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Abstract

The majority of high-content imaging (HCI) assays have been performed on two-dimensional (2D) 

cell monolayers for its convenience and throughput. However, 2D-cultured cell models often do 

not represent the in vivo characteristics accurately and therefore reduce the predictability of drug 

toxicity/efficacy in vivo. Recently, three-dimensional (3D) cell-based HCI assays have been 

demonstrated to improve predictability, but its use is limited due to difficulty in maneuverability 

and low throughput in cell imaging. To alleviate these issues, we have developed miniaturized 3D 

cell culture on a micropillar/microwell chip and demonstrated high-throughput HCI assays for 

mechanistic toxicity. Briefly, Hep3B human hepatoma cell line was encapsulated in a mixture of 

alginate and fibrin gel on the micropillar chip, cultured in 3D, and exposed to six model 

compounds in the microwell chip for rapidly assessing mechanistic hepatotoxicity. Several toxicity 

parameters, including DNA damage, mitochondrial impairment, intracellular glutathione level, and 

cell membrane integrity were measured on the chip, and the IC50 values of the compounds at 

different readouts were determined to investigate the mechanism of toxicity. Overall, the Z’ factors 

were between 0.6 – 0.8 for the HCI assays, and the coefficient of variation (CV) were below 20%. 

These results indicate high robustness and reproducibility of the HCI assays established on the 

miniaturized 3D cell culture chip. In addition, it was possible to determine the predominant 

mechanism of toxicity using the 3D HCI assays. Therefore, our miniaturized 3D cell culture 

coupled with HCI assays has great potential for high-throughput screening (HTS) of compounds 

and mechanistic toxicity profiling.
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1. Introduction

Current drug development has become an expensive business with costs around $2.6 billion 

per FDA-approved drug and development time nearly 10–12 years. The cost of drug 

development has increased tremendously over the past 20 years with the approval rate of 

new drugs rapidly declining (Paul et al., 2010). With the current attrition rate standing at 

90% for new molecular entities, decreasing the high attrition rate is a major challenge for 

pharmaceutical industries. Toxicity is one of the leading causes for attrition of lead 

candidates in drug discovery processes. Lack of highly predictive in vitro toxicity assay 

platforms in an early preclinical drug discovery stage has been attributed to the high failure 

of lead compounds in animals and humans (Astashkina et al., 2012). To overcome this issue, 

multi-parametric mechanistic toxicity assays, also known as high-content imaging (HCI) 

assays, have been implemented in vitro to weed out potentially toxic compounds in vivo. Its 

capability to analyze multiple endpoints such as target specific signals (e.g., mitochondrial 

impairment, DNA damage, glutathione level, oxidative stress, calcium homeostasis, 

apoptosis/necrosis, etc.) as well as morphological changes in nuclear structure and organelle 

structure along with various reporter signal has enhanced our understanding of the 

mechanism of action of drug candidates. Thus, HCI assays have become an important tool in 

drug discovery process in pharmaceutical industry (Vliet et al., 2014). Nonetheless, the 

majority of HCI assays have been still carried out on two-dimensional (2D) cell monolayer 

culture for their low cost, high throughput, and convenience, despite of the enormous reports 

on the lack of morphological, physiological, protein/gene expression, and metabolic 

properties along with limited cell-cell and cell-extracellular matrix (ECM) interactions as 

compared to their 3D counterparts (Alépée et al., 2014; Breslin and O’Driscoll, 2013; 

Haycock, 2011; Justice et al., 2009; Lee et al., 2013; Page et al., 2013; Pampaloni et al., 

2007).

Due to the limitations of 2D cell culture in terms of mimicking in vivo phenotypic and 

genotypic characteristics, the HCI assays in 2D cell models do not provide the information 

of complex biological mechanism inside the human body and limit the predictability of drug 

toxicity/efficacy in vivo (Page et al., 2013). As an alternative approach, 3D cell cultures 

including spheroid cultures in hanging droplet plates and non-adherent well plates have been 

demonstrated to maintain physiological relevance in terms of cell growth, proliferation, 

migration, and differentiation along with biological cues from ECMs in response to external 

stimuli (Astashkina and Grainger, 2014; Booij et al., 2016; Page et al., 2013). For example, 

various literatures have reported the maintenance of long-term liver-specific function and 

high predictivity towards drug-induced hepatotoxicity with 3D cell models (Gunness et al., 

2013; Mueller et al., 2014; Takayama et al., 2013). Therefore, performing HCI assays on 3D 

cell cultures (3D HCI) help to analyze the morphological and functional features of human 

tissues and enable the understanding of mechanisms of potential toxicity of drug candidates 

and adverse drug reactions in vivo (Justice et al., 2009). Although 3D HCI is a highly useful 

tool for identifying and evaluating mechanistic drug toxicity and safety in humans, only 

limited HCI assays have been implemented in 3D cells due to difficulty in cell culture 

maneuverability and low throughput in cell imaging. Recently, 3D cell culture models in 

conjunction with HCI assays have been used for evaluating the efficacy of anticancer drugs 
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and observing morphological changes in tumor spheroids. The examples of 3D cell models 

include liquid overlay in 96-well (Celli et al., 2014; Reid et al., 2014) and 384-well plates 

(Wenzel et al., 2014), hanging droplet plate culture (Cavnar et al., 2014; Horman et al., 

2013; Hsiao et al., 2012), and cell encapsulation in hydrogels (Di et al., 2014; Sirenko et al., 

2016).

