of IOMNP for an hour steady state. After an hour, the nanoparticles 

were carefully removed and live/dead imaging was preceded to examine the cell 

viability.   

Kidney renal tubular chip cultured IMCD cells showed a negligible percent of 

IMCD cell death after fluidic shear stress application for 6 h; less than 0.03% of 

cell death was observed (Fig.5).When 3nm IOMNP concentration of 1000µg/ml 

was added to kidney renal tubular chip cultured and differentiated IMCD cells for 

an hour, 30.70±3.7% of cell death was observed; when 3nm IOMNP 

concentration of 100 µg/ml was added to kidney renal tubular chip cultured and 

differentiated IMCD cells for an hour, 10.50±2.21% of cell death was observed; 

when 3nm IOMNP concentration of 10 µg/ml was added to kidney renal tubular 
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chip cultured and differentiated IMCD cells for an hour, 6.00±4.5% of cell death 

was observed. When 11nm IOMNP concentration of 1000 µg/ml was added to 

kidney renal tubular chip cultured and differentiated IMCD cells for an hour, 

20.12±2.2% of cell death was observed; when 11nm IOMNP concentration of 100 

µg/ml was added to kidney renal tubular chip cultured and differentiated IMCD 

cells cultured dish for an hour, 6.88±2.6% of cell death was observed; when 11nm 

IOMNP concentration of 10 µg/ml was added to kidney renal tubular chip 

cultured and differentiated IMCD cells for an hour, 3.00±2.48 % of cell death was 

observed. When 30nm IOMNP concentration of 1000 µg/ml was added to kidney 

renal tubular chip cultured and differentiated IMCD cells cultured dish for an hour, 

2.02±0.74% of cell death was observed; when concentrations of 100 µg/ml and 10 

µg/ml were added separately tokidney renal tubular chip cultured IMCD cells, 

1.00±0.7 % of cell death was observed(Fig. 6). 

In sum, in both cases, kidney renal tubular chip cultured and cell culture dish 

cultured IMCD models, size dependent and concentration dependent cytotoxicity 

of IOMNP was discovered. So we carefully predicted the natural toxictraitthat 

IOMNP attain. 
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Figure 6. Schematic of microfluidic device cultured IMCD cell viability 

under IOMNP Induced Stress Condition.Live/Dead microscope images of 

IMCD cells in microfluidic device after 6hrs of fluidic shear stress 

application following an hour of 3 nm, 11 nm, 30 nm sizes and 10µg/ml, 

100µg/ml, 1000µg/ml concentrations of IOMNP exposure. Hoechst was used 

to label cell nuclei (blue) to count the initial cell number and Eth-1 (red) was 

used to label dead cells after nanoparticle application. 
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In addition to that, interestingly enough, notable differences in cell viability 

were observed between kidney renal tubular chip cultured IMCD cells and cell 

culture dish cultured IMCD cells in application of same concentrations and sizes 

of IOMNP; compare to the IMCD cells in peridish cultured model, the cells 

cultured in kidney renal tubular chip system demonstrated higher mortality rate in 

IOMNP application (Fig.7). 

 

Figure 7.Cell viability under 1000 µg/ml IOMNP application in kidney chip 

culture and petridish culture.Values were the mean±SD from five 

independent experiments. The significance indicated by: *, p<0.05 versus 

control cells. 
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We cautiously suspect that this difference could be resulted by the actin 

depolymerization induced by fluidic shear stress (Fig. 3B).Actin filaments, 

twisted chains of identical globular actin monomers, which constantly assemble 

and disassemble responding to environmental signaling molecules, function in cell 

movements such as crawling and protruding and in shape governments. Among 

several types of cytoskeletons (actin filaments, microtubules and intermediate 

filaments) reside in a cell, actin filaments position closely at apical region of cell 

membrane.
32

Therefore, we predict that when cells is in polymerized state, actin 

filaments might be acting as a massive barrier to nanoparticles entrance into inner 

space and protect cellular organelles leading lower mortality rate; on the other 

hand, when cells is in depolymerized state, actin filaments might not be able to 

shield the inner space cellular organelles from nanoparticles causing more damage 

leading higher cellular mortality rate. 

 

3.3 Oxidative stress measurement of IOMNP 

Free radicals and other reactive oxygen species (ROS) are natural byproduct of 

normal cellular metabolism, and, it is constantly generated in vivo. However, 

during time of environmental stress, cell experiences dramatic increase of ROS 

levels; this increased level of ROS is known to causes damage and injury to 

cellular structures and biomolecules.  
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Figure 8.Quantitative analysis of nanoparticle induced reactive oxygen 

species (ROS) production after 1hr of 10 µg/ml, or 1000 µg/ml of 3 nm, 11nm, 

and 30nm IOMNP exposure. Values were the mean±SD from five 

independent experiments. The significance indicated by: *, p<0.05 versus 

control cells 

 

To make a precise and quantitative measurement of cellular stress in time of 

IOMNP applications, we measured ROS level by diffusing the cell permeable 

fluorogenic probe 2’,7’-Dichlorodihydrofluorescin diacetate (DCFH-DA) into cell. 

