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Abstract 

The corneal epithelial barrier maintains the metabolic activities of the ocular surface by 

regulating membrane transporters and metabolic enzymes responsible for the homeostasis of 

the eye as well as the pharmacokinetic behavior of drugs. Despite its importance, no established 

biomimetic in vitro methods are available to perform the spatiotemporal investigation of 

corneal metabolism and determine the transportation of endogenous and exogenous molecules. 

This study introduces multiple corneal epithelium barriers on a chip, namely, Cornea-Chip, 

which enables the spatiotemporal collection as well as analysis of micro-scaled extracellular 

metabolites from both the apical and basolateral sides of the barriers. Longitudinal samples 

collected during 48 h period were analyzed using untargeted liquid chromatography–mass 

spectrometry metabolomics method, and 104 metabolites were annotated. The shifts in 

extracellular metabolites and quantitative analysis of the mRNA associated with membrane 

transporters could allow the investigation of the correlation between the expression of and the 

secretion and transportation of metabolites across the polarized corneal epithelial barrier. The 

Cornea-Chip might provide a non-invasive, simple, and effectively informative method to 

determine pharmacokinetics and pharmacodynamics as well as to discover novel biomarkers 

for drug toxicological and safety tests as an alternative to animal experiments. 

 

Keywords: corneal epithelial barrier, organ-on-a-chip, untargeted metabolomics, metabolism, 

transporter 
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1. Introduction 

The corneal epithelial barrier is the main structure that determines the pharmacokinetics and 

pharmacodynamics of drugs into the interior segment of the eye and contributes to the 

maintenance of homeostasis of the ocular surface by controlling the metabolism and 

transportation of different molecules from and to the tear pool.[1,2] Nutrients and drugs are 

actively or passively transported through the corneal epithelial barrier, followed by their 

intracellular metabolism, modification, and secretion of the corresponding metabolites. 

Although many metabolic pathways (e.g., oxidative, hydrolytic, reductive, and conjugative 

pathways)[3,4] and transporters[5,6] in the cornea have been investigated, the spatiotemporal 

mechanisms of the in situ metabolism and transportation of drugs through the human corneal 

barrier are barely known, owing to the technical difficulties in the current corneal 

experimental platforms as well as the lack of analytical tools that non-invasively enable 

longitudinal metabolome monitoring in small volumes.[7,8] Moreover, while the current in 

vitro corneal models that use cell-culture inserts (e.g., a transwell system) have been 

investigated, they only provide a two-dimensional structure of the corneal epithelial cells, 

which is physiologically different that in the cornea.[9,10] Therefore, in vitro biomimetic 

models of the cornea need to be established.  

These aforementioned requirements can be fulfilled by identifying an alternative in 

vitro platform that can simulate the structure of the corneal epithelial barrier. Unlike classical 

models, organ-on-a-chip (OoC) technology is a promising approach for the recreation of 

miniaturized organs in micro-scaled devices,[11] because it can provide proper three-

dimensional extracellular environments as well as dynamic flow and mechanical stimuli.[12–15]  

These advantages also allow the elucidation of the mechanisms of metabolic and 

transportation activities of the human corneal epithelial barrier to simulate the human corneal 

epithelial structure and physical stimuli-mediated eye-blinking in vitro. We previously 

developed an OoC platform with multiple corneal epithelial barriers in a single microfluidic 
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device having apical and basolateral sides under eye blinking-like stimuli, and aqueous humor 

drainage within the device could characterize both the anatomical structure as well as the 

biomechanical nature of the corneal epithelial barrier.[15]  

In addition to the OoC platform, to determine the overall biological function of the 

corneal epithelial barrier on a chip in a spatiotemporal manner, we need a non-invasive 

analytical tool that allows the accurate monitoring of enzyme and transporter activities. Many 

OoC platforms developed to study the metabolism and transport mechanisms use optical or 

fluorescent assays [e.g., 3-(4,5-dimethylthial-2-yl)-2,5-diphenyltetrazalium bromide (MTT)] 

and lucifer yellow.[16–18] However, these assays provide very limited information that is 

restricted to a single target and might cause cellular damage because of the use of additional 

chemical compounds. In addition to optical and fluorescent assays, untargeted metabolomic 

analysis based on liquid chromatography–mass spectrometry (LC-MS) is a preferred 

methodology, since it allows quantification of numerous metabolites in a single 

measurement.[19,20] Moreover, we have developed an LC-MS-based untargeted metabolomics 

workflow enabling non-invasive temporal quantification of micro-scaled extracellular 

metabolites.[21] Thus, the OoC platform in combination with LC-MS untargeted metabolomics 

might provide deeper insights into the metabolic and transport activities of the improved 

human corneal epithelial barrier than those provided by conventional cell culture and assay 

platforms. 

Herein, we introduce our OoC platform to reconstruct the human corneal epithelial 

barrier, namely, Cornea-Chip, for the spatiotemporal collection and analysis of extracellular 

metabolite secretion and transportation across the barrier. The Cornea-Chip allows the 

collection of extracellular metabolites separately at the apical and basolateral sides of corneal 

epithelial cells. Quantitative real time-polymerase chain reaction (RT-PCR) analysis can then 

be used to evaluate the expression levels of transporters in the corneal epithelial cells. To our 

knowledge, this is the first study to show that the integration of Cornea-Chip and untargeted 
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metabolomics can allow the assessment of the activities, secretion, and transportation of 

metabolites across the corneal epithelial barrier. 