High throughput in 3D cell culture and imaging is of paramount importance when it comes 

to implementing 3D HCI in large-scale compound screening. Conventional 3D cell culture 

platforms face several technical challenges due to low throughput in imaging 3D cells in 

XYZ directions and difficulty in dispensing relatively large volumes of cells in viscous 

hydrogel solutions and changing growth media periodically without disturbing spheroids. In 

particular, acquisition of images from 3D cells on hydrogel scaffold poses a big challenge as 

the cells are not grown in a single focal plane. Although confocal microscopy is widely used 

in imaging 3D cells and tissues due to its superior ability to acquire high resolution images 

in different optical sections (Lang et al., 2006), its 3D HCI application for large-scale 

compound screening is still limited due to low throughput by slow point scanning, potential 

photobleaching, and phototoxicity (Jahr et al., 2015; Scherf and Huisken, 2015). Light-sheet 

microscopy has recently been reported in HCI as a promising imaging technology capable of 

imaging 3D samples in high throughput without damaging the cell samples. In spite of its 

high performance, implementing this technology requires complete changes in experimental 

methods being used, and the commercial systems are still not fully accessible (Reynaud et 

al., 2015). In addition to the throughput and imaging issues, relatively large assay volumes 

required in conventional 3D cell culture systems and the cost of expensive reagents limit the 

widespread use of 3D HCI (Montanez-Sauri et al., 2015). To address these issues, we have 

developed miniaturized 3D cell cultures on a micropillar/microwell chip platform and 

demonstrated HCI capability for mechanistic toxicity studies in 3D-cultured hepatic cells in 

the present study. The miniaturization of 3D cell culture allowed the whole sample depth to 

fit within the focus depth of a normal objective due to its small dimension (e.g., typical cell 

spots are 700 μm in diameter and 100 μm in height) and thus, allowed the use of an 

automated wide-field fluorescent microscope. In addition, the miniaturization of 3D cell 

culture allowed for high control of microenvironmental cues, enabling more reproducible 

outcomes (Håkanson et al., 2014; Montanez-Sauri et al., 2015). Furthermore, it reduced 

reagent consumption, easily facilitated combinatorial approaches, and minimized the use of 

valuable materials, such as patient-derived cells.

2. Materials & Methods

2.1. Materials

Hep3B human hepatoma cell line was obtained from ATCC (Manassas, VA). RPMI-1640 

and model compounds, including acetaminophen, lovastatin, rotenone, tamoxifen, 

menadione, and sodium citrate, were purchased from Sigma Aldrich (St. Louis, MO). 

Coating materials including poly(maleic anhydride alt-1-octadecene) (PMA-OD), 0.01% 

poly-L-lysine (PLL), and barium chloride (BaCl2) were also purchased from Sigma Aldrich. 

Fluorescent probes, including calcein AM, tetramethyl rhodamine methyl ester (TMRM), 

Hoechst 33342, and monochlorobimane (mBCl), were purchased from Thermo Fisher 
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Scientific (Waltham, MA). Fetal bovine serum (FBS) was purchased from Corning 

(Tewksbury, MA).

2.2. Hep3B cell culture and preparation of cell suspension

Hep3B cells between passage number 10 - 15 were grown in RPMI-1640 medium 

supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 0.1% 

gentamicin in T-75 cell culture flasks at 37°C in a 5% CO2 incubator (Thermo Fisher 

Scientific). Once the cells reached 80 – 90% confluency, they were detached using 1 mL of 

0.05% trypsin with 0.53 mM EDTA and suspended in 5 mL of RPMI with 10% FBS. The 

cell suspension was centrifuged at 1200 rpm (200 g) for 4 min, and the supernatant was 

removed. The cell pellets were then re-suspended in RPMI with 10% FBS to a final 

concentration of 6 x 106 cells/mL. After preparing the cell suspension, 1 million cells were 

seeded in 15 mL of the growth medium in a new T-75 flask.

2.3. Selection of model compounds

To demonstrate mechanistic hepatotoxicity by compounds on 3D-cultured Hep3B cells on a 

micropillar/microwell chip platform, six model compounds that have a wide range of 

toxicity mechanisms were selected. Acetaminophen, lovastatin, rotenone, tamoxifen, 

menadione, and sodium citrate were used, among which sodium citrate was used as a 

negative control (Table 1).

2.4. Three-dimensional (3D) bioprinting with a microarray spotter

For robust cell spot attachment and miniaturized 3D cell culture on the microarray chip 

platform, micropillar chips were coated with 0.01% PMA-OD followed by spotting 60 nL 

volume of a mixture of 0.003% PLL and 16.66 mM BaCl2 onto the micropillar chips using a 

microarray spotter (S+ microarrayer from Samsung Electro-Mechanic Co. or SEMCO). 

Hep3B cell suspension was mixed with low-viscosity 3% (w/v) alginate and 100 mg/mL 

fibrinogen to get a final cell concentration of 2 x 106 cells/mL in 0.75% (w/v) alginate and 

25 mg/mL fibrinogen. Hep3B cells suspended in the mixture of alginate and fibrinogen was 

then printed on top of dried PLL-BaCl2 spots for cell encapsulation and spot attachment 

while maintaining the slide deck at 7°C for minimizing water evaporation. After leaving the 

chips on the slide deck for 2 min for gelation, the micropillar chips with cell spots were 

sandwiched (or stamped) with the microwell chips containing 950 nL of RPMI-1640 

supplemented with 10% FBS, 1% penicillin/streptomycin, 0.1% gentamicin, and 10 NIH 

units/mL thrombin (i.e., complete RPMI media with thrombin) (Fig. 1). The stamped 

micropillar/microwell chips were stored in a humidified petri dish and incubated at 37°C in a 

5% CO2 incubator for two different time periods (i.e., 24 and 72 h) before drug treatment. 

The two-different pre-incubation time points were used to determine the effect of spheroid 

formation/size on compound toxicity.