When 1000 µg/ml of 3nm IOMNP was applied to channel cultured IMCD cells, 

the average fluorescence intensity was 0.187; when same concentration of 11 nm 

IOMNP was applied, the average fluorescence intensity was 0.1108; in case of 
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30nm IOMNP application, the average fluorescence intensity was 0.0852. When 

10µg/ml of 3nm IOMNP was applied to channel cultured IMCD cells, the average 

fluorescence intensity was 0.0474; when same concentration of 11 nm IOMNP 

was applied, the average fluorescence intensity was 0.023; in case of 30nm 

IOMNP application, the average fluorescence intensity was 0.0144 (Fig 8).  

Again, ROS data supported that smaller sized and higher concentration of 

IOMNP is stress-inducing material that can eventually lead cellular damage, 

cellular injury and cell death. 

 

3.4 Nanoparticle penetration and size dependency 

Interestingly enough, we witnessed size dependent cell viability within kidney 

tubular chip cultured IMCD cells. The smaller IOMNPs application, the more 

dramatic cell mortality was examined. To investigate the reason of the particle 

size dependent cytotoxicity differences, transmission electron microscope (TEM) 

was exploited and nanoparticle destination in cytoplasm was searched.  
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Figure 9.Transmission Electron Microscopy (TEM) observation of the 

cellular nanoparticles uptake. Size dependent IOMNP uptake on and 

subcellular localization of NPs were observed using TEM. 

As shown in Figure 9, IOMNP sized 11nm was observed in cytoplasm but 

IOMNP sized 30nm was not observed in cytoplasm.It is well known that 

interactions with the cell surfaces and nanoparticles provide opportunity for 

passage across the plasma membrane via various mechanisms. There are six major 

pathways of entry into the cell intereior: phagocytosis, clathrin-mediated 

endocytosis, caveolae-mediated endocytosis, non-specific endocytosis, 

macropinocytosis and passive diffusion across the membrane.
17

It is unclear that 

which pathways lead the smaller sized IOMNP into the cellular inner space. 

However, unlike larger sized IOMNP (30 nm),smaller sized IOMNP (11 nm) was 

examined inside the cell, and knowing that IOMNP attain natural toxicity (via our 

experimental data), theses interactions and mechanisms might act as a host of 

potentially toxic reactions within the cell.  
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4. Conclusion 

 

Engineer’s interest to develop a safe and effective MRI contrast agent shifted 

from Gd- based MRI contrast agent to IOMNP. Because iron is rich in blood and 

stored as ferritin in the body, IOMNP have considered biocompatible and 

nontoxic. However, in this study, via our on-chip system, in vivo like 

microenvironment was materialized and natural toxicity of IOMNP to kidney 

epithelial cells was examined. Live/Dead imaging and ROS test data exposed 

natural toxicity of IOMNP and size and concentration dependent toxicity of 

IOMNP was also depicted.  

Organ-on-chips have been created with advanced microfabrication techniques 

aiming substitute costly and time consuming animal testing and have enabled 

study of physiology in an organ specific context. It is meaningful in that we 

applied this organ chip platform, which has been proven as a useful predictive in 

vitro model for renal physiology and kidney disease study in IOMNP toxicity 

study. Since the operative and more realistic platform has provided, we anticipate 

this organ on chip model could be used in many studies to enhance our 

fundamental understanding of complicated biological systems and to allow 

accurate, and clinically relevant testing of drugs, chemicals and environment 

toxins. 
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초 록 
 

신장세뇨관칩을 이용한 산화철나노입자의 독성연구 

하미진 

협동과정바이오엔지니어링 

서울대학교 대학원 

 

 

피속의 대사산물과 미네랄을 여과하여 물과 함께 체외로 배출하고 

체액의 균형을 유지해 주는 주요기관인 신장은, 높은 혈액공급과 

독성물질의 농축의 특성으로 인하여 생체 이물에 특히 민감한 것으로 

알려져 왔다. 그럼에도 불구하고 나노입자가 신장에 미치는 영향에 

관한 연구는 폐나 간과 같은 다른 장기들에미치는 영향에 비하여 

연구가 거의 이루어지지 않았다. 본 연구진은 최근체내의 신장의 

세뇨관을 체외에서 재구성한 신장세뇨관칩을 개발한바 있다. 이렇게 

만들어진 신장세뇨관칩은 세포 골격 재배열과 같은 장기수준의 생리적 

기능을 재현했을 뿐 아니라, 잘 알려진 약품의 인체 적용 시 미치는 

영향을 효과적으로 예상함으로써 동물실험을 대체할 수 있는 

툴(tool)로써 인정받아 왔다. 본 연구에서는 이러한 신장세뇨관칩을 

이용하여 기존에 활발히 사용 중인 가돌리늄나노입자 기반의 

MRI 조형제를 대체할 새로운 MRI 조형제로 각광받고 있는 
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다양한크기(3nm, 11nm, 30nm)의 산화철나노입자가 신장에 미치는 

영향과 산화철나노입자로 인한 나노독성을 알아보았다.나노입자의 

크기와 농도에 따라 신장세포에 끼치는 독성의 정도를 알아보는 

실험에서, 입자의 크기가 작을수록, 농도가 짙을수록 신장세포가 

분비하는 ROS 의 양이 증가하고, 생존율이 현저하게 감소함을 

확인하였다. 

 

 

주 요 어: 산화철(IOMNP),나노입자, 세뇨관칩,MRI 조형제, 나노독성 
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