 

2. Results and Discussion 

2.1. The construction of Cornea-Chip 

To study the process of molecular transport, secretion, and metabolism in the cornea 

(Figure 1A), we constructed the Cornea-Chip by using a multi-well microfluidic device 

(Figure 1B). We confirmed that the corneal cells cultured on a chip formed a thicker 3D 

structure than that in a cell-culture insert in a shorter period (7 days vs 10–15 days in cell-

culture inserts). Moreover, the Cornea-Chip allowed the application of eye blinking-like shear 

stress stimulus on the cultured corneal cells as well as the simulation of the aqueous humor 

flow.[15]  Thus, unlike conventional cell-culture inserts, this chip provides physiologically 

better conditions for cultured corneal cells retaining their normal functions. 

The Cornea-Chip consists of four sets of upper and lower channels separated by a clear 

polyethylene terephthalate (PET) porous membrane (pore size, 0.4 μm; thickness, 10 μm; 

nominal pore density, 4 × 106 pores cm-2). The porous membrane allows the culturing of 

corneal epithelial cells with distinguished apical and basal sides, as well as exchange of 

molecules through the pores. The upper and lower layers are made of polydimethylsiloxane 

(PDMS), which allows high diffusion of gases, thereby providing a suitable environment for 

cell growth and expansion.[22] The corneal epithelial cells are inoculated in the upper channel 

having a surface area of 0.23 cm2, which is five-times smaller than that of the human cornea 

(human cornea, 1.32 cm3). Molecule exchange across the corneal epithelial barrier formed on 

the porous membrane is facilitated by the transporting activities of the cultured corneal 

epithelial cells. 

To construct Cornea-Chip, we used human corneal epithelial cells (HCE-T), since these 

cells express sufficient metabolic enzymes[23] and transmembrane transporters[24] and have 
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long been used for ocular drug development.[10,25] To form the corneal barrier, we seeded the 

cells in the upper channels and cultured them under static conditions for 7 days. During the 7-

day culture on the chip, HCE-T cells proliferated to cover the entire porous membrane 

(Figure S1, Supporting Information). Next, to confirm the intactness and polarity of the 

barrier, we performed fluorescent immunocytochemistry to analyze the expression of tight 

junction proteins (zonula occludens protein-1; ZO-1) and F-actin filaments (phalloidin; 

Figure 1C). HCE-T cells cultured on a chip expressed both ZO-1 and F-actin proteins on the 

apical cellular surface, as in natural corneal epithelial cells.[26,27] Fluorescent 

immunocytochemistry analysis also revealed that the HCE-T cells cultured on the chip 

expressed cytokeratin-12 (CK-12, a marker of corneal epithelium maturation) and P-

glycoprotein (P-gp, also known as multidrug-resistance protein 1; MDR1, a transmembrane 

transporter; Figure 1D and Figure S1, Supporting Information), indicating their ability to 

form an intact and functional corneal epithelial barrier.  

 

2.2. Gene profiling of metabolic transporters on human corneal cells 

To investigate metabolic and transporting activities in the Cornea-Chip, we evaluated the 

mRNA expression of 85 well-known transporters by using a qPCR array in HCE-T cells 

(Figure 2, Table S2, Supporting Information, and Methods). We found the expression of a 

wide range of transporters (threshold of mRNA expression, 2-ΔCt ≥ 10–3) mainly among the 

genes of the superfamily of solute carrier (SLC)-related transporters, including 14 subgroups 

(SLC2A1/A2/A3, SLC3A2, SLC5A1, SLC7A5/A6/A7/A8/A11, SLC10A1, 

SLC16A1/A2/A3, SLC19A1/A2, SLC22A1/A2/A9, SLC25A13, SLC28A1/A3, 

SLC29A1/A2, SLC31A1, SLC38A2/A5, SLCO2A1/SLCO3A1/SLCO4A1, and 

SLO1B1/SLO2B1) that mediate the transportation of peptides, monocarboxylic acids, 

nucleosides, organic anions/cations, glucose, and amino acids.[28] In addition, the ATP-

binding cassette (ABC) transporter family, including 6 major subgroups 
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(ABCA2/A5/A9/A12, ABCB1/B4/B6, ABCC1/C3/C4/C5/C16, ABCD1/D4, ABCF1, and 

ABCG2) responsible for the transportation and efflux of xenobiotics and endogenous 

molecules, showed remarkable expression.[29] The two subfamilies (VDAC1-C2) of voltage-

dependent anion channels (VDACs), Transporter 1, ABC transporter sub-family B 

[MDR/TAP1-2 and major vault protein (MVP)], which mediate the transportation of 

xenobiotic toxins, were markedly expressed. Previous studies indicated that some SLC 

transporters were expressed in the corneal epithelium, mainly SLC22 family members [also 

known as organic zwitterons/cation transporters (OCTNs) and organic anion transporters 