2.5. Treatment of 3D-cultured Hep3B cells with model compounds

After 24 and 72 h pre-incubation of Hep3B cells, the cells were treated with the six model 

compounds for 48 h prior to cell staining for HCI assays. A powder form of the compounds 

was dissolved in DMSO except for sodium citrate dissolved in water to prepare compound 
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stock solutions. Five concentrations and one solvent-alone control (DMSO or water) were 

prepared to obtain dose response curves and calculate IC50 values. Briefly, each compound 

stock solution was 4-fold serially diluted in DMSO (or water for sodium citrate) in a 96-well 

plate to prepare five dosages. Solvent-alone control was prepared by adding 100% DMSO 

(or water for sodium citrate). The working concentrations were prepared by mixing 1.5 μL 

of compounds in DMSO with 298.5 μL of complete RPMI media in a 96-well plate to 

achieve the final concentration of DMSO less than 0.5% (v/v). The final concentration 

ranges of the compounds used were as follows: acetaminophen (8.3 – 2,125 μM), lovastatin 

(1.8 – 472 μM), rotenone (0.12 – 30 μM), tamoxifen (0.46 – 118 μM), sodium citrate (5.5 – 

1,417 μM), and menadione (0.7 – 177 μM). The dosage range of these compounds were 

selected based on their known IC50 values obtained from literatures. After preparing the 

compound plate in complete RPMI media, 950 nL of these compounds at five dosages and 

one control were printed in the microwell chips in a layout shown in Figure 2. For each 

dosage, 14 replicates of the compounds were printed. To assess compound toxicity, the 

micropillar chips pre-incubated for 24 and 72 h were sandwiched with the microwell chips 

containing compounds and then incubated for 48 h at 37°C in a 5% CO2 incubator. For the 

micropillar chips pre-incubated for 24 and 72 h, the same compound treatment and cell 

staining with fluorescent dyes were performed for direct comparison.

2.6. High-content imaging (HCI) assays on 3D-cultured Hep3B cells exposed to the 
compounds

Mechanisms of compound-induced toxicity were determined by evaluating multiple 

parameters, including mitochondrial impairment, DNA damage, intracellular glutathione 

level, and cell membrane integrity. Briefly, Hep3B cells treated with the compounds were 

stained with TMRM for the assessment of mitochondrial impairment as a function of 

mitochondrial membrane potential, Hoechst 33342 for DNA damage, mBCl for intracellular 

glutathione level, and calcein AM for cell membrane integrity. Staining solutions were 

prepared by adding the stock solution of the fluorescent dyes in a saline solution containing 

140 mM sodium chloride (NaCl) and 20 mM calcium chloride (CaCl2) and obtaining the 

desired concentrations of 0.25 μM TMRM, 40 μM Hoechst 33342, 100 μM mBCl, and 1 μM 

calcein AM. The micropillar chips were rinsed twice for 10 min each with 5 mL of the 

saline solution followed by staining with 1.5 mL of the fluorescent dye solutions for 45–60 

min. The stained micropillar chips were rinsed twice for 15 min each after staining to 

remove excess dyes from the cells and dried in the dark for at least 2 h before image 

acquisition.

2.7. Immunofluorescence assay for measuring the expression of extracellular matrices 
(ECMs)

The expression of ECMs by 3D-cultured Hep3B cells was determined by 

immunofluorescence assays. Briefly, Hep3B cells were encapsulated in the mixture of 

0.75% (w/v) alginate and 25 mg/mL fibrinogen as mentioned above and seeded in a 6-well 

plate. Complete RPMI media was added, and the cells were grown for 72 h to form 

spheroids. After 72 h incubation, Hep3B cells were fixed with 4% paraformaldehyde (PFA) 

for 10 min and a mixture of methanol and acetone (1:1, v/v) for 10 min. After fixation, the 

samples were rinsed and blocked with 3% bovine serum albumin in 1× tris-buffered saline 
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(TBS) for 1 h at room temperature. The samples were then incubated overnight with anti-

collagen I antibody, anti-fibronectin antibody for collagen 1 and fibronectin, which were 

diluted in the blocking solution at 1:200 ratio. After overnight incubation with the primary 

antibodies, Hep3B cells were rinsed with 1× TBS containing 0.1% Tween 20 (T-TBS) and 

incubated with goat anti-mouse IgG (H+L) superclonal secondary antibody Alexa fluor 

conjugate for 2 h at room temperature. The cells were then stained with 10 μg/mL 4′,6-

diamidino-2-phenylindole (DAPI) for 10 min and rinsed with T-TBS. Cell images were 

obtained immediately after rinsing with Zeiss A1 epi-fluorescence microscope (Carl Zeiss).

2.8. High-throughput image acquisition with a chip scanner

Images of individual cell spots on the micropillar chips were acquired rapidly using a chip 

scanner (S+ scanner from SEMCO, South Korea), which is an automated fluorescence 

microscope specifically designed for the micropillar/microwell chip for image acquisition. 

Fluorescent dyes excited were monitored at excitation and emission wavelengths with 

appropriate filter settings. The S+ scanner contains four filter channels for detecting 

multicolor, blue, green, and red fluorescent dyes, individually or simultaneously. A 

multiband filter set (DA/FI/TR/Cy5-A-000 from Semrock) for measuring blue, green, 

orange, and red fluorescent dyes simultaneously, a red filter (TxRed-4040C-000 from 

Semrock) for measuring deep red fluorophores, a blue filter (DAPI-5060C-000 from 

Semrock) for measuring deep blue fluorophores, a green filter (XF404 from Omega) for 

green fluorophores were used to obtain fluorescent images from the cells stained with the 

fluorescent dyes. A 4x objective lens (UPLFLN 4X, Olympus, Japan) was used to obtain the 

image of the entire spots from the micropillar chips. Exposure times for the filter channels 

(80 ms for blue filter, 50 ms for red filter, and 80 ms for green filter) were adjusted based on 

histogram to obtain optimum fluorescence intensity and prevent photobleaching of 

fluorescence. The fluorescent dyes were uniformly distributed in 3D-cultured cell spots (i.e., 

60 nL) without diffusion issues due to small dimensions.

2.9. Image processing and data analysis

Fluorescence intensity of the images obtained from the micropillar chips were quantified 

using ImageJ software (NIH), and standard dose-response curves for each compound per 

readout were plotted using image analysis software (S+ chip analysis from SEMCO, South 

Korea). A batch processing plugin was developed and used to obtain fluorescence intensity 

from the micropillar chips stained for determining various mechanisms of toxicity (Yu et al., 

2016). Briefly, the images were first corrected to eliminate background fluorescence, 

converted to a gray scale and applied a threshold to limit the intensity extraction from 

fluorescently labelled cellular regions using the ImageJ plugin. After extraction of 

fluorescence intensity from the images, S+ chip analysis was used to plot dose response 

curves and calculate IC50 values (concentration of compound that inhibits 50% of cellular 

response). Changes in fluorescence intensity from TMRM, Hoechst 33342, mBCl, and 

calcein AM were evaluated to determine mitochondrial impairment, DNA damage, 

intracellular glutathione level, and cell membrane integrity, respectively. We have focused on 

extracting various mechanistic toxicity information from cell spheroids stained with multiple 

fluorescent dyes on the chip platform unlike our precedent work on colony morphology 

analysis (Lee et al., 2014b).
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2.10. Statistical analysis

Data obtained from S+ chip analysis including IC50 values and standard deviations were 

compared to understand the effect of spheroid formation/size and the mechanisms of 

compound toxicity. Statistical difference in IC50 values was calculated with one-way 

ANOVA using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA), and p values were 

obtained for comparison. The difference was considered significant only in case of p<0.05 

with a confidence interval of 95%. Robustness and reproducibility of the assays on the chip 

platform were determined by calculating the Z’ factor and the coefficient of variation (CV).

3. Results

3.1. Spheroid formation over time on the chip platform

Hep3B cells were encapsulated in the mixture of 0.75% (w/v) alginate and 25 mg/mL 

fibrinogen and cultured on the microarray chip platform for miniaturized 3D cell culture. 

Fibrinogen was supplemented in alginate to provide better cellular microenvironments for 

spheroid formation. Fibrinogen transformed into fibrin by the addition of thrombin and 

formed a gel. Bright field images were taken every day for 5 days to monitor cell growth and 

spheroid formation (Fig. 3). The cells encapsulated in alginate-fibrin gel started to form 

compact aggregates from day 2 and continued to grow and form larger spheroids over 5 

days. As the doubling times of Hep3B cell monolayers and 3D-cultured Hep3B cells on the 

micropillar/microwell chip are ~24 h (Sagawa et al., 2008) and 28 h (Lee et al., 2016) 

respectively, we decided to use 5-day culture period in this study. Over-growth of Hep3B 

cells on the chip led to spot detachment perhaps due to the activity of matrix 

metalloproteinases (Ha et al., 2004; Mason and Joyce, 2011; Weng et al., 2012). Within 5 

days of normal Hep3B cell culture on the chip, there was no spot detachment observed. This 

result indicates that our PMA-OD and PLL surface chemistry is robust for cell spot 

attachment, 3D cell culture, and cell staining with fluorescent dyes.

The expression level of ECM components from 3D-cultured Hep3B cells were determined 

by the immunofluorescence assays in the 6-well plate. Various literatures have reported the 

presence of collagen and fibronectin as major ECM components in liver tissues (Gessner et 

al., 2013; Martinez-Hernandez and Amenta, 1993; Wells, 2008). From the 

immunofluorescence staining we found the expression of collagen I and fibronectin in 3D-

cultured Hep3B cells (Fig. 4). Unfortunately, it was difficult to measure ECM expression 

from the micropillar/microwell chip directly due to excessive spot detachment in the 

presence of surfactants such as Tween 20 used in the immunofluorescence staining. Thus, 

we decided to perform the immunofluorescence assays in the 6-well plate instead of the 

micropillar/microwell chip. Since the morphology of Hep3B cell spheroids on the 

micropillar/microwell chip and in the 6-well plate was similar, we hypothesized that 3D-

cultured Hep3B cells on the chip also express the hepatic ECMs.

3.2. Robustness of the high-content imaging (HCI) assays

Prior to testing the mechanism of action of the model compounds using the four fluorescent 

dyes, we evaluated the robustness of the HCI assays and their reproducibility by calculating 

Z’ factors and the coefficient of variation (CV). Briefly, Hep3B cells printed on the 
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micropillar chips were incubated with complete RPMI media for 24 h (Condition I) and 72 h 

(Condition II) for evaluating the effects of spheroid sizes on compound toxicity. The six 

model compounds were exposed to 24 and 72 h-incubated micropillar chips with 3D-

cultured Hep3B cells for 48 h, which was followed by the HCI assays with the four 

fluorescent dyes. There was distinctive difference in terms of spheroid sizes and their 

fluorescent signal intensities at different incubation times (Fig. 5).

The robustness of the HCI assays on the micropillar/microwell chip was measured by 

calculating Z’ factors calculated as follows:

Z′ =
(Avg.Max − 3SDMax) − (Avg.Min + 3SDMin)

Avg.Max − Avg.Min

where Avg.Max is an average of maximum fluorescence intensity from fully viable Hep3B 

cells on the chip, SDMax is a standard deviation of maximum fluorescence intensity, Avg.Min 

is an average of minimum fluorescence intensity from the dead cells affected by the highest 

dose of menadione, SDMin is a standard deviation of minimum fluorescence intensity. The 

calculated Z’ factors from menadione were between 0.61 – 0.80 (Table 2). The Z’ factor 

between 0.5 – 1 is considered highly robust for an assay. Thus, it indicates that the HCI 

assays on the chip platform is robust and suitable for accurately identifying the mechanisms 

of compound toxicity.

The CV is defined as the ratio of the standard deviation (SD) to the average (Avg.).

CV = SD
Avg. × 100

The HCI assay data obtained from 3D-cultured Hep3B cells on the chip platform exposed to 

no compound was used to calculate CV values of cell printing and assess day-to-day 

variability (Table 2 and Fig. 6). The result indicates that the experimental errors are below 

20%, thus excellent and acceptable. The overall CV values obtained from different days for 

the calcein AM assay was 13.03%, which indicates high reproducibility of the HCI assay 

performed on chip platform.