(OATs)], owing to their role in the transportation of cationic and anionic drugs.[2] Our results 

indicated that more SLC subfamilies that are responsible for trafficking of neutral amino acids 

(SLC38), copper (SLC31), nucleosides (SLC29), monocarboxylate (SLC16), heteromeric 

amino acids (SLC7), and sugar alcohol (SLC2) were expressed in the corneal cells. In fact, 

the expression of ABC transporters, mainly ABCC1-C2, ABCG2, and ABCB1, which are 

known for their activities in the efflux of molecules into the extracellular space, has already 

been reported in HCE-T cells.[24,30] In addition, we found that the corneal cells expressed 

ABCC4/C5/C16 (cyclic nucleotide transport) as well as other subgroups such as ABCFD1/D4 

(fatty acid transport).[28] Although ABCF1 expression was clearly observed, it might not 

function as a transporter because of the lack of a putative transmembrane domain.[31] 

Taken together, these results indicate the ability of our Cornea-Chip model to express 

major transporters that can mediate the transportation of different nutrients as well as drugs.  

 

2.3. Measurement of extracellular metabolites by using Cornea-Chip 

To perform metabolomic analysis by using Cornea-Chip, we conducted the procedures shown 

in Figure 3A. In brief, at day 7, the culture medium in the constructed Cornea-Chip was 

replaced with fresh medium. Next, 1 µL of extracellular culturing medium from both the 

apical and basolateral sides was collected at 0 h and considered as control. Subsequently, the 
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same amount of sample was collected at 6, 12, 24, and 48 h. Cells were maintained under the 

same culture conditions to monitor the consumption of nutrients and secretion of metabolites 

(Figure 3A and Table S3–S5, Supporting Information). We used calcein AM staining at 48 

h to confirm that sample collection did not cause cellular damage (Figure 3B and C). 

By using our previously developed untargeted LC-MS method for the measurement of 

extracellular metabolites at the microscale level,[21] we could annotate 104 metabolites at 

Metabolomics Standard Initiative annotation level 1.[32] Peak areas were used for metabolite 

semi quantification. All technical internal standards (tISs) showed coefficient of variation 

(CV) of peak areas of ≤17% across the QC samples and <13% in the study samples (except 5-

fluorocytosine, 39.7%). The median CV of all detected metabolites was 9.9% in the QC 

samples. The median CV of all detected metabolites in the triplicate measurements was 16%, 

indicating the precision of our untargeted metabolomics workflow in the Cornea-Chip.  

Metabolomics data analysis and visualization were conducted by first transforming the 

peak area value into square roots, with no substantial normalization or scaling (Figure S2, 

Supporting Information). In the principal component analysis (PCA), samples were 

clustered by all groups indicating systematic metabolite shifts in raw peak area values (Figure 

S3, Supporting Information) as well as in peak area values corrected by the volume of 

microfluidic channels (Figure 3D). QCs and study samples were clearly separated with 

narrow CIs among the triplicates of each sample in stepwise time-dependent alterations of 

extracellular metabolites from both apical and basolateral sides. These results indicated that 

our Cornea-Chip platform facilitated reliable metabolomic analysis and non-invasive 

spatiotemporal analysis of extracellular metabolites. 

 

2.4. Biological pathways and transportation activities 

To further explore the corneal metabolic and transporting activities based on the obtained 

metabolomic profiles, we used the MetaboAnalyst platform.[33] According to the analysis of 
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variance (ANOVA) post-hoc comparison, all annotated metabolites varied significantly 

(Figure S4, Supporting Information). According to the reactome-based biological pathways 

(P < 0.05),[34] 74 out of the 104 metabolites were associated with the transport of nucleosides 

and free purine and pyrimidine across the plasma membrane, which was mostly associated 

with SLC transmembrane transporters (SLC28 and SLC29),[28] metabolism-catabolism of 

nucleotides, purine/pyrimidine catabolism/transportation, metabolism of amino acids and 

derivatives, and glutathione synthesis/recycling. Moreover, the metabolites showed a 

significant relationship with a wide range of SLC transporters, including vitamins, organic 

cation/anion/zwitterion transporters (SLC22),[35,36] as well as ABC transporter family 

members[29] (Figure 4A). 

In polarized epithelial barriers, the uptake or secretion of metabolites is known to vary 

between the apical and basolateral sides. To discriminate these activities, we normalized 

metabolites by 0 h time point peak areas (considered as control) and then used the log2 ratio 

of the normalized values of the apical sides divided by those of the basolateral sides as an 

indicator of the transportation tendency of metabolite secretion (fold change, ≥2; Figure 4B). 

We observed three different patterns of metabolite transport across the barriers based on 

the criteria of fold difference of apical/basolateral metabolites: Category I (fold difference, 

≥2), in which metabolite secretion was observed in the apical sides or in both the apical and 

basolateral sides. Category II (-2 < fold difference < 2), where metabolites had no notable 

secretion or clearance in both the apical and basolateral sides. Category III (fold difference, 

≥2), in which nutrient metabolites were gradually depleted from both the apical and 

basolateral sides with respect to their kinetic rates. 