With 24 h and 72 h-incubated micropillar chips, dose response experiments were performed 

with the model compounds and IC50 values were calculated from the dose-response curves 

obtained (Figs. 7, 8). Briefly, fluorescence intensity from cell images was quantified using 

the ImageJ plugin, and then the intensity vs. compound concentrations graphs (dose-

response curves) were plotted to determine IC50 values (Fig. 7). The response of single 

concentration of a compound was calculated from 14 replicates on one chip, and three 

replicates of the micropillar chips were used to demonstrate the robustness and 

reproducibility of each HCI assay.
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3.3. Mechanisms of compound toxicity and the effect of spheroid sizes

The IC50 values of all six compounds obtained from the four HCI assays were compared at 

24 h (I) and 72 h (II) pre-incubation conditions to evaluate the effect of spheroid sizes on the 

mechanisms of action of the model compounds (Table 3). The numbers in the table represent 

IC50 values in μM along with standard deviation across three micropillar chips. The variance 

of IC50 values with changes in time of pre-incubation and mechanism of toxicity were 

observed, and statistical analysis were performed to compare the significance (Figs. 9, 10). 

These values were further compared with rat oral LD50 values, IC50 data from 2D-cultured 

Hep3B cell monolayers in 96-well plate, and literature review to analyze cellular responses 

of the model compounds in vitro and in vivo. For example, lovastatin showed slight increase 

in IC50 values with increase in spheroid sizes resulting from 72 h pre-incubation as 

compared to those from 24 h pre-incubation for the four HCI assays. However, the 

difference in IC50 was insignificant (p > 0.5) among the assays evaluated. Rotenone showed 

statistically significant increase in IC50 only for DNA impairment (p < 0.5) whereas there 

was no difference observed among the other three assays for the two pre-incubation 

conditions. Menadione showed significant increase in IC50 values with increase in spheroid 

sizes for both mitochondrial impairment with TMRM staining and intracellular glutathione 

level with mBCl staining whereas there was no difference in IC50 for the other two assays 

(Fig. 9). Tamoxifen showed no significant difference in IC50 for intracellular glutathione 

level and DNA damage, while showing decrease in IC50 for cell membrane integrity with 

calcein AM and mitochondrial impairment with TMRM. Acetaminophen was nontoxic for 

all conditions tested due to lack of drug metabolizing enzymes (DMEs) in Hep3B cells. In 

addition, sodium citrate, the negative control compound, was also nontoxic as expected.

3.4. Determination of the main mechanism of compound toxicity

Among the four mechanisms of compound toxicity, we determined the main mechanisms at 

the two pre-incubation time periods by comparing the IC50 values statistically. One-way 

ANOVA analysis was performed to evaluate statistically significant difference in IC50 values 

obtained from the four HCI assays. The IC50 values obtained from calcein AM staining (i.e., 

cell membrane integrity assay) were used as a control, and the other IC50 values from the 

three remaining assays were compared. Statistically significant difference in IC50 values 

were observed from rotenone and tamoxifen whereas IC50 values from lovastatin and 

menadione showed insignificant difference when compared among the four assays. For 

rotenone, mitochondrial impairment was shown to be the main mechanism of toxicity with p 

< 0.05 whereas mitochondrial impairment and cell membrane integrity were the main 

mechanisms of tamoxifen toxicity with p<0.01 (Fig. 10).

4. Discussion

The main goal of the present work was to establish HCI assays on 3D-cultured human cells 

on the micropillar/microwell chip platform for high-throughput compound screening and 

predictive assessment of toxicity and efficacy. There is an urgent demand in pharmaceutical 

industries to develop a highly predictive in vitro cell-based assay platform for early stage 

detection of mechanistic toxicity of lead candidates. The miniaturized 3D cell culture chip 

platform developed in this study was robust and high throughput for mechanistic compound 
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toxicity screening. On the micropillar/microwell chip platform, 532 individual spheroid 

spots can be cultured rapidly, exposed to multiple compounds at several dosages, and then 

stained with fluorescent dyes to investigate mechanistic toxicity of compounds. Due to its 

small dimension, the miniaturized 3D cell cultures on the chip platform allow the whole 

sample depth to fit within the focus depth of a normal objective as compared to conventional 

3D cell culture platforms such as 96-well plates. In addition, accurate control over cellular 

microenvironments can be achieved on the chip, which enabled highly reproducible 

outcomes. The micropillar/microwell chip platform has been implemented for several 

applications with different cell lines, including metabolism-induced compound toxicity 

screening with THLE-2 human liver cell lines (Kwon et al., 2014), high-throughput 

screening of anticancer drug efficacy with U251 brain cancer cell lines (Lee et al., 2014a), 

evaluation of ajoene toxicity with Hep3B human hepatoma cell lines (Lee et al., 2014c), and 

screening of neurotoxic compounds with ReNcell VM human neural progenitor cell lines 

(Nierode et al., 2016). Nonetheless, this is the first demonstration of high-throughput, HCI 

capability on the micropillar/microwell chip platform with 3D-cultured cells for mechanistic 

study of compound-induced toxicity. Compound-induced toxicity may occur via several 

mechanisms, including but not limited to mitochondrial impairment, DNA damage, 

apoptosis/necrosis, and oxidative stress. These mechanisms may be interrelated so that 

induction of one mechanism can trigger induction of other mechanisms. For example, the 

formation of reactive oxygen species (ROS) due to drug metabolism in hepatic cells can lead 

to decrease in antioxidant levels, lowering the glutathione concentration within the cells 

(Park et al., 2005). Depletion of the glutathione level further increases the accumulation of 

ROS, which can damage lipid bilayers, proteins, DNAs, and mitochondrial membranes, and 

can alter calcium homeostasis, ultimately resulting in necrosis/apoptosis (Tolosa et al., 

2012). In this study, TMRM, Hoechst 33342, mBCl, and calcein AM have been selected to 

assess mitochondrial impairment via measuring changes in mitochondrial membrane 

potential, DNA damage, decrease in intracellular glutathione levels, and cell membrane 

integrity which will be lost with the onset of necrosis.