In Category I, glutathione (GSH), uric acid, 3-ureidopropionic acid, 3-ureidoisobutyric 

acid, 1-methyl nicotinamide, N-acetyl putrescine, folinic acid, uracil, 2-O-methylinosine, 

N2N2 dimethyl guanosine, N1-methyl guanosine, and 7-methylguanine showed significant 

increase (Figure 4B and Figure S5A). GSH, an endogenous thiol-containing tripeptide, and 
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uric acid derivatives are naturally secreted into human tears and aqueous humor. They are the 

most abundant antioxidant for their role in cell detoxification of the cornea and 

conjunctiva.[37–39] The transepithelial transportation of GSH through the apical sides has been 

reported to be facilitated by ABC transporter family members (ABCC1/C2/C3/C4/C5).[40–44] 

According to the quantitative RT-PCR results shown in Figure 2, the HCE-T cells in the 

Cornea-Chip expressed ABCC1, ABCC4, and ABCC5, and the former two were expressed on 

the apical side, and the latter was strongly expressed at the basolateral side.[30] The presence 

of more efflux transporters in the apical slide of the barrier suggested that the secretion of 

GSH secretion was greater on the apical side of the barrier (K = 0.06 h-1) than on the 

basolateral sides (K = 0.03 h-1; Figure 4C). Moreover, a rapid onset of uric acid secretion was 

noted on the apical sides at 24 h (Figure S5A, Supporting Information). Uric acid and its 

derivatives are also reported to be effluxed by ABCC4 and ABCG2, which are mainly 

expressed on the apical sides, as well as SLC22A11/A12 organic anion transporters, which 

are distributed in both apical and basolateral directions.[35,45] Considering the notable 

expression of ABCC4 and ABCG2 and basal activities of SLC22A11/A12 in the Cornea-

Chip, the secretion kinetics of uric acid might have been regulated by both apical-and basal-

related transporters. Taken together, these results indicated that our model could simulate the 

in vivo secretion of important extracellular metabolites. 

As for Category II metabolites, a slight depletion or secretion without any distinction in 

activity between the apical or basolateral sides. Notably, the interpretation of fold change data 

does not necessarily suggest that these metabolites are not regulated by cellular transporters 

such as vitamin and amino acid transporters (Figure S5B, Supporting Information). Urea 

levels slightly decreased, but the depletion rate was not considerably different between the 

apical and basal sides (Figure 4C).  

In Category III, metabolites such as cysteine-S-sulfate, N6-succinyladenosine, 

hypoxanthine, creatine, aspartic acid, phenylacetylglutamine, glutaryl-/octenoyl-/propionyl-
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/oleoyl-/palmitoyl-carnitine, carnitine, taurine, asparagine, Na-acetyl arginine, adenosine, and 

other amino acids were gradually depleted from both the apical and basolateral sides, but with 

different clearance rates (Figure 4B and Figure S5C, Supporting Information). Metabolite 

clearance was quicker in the apical side: the depletion rates (K) of cysteine-S-sulfate (Figure 

4C), hypoxanthine, and oleoyl-carnitine (Figure S5C, Supporting Information) were 0.23, 

0.25, and 0.2 h-1, respectively. In contrast, on the basolateral side, these metabolites showed 

low K values (0.01, 0.02, and 0.005 h-1, respectively; Figure 4E). The transportation of amino 

acids and their derivatives (e.g., cysteine-S-sulfate) is known to be mediated by the SLC7 

family of transporters,[46] whereas that of nucleoside-related metabolites such as hypoxanthine 

has been reported to be mediated by nucleoside transporters (e.g., SLC29A2 and SLC29A3) 

on the apical side of the cornea. Interestingly, RT-PCR results indicated the expression of a 

wide range of SLC7 family members (SLC7A5/A6/A7/A8/A11) as well as of SLC9A1/A2, 

which is responsible for the quicker depletion of Category III metabolites, on the apical side 

of the corneal epithelial barrier. 

Remarkably, carnitine and its ester derivatives (glutaryl-/octenoyl-/propionyl-/oleoyl-

/palmitoyl-carnitine) were notably depleted on the apical sides of the barrier (Figure 4B). The 

carnitine shuttle is an essential process for delivering fatty acids into the mitochondria for the 

initiation of b-oxidation and the tricarboxylic acid cycle, eventually boosting cell energy.[47] 

The uptake and recycling of carnitine are widely performed by SLC22 transporters (apical 

direction).[48,49] We showed an essential process of fatty acid transport through the carnitine 

shuttling system by detecting a wide range of intermediate ester derivatives with different 

lengths of fatty acids, which are usually difficult to analyze together in vivo owing to their 

low concentration.[50] The efflux of acylcarnitines from the mitochondria into the cytosol and 

further into the extracellular space is important during impaired fatty acid oxidation to stop 

the accumulation of toxic acyl-CoA in the mitochondria; however, the mechanism beyond 

their release is not yet known.[51] 
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The basolateral activities of metabolite transportation highlighted the potential of our 

Cornea-Chip in the spatial determination of essential metabolite activities in not only the 

apical but also the basolateral direction where anatomically layered stromal and corneal 

endothelial cells exist in the in vivo structure of the human cornea. Such activities have been 

reported to facilitate the transportation of different nutrients (e.g., glucose) between the 

corneal epithelium and endothelium.[52,53] Hence, our Cornea-Chip platform can also be used 

for the elucidation of metabolite molecular signaling among different cells.  