The importance of 3D cell culture models in the assessment of mechanisms underlying 

diseases and mechanisms of action of drugs has been highlighted by several literatures 

(Booij et al., 2016; Godoy et al., 2013; McCracken et al., 2014; Mueller et al., 2014; 

Schwartz et al., 2015; Shelper et al., 2016) The ability of 3D cell models to mimic cancer 

tissue microenvironments, improved cell-to-cell and cell-to ECM interactions are unmatched 

by conventional 2D culture models with their spatial limitations (Baker and Chen, 2012; 

Booij et al., 2016; Justice et al., 2009; Nyga et al., 2011; Shelper et al., 2016). It is important 

to understand the properties and functions of ECM components for better 3D cell culture. In 

response to the previous discovery, we decided to use a combination of alginate and fibrin 

for cell encapsulation. Alginate is biologically inert and provide structural rigidity for cell 

encapsulation but does not interact with actin from the cells while fibrin provides necessary 

ECM properties to support cell growth and spheroid formation.

The study by Kobayashi et al. demonstrated the effect of spheroid sizes on the actions of 

drugs (Kobayashi et al., 1992). Mueller et al. compared 2D and 3D culture of HepG2 human 

liver cancer cells and fully differentiated HepaRG liver cells and demonstrated the effect of 

spheroid formation on drug toxicity (Mueller et al., 2014). In general, bigger spheroids 
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provided protective environments to the cells, thereby reducing the toxic effect of drugs. We 

observed a similar trend on our chip platform. We studied the effect of spheroid sizes on 

compound-induced toxicity using the two pre-incubation conditions such that Hep3B cells 

could grow an extended period of time for bigger spheroid formation. Overall, IC50 values 

obtained from 72 h pre-incubation were higher than those obtained from 24 h pre-

incubation, indicating that bigger spheroids are more protective against the model 

compounds tested. In particular, statistically significant difference in IC50 values (p<0.05) 

was observed for menadione and rotenone by spheroid sizes. It has been known that 

multicellular spheroids express cell adhesion molecules like e-cadherin and CD44 which 

play important role in cell survival (LI et al., 2008). Moreover, cells in 3D culture has been 

shown to express various ECM proteins which are known for providing environment-

mediated drug resistance (EMDR) in tumors (Meads et al., 2009; Kang et al., 2016).

Surprisingly, difference in IC50 values from the other compounds were minimal. This could 

be presumably because the formation of bigger spheroid size in the small cell spots may not 

contribute to the diffusion issues and drug binding to ECM components, apart from drug 

resistance issues from transporter overexpression (Kovalev et al., 2013; Xia and Smith, 

2012; Xiong et al., 2015).

As a control for the four HCI assays performed on 3D-cultured Hep3B cells, a PrestoBlue® 

cell viability assay was used for 2D-cultured Hep3B cells in a 96-well plate. The 

PrestoBlue® assay is an absorbance or fluorescence assay measuring biotransformation of 

cell permeable resazurin to resorufin by reducing agents (e.g., NADH) in living cells. The 

PrestoBlue® assay allowed to avoid growth media removal and cell detachment and obtain 

accurate dose-response data from metabolically active cells (Xu et al., 2015). Given the 

different mechanism of readouts and difference in cell culture, the values from the 

PrestoBlue® assay and the four HCI assays were significantly IC50 different, particularly for 

rotenone, menadione, and tamoxifen. The IC50 values from 3D-cultured Hep3B cells were 

several times higher in some cases, indicating again the important role of protective 

environments from spheroids, which might be a better mimic of liver tumors. In addition to 

the 2D control, rat oral LD50 values were used as another control for in vivo data. 

Interestingly, the toxicity profiles from the animal and 3D-cultured human cells were 

significantly different, particularly for lovastatin, tamoxifen, and menadione, which may 

represent the discrepancy between animals and humans in terms of toxicity and efficacy 

assessment. Moreover, the IC50 values of the model compounds obtained from the four 

assays were in line with the mechanism of toxicity mentioned in literature (Table 1).

The six model compounds were selected based on their wide range of mechanism of action 

reported in literature. Acetaminophen is a widely used medication for pain and fever and has 

been extensively studied due to its hepatotoxic side effects in the presence of DMEs (Chen 

et al., 1998). It is relatively nontoxic at low dosages but causes hepatic centrilobular necrosis 

at high dosages, resulting in liver failure and death (Hinson and Al, 2003; Botting, 2000). It 

transformed into a reactive metabolite, N-acetyl-p-benzoquinone imine (NAPQI) in the 

presence of cytochrome P450 (CYP450) isoforms and NADPH (Botting, 2000). If not 

neutralized by cellular glutathione, NAPQI can target mitochondrial proteins, which can 

cause loss of energy and result in cell death. Oxidative stress by the formation of superoxide 
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and hydrogen peroxide is another mechanism of acetaminophen-medicated toxicity (James 

et al., 2003), leading to cell death via apoptosis in the liver (Jaeschke et al., 2002). 

Acetaminophen may undergo glucuronidation and sulfation via phase II DMEs including 

UDP-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs), which can eliminate 

it through conjugate reactions (Hinson and Al, 2003; Chen et al., 1998). In this study, we 

could not observe any dose-dependent effect from acetaminophen, presumably because of 

lack of metabolism competency in Hep3B cells. Hep3B cells are known to express no major 

CYP450 isoforms (Guo et al., 2011).

Lovastatin is a lipid-lowering therapeutic drug used in the treatment of hyperlipidemia and is 

known to have anticancer properties. Multiple in vitro studies have shown that statins 

regulate cell growth, proliferation, and apoptosis via different mechanisms (Kallas-Kivi et 

al., 2016; Niknejad et al., 2014; Walther et al., 2016; Wei et al., 2007). Lovastatin is 

relatively nontoxic, but several literature has reported dose-dependent adverse effects and 

varying sensitivity of this compound based on cell types and culture conditions (Kallas-Kivi 

et al., 2016; Niknejad et al., 2014). Lovastatin is known to lower the growth rate, reduce 

intracellular calcium concentrations, and decrease mitochondrial membrane potential and 

affect cell viability (Wei et al., 2007; Walther et al., 2016). Lovastatin was significantly less 

toxic in our study as compared to other in vitro studies from literature, but it was 

significantly more toxic than the results obtained with in vivo animal studies (Table 3). This 

result might be due to lack of metabolic capability of Hep3B cells as CYP450 enzymes have 

been well known for metabolizing lovastatin (Gazzerro et al., 2012; Paoletti et al., 2002).