 

3. Conclusion 

In this study, we introduce multiple corneal barriers on a chip that is feasible for the 

spatiotemporal collection and analysis of extracellular metabolites. The spatiotemporal 

determination of extracellular metabolites allowed the investigation of important intracellular 

biological activities across the corneal epithelium, such as metabolite secretion and depletion. 

In addition, our approach facilitated the noninvasive prediction of the active transportation 

sites of extracellular metabolites without requiring additional chemical substrates for a 

specific transporter. We found that antioxidants such as GSH and uric acid could be secreted 

from the corneal cells in the Cornea-Chip simulating similar vivo secretion conditions. These 

metabolites are attractive biomarkers for measuring the oxidative stress level in cells and can 

thus be considered as indicators of cell toxicity during the obstruction of corneal homeostasis. 

These findings can form the basis for the further investigation of the secretion and 

transportation of xenogenous and endogenous compounds across the corneal epithelium in the 

future. 

 

4. Experimental Section 

Microfluidic device fabrication: The microfluidic device was fabricated using 

stereolithographic 3D-printing techniques and solution cast-molding processes.[15,54] In brief, 
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the mold for microfluidic channels was produced using a 3D printer (Keyence Corporation, 

Osaka, Japan). Two molds were fabricated: the upper and lower blocks. Each block contained 

four chambers (15 mm length, 1.5 mm width, and 0.5 mm height). Before use, the surfaces of 

the molds were coated with trichloro(1H,1H,2H,2H-perfluorooctyl) silane (Sigma-Aldrich, St. 

Louis, MO, USA). Sylgard 184 PDMS two-part elastomer (ratio of pre-polymer to curing 

agent, 10:1; Dow Corning Corporation, Midland, MI, USA) was mixed, poured into the molds 

to produce 4-mm and 0.5-mm thick PDMS upper and lower layers, respectively, and degassed 

using a vacuum desiccator for 1 h. The PDMS of the lower block was fixed on a glass slide 

and then cured in an oven at 80°C for 24 h. After curing, the PDMS was removed from the 

molds, trimmed, and cleaned. A clear PET membrane was fixed on each chamber of the lower 

PDMS block. Both the PDMS blocks were treated with corona plasma (Shinko Denki, Inc., 

Oosaka, Japan) and bonded together by baking in an oven at 80°C. Scanning electron 

micrographs were obtained using a JCM-5000 microscope (JEOL Ltd., Tokyo, Japan) at 10 

kV. Before imaging, a 5-nm thick platinum layer was sputtered on the samples (MSP 30 T; 

Shinku Device, Sagamihara, Japan).  

Human corneal epithelial cell culture: HCE-T cells were provided by RIKEN Bioresource 

Research Centre (Ibraki, Japan). Cells were cultured in DMEM/F12 supplemented with 5% 

(v/v) fetal bovine serum, 5 μg mL-1 insulin, 10 ng mL-1 human epithelial growth factor, and 

0.5% dimethyl sulfoxide. The cells were passaged with trypsin-EDTA (0.25–0.02%) solution 

at a 1:4 subculture ratio.  

Human corneal epithelial barrier construction in the microfluidic device: Before use, the 

microfluidic cell culture devices were placed under ultraviolet light in a biosafety cabinet for 

30 min. The microfluidic channels were washed with DMEM/F12. Cells were harvested using 

trypsin and collected in a 15 mL tube. Following centrifugation, the cells were resuspended in 

DMEM/F12 medium and introduced into the upper channel of the microfluidic devices via a 

cell inlet with a cross-sectional area of 0.23 cm2 at a density of 1 × 106 cells mL-1. The lower 
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receiver channel was filled with DMEM/F12 only. The microfluidic devices were then placed 

in a humidified incubator at 37°C with 5% CO2 for 7 days. The medium in each chamber was 

periodically changed every 24 h. 

Cell viability assay: Cell viability was assessed by live staining with calcein AM (Dojindo 

Molecular Technologies, Inc.). In brief, cells were incubated with calcein AM at a final 

concentration of 10 μg mL-1 in DMEM/F12 medium at 37°C for 60 min. The cells were then 

washed twice with PBS and subjected to microscopy imaging.  

Immunofluorescence and microscopy imaging: For immunostaining, cells were fixed with 4% 

paraformaldehyde in PBS for 25 min at 25°C and then permeabilized with 0.5% Triton X-100 

in PBS for 10 min at 25°C. Subsequently, the cells were blocked with blocking buffer [5% 

(v/v) normal goat serum, 5% (v/v) normal donkey serum, 3% (w/v) bovine serum albumin, 

0.1% (v/v) Tween-20] at 4°C for 24 h and then incubated at 4°C overnight with the primary 

antibodies in blocking buffer (Table S1, Supporting Information). Cells were then 

incubated at 37°C for 60 min with a secondary antibody (Alexa Fluor 594 donkey anti-rabbit 

IgG and Alexa Fluor 594 donkey anti-mouse IgG, 1:1000; Jackson ImmunoResearch, West 

Grove, PA, USA) in blocking buffer before final incubation with 4,6-diamidino-2-

phenylindole (DAPI) or anti-phalloidin for F-actin at 25°C. For imaging, we used a Nikon 

ECLIPSE Ti inverted fluorescence microscope equipped with a CFI plan fluor (10×/0.30 N.A. 

objective lens; Nikon, Tokyo, Japan). Z-scans were obtained using an Andor Multi-model 

Fast Confocal Microscope System Dragonfly (Oxford Instruments, Abingdon, UK). Images 

were then analyzed using ImageJ software (National Institute of Health, Maryland, USA) or 

CellProfiler software (Version 3.1.8; Broad Institute of Harvard and MIT, USA[55]).  