Rotenone is used as an insecticide and pesticide. The main mechanisms of rotenone toxicity 

observed in this study was correlated with those from the literatures, which are 

mitochondrial impairment, oxidative stress, and apoptosis (Isenberg and Klaunig, 2000; Li et 

al., 2003). The IC50 values of rotenone from the mitochondrial impairment assay and the 

intracellular glutathione level assay were particularly lower than those from the other two 

assays performed on 3D-cultured Hep3B cells on the chip. Thus, mitochondrial impairment 

and associated oxidative stress could be the main mechanisms of rotenone toxicity. 

Interestingly, mitochondrial impairment was shown to be the most sensitive assay among the 

other assays tested for rotenone, tamoxifen, and menadione. Rotenone is widely studied for 

its neurotoxic effect via mitochondrial damage and apoptosis induction (Ahmadi et al., 2003; 

Jin et al., 2007; Johnson and Bobrovskaya, 2015; Sherer et al., 2003). For example, Jin et. al. 
reported rotenone-induced mitochondrial damage in dopaminergic cells via Caspase-3 

activation (Jin et al., 2007). Rotenone is also known to be a mitochondrial complex I 

inhibitor, which affects the electron transport chain in mitochondria and causes ROS 

generation. Accumulation of ROS inside cells decreases the glutathione level resulting in 

oxidative stress and causes mitochondrial impairment thereby releasing cytochrome-c and 

inducing apoptotic cell death (Cabezas et al., 2012; Jin et al., 2007; Li et al., 2003; Moon et 

al., 2005).

Tamoxifen is an anti-estrogen drug used in the treatment of breast cancer. Hepatotoxicity is a 

commonly reported side effect of tamoxifen (Ford et al., 2016; Henderson et al., 2016; 

Khuroo et al., 2014; Lin et al., 2014; Tabassum et al., 2006; Villegas et al., 2016). In our 

study, mitochondrial impairment and disruption of cell membrane integrity were the main 
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mechanisms of tamoxifen-induced toxicity. Tamoxifen was less sensitive to the DNA 

damage assay and the intracellular glutathione level assay. According to literature, 

mitochondrial impairment is the main mechanism of tamoxifen-induced toxicity (Lee et al., 

2000; Tabassum et al., 2006; Tolosa et al., 2015, 2012). For example, Tolosa et al. used 

tamoxifen as a positive control compound for mitochondrial impairment (Tolosa et al., 

2015).

Similarly, mitochondrial impairment and glutathione depletion by oxidative stress were the 

main mechanisms of menadione toxicity, which was in line with literature. Depletion of 

intracellular glutathione (Cho et al., 1997) and mitochondrial impairment (Tolosa et al., 

2012) by menadione have been reported to be the major mechanisms of menadione-induced 

toxicity in vitro (Niemczyk et al., 2004). Menadione is a vitamin K3 supplement 

investigated widely as an oxidative stress inducer (De Assis et al., 2015) and for its efficacy 

in the treatment of cancers (Niemczyk et al., 2004; Delwar et al., 2012; Akiyoshi et al., 

2009). Its cytotoxic effect via generation of ROS has been reported in several studies (Castro 

et al., 2008; Ip et al., 2004). For example, oxidation of menadione by molecular oxygen has 

been shown to produce superoxide anions, leading to depletion of intracellular glutathione 

and then DNA damage (Fischer-Nielsen et al., 1995; Morgan et al., 1992). In addition, 

Morgan et al. and Akiyoshi et al. demonstrated menadione-induced toxicity in rat 

hepatocytes and human immortalized leukemia cell line via DNA damage, specifically 

single-stranded breaks mediated by hydroxyl radicals (Morgan et al., 1992; Akiyoshi et al., 

2009). However, in our study DNA damage was shown to be the least sensitive mechanism 

of toxicity among the four mechanisms for menadione-treated Hep3B cells as seen from the 

Hoechst 33342 staining.

Overall, our high-throughput 3D cell culture platform was suitable for HCI assays to 

generate highly predictive, mechanistic toxicity of the model compounds. However, it was 

unable to detect the toxicity of metabolism-sensitive compounds such as acetaminophen. It 

is mainly because of lack of metabolism competence from Hep3B cells which do not 

express major DMEs necessary for bioactivation of the compounds (Guo et al., 2011; Tolosa 

et al., 2012). The Hep3B cell line was selected in this study as a model cell line because of 

its human liver origin, availability, long life span, and easy maintenance. However, inability 

to express major DMEs in the hepatoma cell line compared to primary hepatocytes can 

influence the predictivity of hepatotoxicity in vivo from our chip platform (Rodríguez-

Antona et al., 2002). The results from tamoxifen, lovastatin, and menadione, all of which are 

mildly toxic or nontoxic in vivo, but highly toxic on our chip platform, may be attributed to 

lack of metabolism competence in Hep3B cells. This issue can be avoided by incorporating 

DME microarrays on the chip platform (Yu et al., 2017). Since the outcomes from this study 

were based on merely six compounds, thus a larger set of model compounds would be 

required to determine sensitivity and selectivity of the HCI assays tested.

Apart from the distinctive benefits offered by the microarray chip platforms for 3D cell 

culture and high-throughput, high-content screening, there are some limitations which needs 

to be considered when implementing the chip platform for specific applications. One of 

major challenges lies in maintaining robust spot attachment for long-term cell culture. 