Quantitative RT-PCR Array: Total RNA from microfluidic channels was purified using an 

RNeasy Mini Kit (Qiagen). Next, 0.3 μg of total RNA was reverse-transcribed using the RT 

First-strand Kit (Qiagen). The cDNA obtained in solution was mixed with Power SYBR 
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Green PCR MasterMix (Life Technologies) and introduced into the Drug Transporter-specific 

RT2 Array (Qiagen, Cat. no. 330231 PAHS-070ZA) in a 96-well format, according to the 

manufacturer’s instructions. PCR conditions were as follows: initial incubation at 95°C for 10 

min, followed by 40 cycles of 95°C for 15 s and then 60°C for 3 min; an Applied Biosystems 

7300 Real-Time PCR system (Life Technologies) was used for the PCRs. The mRNA 

repression was performed using the 2-ΔCT method, where ΔCT = CT (gene of interest; GOI) − 

CT (housekeeping genes; HKG). 

Extracellular culture medium collection for untargeted metabolomics: After the HCE-T cells 

were cultured for 7 days, the culture medium was replaced with fresh medium in both the 

apical and basolateral channels of the microfluidic device. Microfluidic devices were then 

placed at 37°C with 5% CO2. At 0, 6, 12, 24 and 48 h time points, a sample consisting of 1 µL 

of extracellular culturing medium from both the apical and basolateral channels was collected. 

The collected samples were dried in a vacuum incubator for 3 h at 25°C and then preserved at 

-80°C. 

Untargeted LC-MS metabolomics: Tubes containing 1 µL of dried sample were thawed and 

100 μL of water:acetonitrile (1:9, v/v) mixture containing 5 tISs was added (Table S2, 

Supporting Information). For the preparation of QC samples, 0 h cell culture medium 

sample was used from our previous study.[21] For each QC sample, 1 µL of cell culture 

medium was evaporated and processed together. After resuspension, the samples were 

centrifuged at 4°C for 15 min at 20000 g. Next, 40 µL of the supernatant was transferred to a 

96-well 0.2 mL PCR plate (PCR-96-MJ; BMBio, Tokyo, Japan). The plate was sealed with a 

pierceable seal (4titude; Wotton, UK) for 3 s at 180°C by using a plate sealer (BioRad PX-1; 

CA, USA) and maintained at 4°C during the LC-MS measurement. The injection volume was 

10 μL. The LC-MS method has been described previously.[56–58] In brief, metabolite 

separation was achieved on an Agilent 1290 Infinity II system by using SeQuant ZIC-HILIC 
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(Merck, Darmstadt, Germany) column by using a 12 min gradient of acidified acetonitrile and 

water. Data were acquired on an Agilent 6550 Q-TOF-MS system with a mass range of 

40−1200 m/z in the positive all ion fragmentation mode, including 3 sequential experiments at 

alternating collision energies: one full scan at 0 eV, followed by one MS/MS scan at 10 eV, 

and then one MS/MS scan at 30 eV. The data acquisition rate was 6 scans/s. Data were 

converted to mzML format by using Proteowizard and processed using MS-DIAL version 

4.38[59,60] (detailed parameters are shown in Tables S4 and S5, Supporting Information). 

An in-house MS2 spectral library containing experimental MS2 spectra and retention times 

(RTs) for 391 compounds obtained from standards[56,58,61] was used to annotate the detected 

compounds on the basis of 3 criteria: (i) accurate mass (AM) match (tolerance: 0.01 Da), (ii) 

RT match (tolerance: 1 min), and (iii) MS2 spectrum match (similarity, >80%). The MS2 

similarity was scored as a simple dot product without any weighting (at least two MS2 peaks 

matched with the reference spectra). The MS2 similarities with reference spectra were 

matched to any of the CorrDec[62] or MS2Dec[60] deconvoluted MS2 spectra of the three 

collision energies (0, 10, and 30 eV). Peak areas exported from MS-DIAL were used for 

metabolite semiquantification. Metabolites with CV of <30% in QC samples or D-ratio of 

<50% were used for further analyses.[63] The dataset has been deposited to the EMBL-EBI 

MetaboLights repository with the identifier MTBLS2274.[64] 
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Supporting Information is available from the Wiley Online Library or from the author. 
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Figure Legends 

 

 
 

Figure 1. Multiple corneal epithelial barriers on a chip, namely, Cornea-Chip. A) An 

illustration of the overall structure of the ocular surface, and a scope that shows the role of the 

corneal barrier in the transportation or metabolism of nutrients and drugs. B) A photograph of 

Cornea-Chip, and an illustration of its cross-section showing the cell culture chamber from 

the top to bottom: the upper channel, corneal epithelial cells, porous membrane, and lower 

channel as well as its applicability for the determination of extracellular metabolites by using 

untargeted LCMS instrumentation. Each chamber has sample collection ports for apical and 

basolateral sides. C). Immunofluorescence staining indicating the barrier polarity and 

intactness (ZO-1 and F-actin). D) Immunofluorescence staining indicating the expression of 

corneal epithelium maturation marker (CK-12), and the apical ABC-related family of 

transporter protein (P-gp) expression. XZ dimensions refer to the cross-section scanning 

images obtained using confocal scanning microscopy. Experimental data are collected from 
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HCE-T cells grown in microfluidic devices for 7 days. Yellow: ZO-1, F-actin, Ck-12, P-gp; 

blue: DAPI. Scale bar, 100 μm.  
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Figure 2. Quantitative analysis of mRNA expression associated with transporters in the 

Cornea-Chip. The red dashed line indicates the threshold of mRNA expression. Data are 

presented as means ± S.E.M. (n = 2) 
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Figure 3. Spatiotemporal analysis of extracellular metabolites from the corneal epithelial 

barrier on a chip. A) The procedure for collecting and processing extracellular metabolites 

from the multi-corneal barriers on a chip. B) Cell viability in the microfluidic devices by 

using calcein-AM staining. HCE-T human corneal epithelial cells in the microfluidic devices 

after 48 h of metabolite collection. Green, calcein-AM. Scale bar, 100 μm. C) Microscopic 

signal-cell analysis for evaluating cell viability based on calcein-AM staining shown in B). 

The analysis was performed on images of 3 independent samples; 4300 cells were randomly 

selected and analyzed for each sample. Data are represented in the violin plot in which the 

median of each group is indicated with a scatter line (25th to 75th interquartile range). The p-

values were determined using Tukey’s multiple comparison test. D) Principal component 

analysis (PCA) of metabolomics dataset peak areas corrected by channel volume and 

transformed into cube root values (Figure S3 - data not corrected by channel volume). The 

95% confidence regions are highlighted in different colors. AP: apical, BA: basal, QC: quality 

controls. Data are derived from 3 biological replicates.  
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Figure 4. The determination of biological pathways as well as the transportation tendencies of 

extracellular metabolites. A) Metabolic pathway analysis based on the detection of metabolites 

found in both the apical and basolateral sides of the corneal epithelial barrier show the 

prediction hits and statistical significance of P-values and false discovery ratio (FDR) values. 

B) The ratio folds change (log2 apical/basolateral, pink line indicates ±2-fold difference) of 

metabolites abundances normalized by 0 time point. C) Representative examples of the 

metabolites in Categories I, II, and III. Peak areas were corrected by the channels volume. Data 

are presented in triplicates as means ± S.E.M. The secretion and depletion rate (K) was obtained 

using exponential (Malthusian) growth and one phase decay models. *P-value <0.05, **P-value 

<0.001. 
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Table S1. List of reagents and resources for fluorescent immunocytochemistry 

Item Maker Catalog 

number 

Dilution 

ZO-1antibody, 

Rabbit 

Thermo Fisher  61-7300 IF 1:50 

P-gp antibody, 

Rabbit 

Abcam ab129450 IF 1:50 

CK12 antibody, 

Mouse 

Santa Cruz 

Biotechnology 

sc-515882 IF 1:200 

Phalloidin-iFluor 

594 Reagent 

Abcam ab176757  

Prism Software Version 8; La Jolla 

California, USA 

  

CellProfiler 

Software 

Version 3.1.8; Broad 

Institute of Harvard and 

MIT, USA 
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Table S2. List of transporter genes for quantitative RT-PCR 