Hydrogel spots tend to degrade and detach when cultured for more than two weeks, posing 
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limitation in performing long-term 3D cell culture. Degradable hydrogels such as Matrigel 

and Collagen can be easily degraded by matrix metalloproteinases produced by hepatoma 

cell lines in culture, which further facilitate spot detachment. In addition, growth media in 

the microwell chip may evaporate during incubation due to small volume (typically 950 nL), 

thus requiring incubation in a high humidity chamber and replacing growth media every 2–3 

days. Finally, it is unavoidable to dry cell spots after staining for image acquisition due to 

small cell spot volume (typically 60 nL).

5. Conclusions

We demonstrated high-throughput, HCI capability for the first time on the micropillar/

microwell chip platform for the assessment of mechanistic, compound-induced toxicity. 

With uniform and healthy, 3D-cultured Hep3B cells on the micropillar chip and the four HCI 

assays, including TMRM, Hoechst 33342, mBCl, and calcein AM, we successfully assessed 

mechanistic toxicity such as mitochondrial impairment, DNA damage, intracellular 

glutathione level, and cell membrane integrity, and generated reproducible and consistent 

IC50 values from the chip platform. The in vitro data obtained from the chip platform was 

well correlated with mechanistic toxicity from other studies. There would be a larger number 

of model compounds necessary to further validate HCI capability on the chip and accurately 

calculate predictivity of mechanistic toxicity for use in pharmaceutical industries. In 

addition, other hepatic cell types with metabolism competence such as primary hepatocytes 

and HepaRG cells should be used on the chip platform to improve predictivity of 

metabolism-induced compound toxicity as Hep3B cells lack major DME expression. With 

additional HCI assays on the chip, such as genotypic and phenotypic assays, we envision 

that our miniaturized 3D cell culture platform can be implemented in an early stage of drug 

screening processes to weed out lead candidates that could be potentially toxic to humans.
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Highlights

• Miniaturized cell culture in three dimension (3D) on a chip has been 

demonstrated

• High-throughput high-content imaging assays are established for mechanistic 

toxicity

• Robust and reproducible, 3D cell-based toxicity assays have been 

demonstrated
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Fig. 1. 
Schematics of a micropillar chip with cell spots and a microwell chip containing growth 

media.
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Fig. 2. 
The scanned image of spheroids on the micropillar chip and the layout of the compounds in 

the microwell chip.
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Fig. 3. 
Bright field microscopic images representing cell growth and spheroid formation over the 

period of 5 days on the micropillar chip. Hep3B cells on the micropillar chip were 

encapsulated in the mixture of 0.75 % (w/v) alginate and 25 mg/mL fibrinogen. The scale 

bar is 250 μm.
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Fig. 4. 
Immunofluorescence staining to determine the expression of major ECM components 

including collagen I and fibronectin expressed by 3D-cultured Hep3B cells in a 6-well plate. 

Green colors represent collagen I and fibronectin expression, and blue dots indicate nucleus. 

The scale bar is 20 μm.
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Fig. 5. 
The micropillar chips with Hep3B cells cultured for 24 h and 72 h and stained with 

fluorescent dyes: (A) TMRM, (B) Hoechst 33342, (C) mBCl, and (D) calcein AM. The scale 

bar is 200 μm.
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Fig. 6. 
Day-to-day reproducibility of CV values determined by the cell membrane integrity assay 

with calcein AM. Multiple micropillar chips were stained and analyzed on December 27, 

January 6, and March 2, 2017. The CV values obtained from different days were 11.1, 14.1, 

and 13.9 respectively. In addition, the overall CV value was 13.03% which shows high 

reproducibility of the assay performed on the chip platform.
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Fig. 7. 
Representative images from 72 h-incubated micropillar chips with 3D-cultured Hep3B cells, 

exposed to menadione (0.7 – 177 μM) for 48 h, and stained with the four fluorescent dyes: 

(A) TMRM for mitochondrial impairment, (B) Hoechst 33342 for DNA damage, (C) mBCl 

for changes in intracellular glutathione level, and (D) calcein AM for cell membrane 

integrity. The dose-dependent effect of menadione for all four assays was clearly observed 

from the microarray images obtained.
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Fig. 8. 
Dose-response curves of menadione obtained from the four HCI assays: (A) TMRM for 

mitochondrial impairment as a function of mitochondrial membrane potential (MMP), (B) 

Hoechst 33342 for DNA damage, (C) mBCl for changes in intracellular glutathione level 

(IGL), and (D) calcein AM for cell membrane integrity (CMI). The 24 h and 72 h-incubated 

micropillar chips with 3D-cultured Hep3B cells were exposed to menadione (0.7 – 177 μM) 

for 48 h and then stained with the four fluorescent dyes to calculate IC50 values.
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Fig. 9. 
One-way ANOVA analysis of IC50 values obtained from 3D-cultured Hep3B cells pre-

incubated for 24 h and 72 h, exposed to menadione for 48 h, and stained with TMRM and 

mBCl for mitochondrial impairment and glutathione level (n= 3, ** p<0.01). Statistically 

significant difference in IC50 values of menadione was observed at the two pre-incubation 

conditions, indicating that increase in spheroid sizes reduce mitochondrial impairment and 

glutathione level-induced toxicity of menadione.
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Fig. 10. 
One-way ANOVA analysis of IC50 values obtained from 3D-cultured Hep3B cells pre-

incubated for 72 h, exposed to rotenone and tamoxifen for 48 h, and stained with calcein 

AM, TMRM, Hoechst 33342, and mBCl (n= 3, *p<0.05, ** p<0.01). Statistically significant 

difference in IC50 values of rotenone was observed from TMRM staining, indicating that the 

main mechanism of rotenone toxicity is mitochondrial impairment. Statistically significant 

difference in IC50 values of tamoxifen was observed from calcein AM and TMRM staining, 

indicating that the main mechanism of tamoxifen toxicity is cell membrane integrity and 

mitochondrial impairment.
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Table 2

The Z’ factors and the CV values of the HCI assays performed on the microarray chip platform.

HCI assays Z’ factor CV value (%)

TMRM 0.64 11.4

Hoechst 33342 0.61 9.7

mBCl 0.80 5.6

Calcein AM 0.63 10.9
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