RefSeq ID Symbol Description 

NM_005502 ABCA1 ATP-binding cassette, sub-family A (ABC1), member 1 

NM_173076 ABCA12 ATP-binding cassette, sub-family A (ABC1), member 12 

NM_152701 ABCA13 ATP-binding cassette, sub-family A (ABC1), member 13 

NM_001606 ABCA2 ATP-binding cassette, sub-family A (ABC1), member 2 

NM_001089 ABCA3 ATP-binding cassette, sub-family A (ABC1), member 3 

NM_000350 ABCA4 ATP-binding cassette, sub-family A (ABC1), member 4 

NM_018672 ABCA5 ATP-binding cassette, sub-family A (ABC1), member 5 

NM_080283 ABCA9 ATP-binding cassette, sub-family A (ABC1), member 9 

NM_000927 ABCB1 ATP-binding cassette, sub-family B (MDR/TAP), member 1 

NM_003742 ABCB11 ATP-binding cassette, sub-family B (MDR/TAP), member 11 

NM_000443 ABCB4 ATP-binding cassette, sub-family B (MDR/TAP), member 4 

NM_178559 ABCB5 ATP-binding cassette, sub-family B (MDR/TAP), member 5 

NM_005689 ABCB6 ATP-binding cassette, sub-family B (MDR/TAP), member 6 

NM_004996 ABCC1 ATP-binding cassette, sub-family C (CFTR/MRP), member 1 

NM_033450 ABCC10 ATP-binding cassette, sub-family C (CFTR/MRP), member 10 

NM_032583 ABCC11 ATP-binding cassette, sub-family C (CFTR/MRP), member 11 

NM_033226 ABCC12 ATP-binding cassette, sub-family C (CFTR/MRP), member 12 

NM_000392 ABCC2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 

NM_003786 ABCC3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 

NM_005845 ABCC4 ATP-binding cassette, sub-family C (CFTR/MRP), member 4 

NM_005688 ABCC5 ATP-binding cassette, sub-family C (CFTR/MRP), member 5 

NM_000033 ABCD1 ATP-binding cassette, sub-family D (ALD), member 1 

NM_002858 ABCD3 ATP-binding cassette, sub-family D (ALD), member 3 

NM_005050 ABCD4 ATP-binding cassette, sub-family D (ALD), member 4 

NM_001090 ABCF1 ATP-binding cassette, sub-family F (GCN20), member 1 

NM_004827 ABCG2 ATP-binding cassette, sub-family G (WHITE), member 2 

NM_022437 ABCG8 ATP-binding cassette, sub-family G (WHITE), member 8 

NM_198098 AQP1 Aquaporin 1 (Colton blood group) 

NM_001170 AQP7 Aquaporin 7 

NM_020980 AQP9 Aquaporin 9 

NM_001694 ATP6V0C ATPase, H+ transporting, lysosomal 16 kDa, V0 subunit c 

NM_000052 ATP7A ATPase, Cu++ transporting, alpha polypeptide 
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NM_000053 ATP7B ATPase, Cu++ transporting, beta polypeptide 

NM_017458 MVP Major vault protein 

NM_003049 SLC10A1 Solute carrier family 10 (sodium/bile acid cotransporter family), 

member 1 

NM_000452 SLC10A2 Solute carrier family 10 (sodium/bile acid cotransporter family), 

member 2 

NM_005073 SLC15A1 Solute carrier family 15 (oligopeptide transporter), member 1 

NM_021082 SLC15A2 Solute carrier family 15 (H+/peptide transporter), member 2 

NM_003051 SLC16A1 Solute carrier family 16, member 1 (monocarboxylic acid 

transporter 1) 

NM_006517 SLC16A2 Solute carrier family 16, member 2 (monocarboxylic acid 

transporter 8) 

NM_004207 SLC16A3 Solute carrier family 16, member 3 (monocarboxylic acid 

transporter 4) 

NM_194255 SLC19A1 Solute carrier family 19 (folate transporter), member 1 

NM_006996 SLC19A2 Solute carrier family 19 (thiamine transporter), member 2 

NM_025243 SLC19A3 Solute carrier family 19, member 3 

NM_003057 SLC22A1 Solute carrier family 22 (organic cation transporter), member 1 

NM_003058 SLC22A2 Solute carrier family 22 (organic cation transporter), member 2 

NM_021977 SLC22A3 Solute carrier family 22 (extraneuronal monoamine transporter), 

member 3 

NM_004790 SLC22A6 Solute carrier family 22 (organic anion transporter), member 6 

NM_006672 SLC22A7 Solute carrier family 22 (organic anion transporter), member 7 

NM_004254 SLC22A8 Solute carrier family 22 (organic anion transporter), member 8 

NM_080866 SLC22A9 Solute carrier family 22 (organic anion transporter), member 9 

NM_014251 SLC25A13 Solute carrier family 25, member 13 (citrin) 

NM_004213 SLC28A1 Solute carrier family 28 (sodium-coupled nucleoside transporter), 

member 1 

NM_004212 SLC28A2 Solute carrier family 28 (sodium-coupled nucleoside transporter), 

member 2 

NM_022127 SLC28A3 Solute carrier family 28 (sodium-coupled nucleoside transporter), 

member 3 

NM_004955 SLC29A1 Solute carrier family 29 (nucleoside transporters), member 1 

NM_001532 SLC29A2 Solute carrier family 29 (nucleoside transporters), member 2 
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NM_006516 SLC2A1 Solute carrier family 2 (facilitated glucose transporter), member 1 

NM_000340 SLC2A2 Solute carrier family 2 (facilitated glucose transporter), member 2 

NM_006931 SLC2A3 Solute carrier family 2 (facilitated glucose transporter), member 3 

NM_001859 SLC31A1 Solute carrier family 31 (copper transporters), member 1 

NM_018976 SLC38A2 Solute carrier family 38, member 2 

NM_033518 SLC38A5 Solute carrier family 38, member 5 

NM_000341 SLC3A1 Solute carrier family 3 (cystine, dibasic and neutral amino acid 

transporters, activator of cystine, dibasic and neutral amino acid 

transport), member 1 

NM_002394 SLC3A2 Solute carrier family 3 (activators of dibasic and neutral amino 

acid transport), member 2 

NM_000343 SLC5A1 Solute carrier family 5 (sodium/glucose cotransporter), member 1 

NM_014227 SLC5A4 Solute carrier family 5 (low affinity glucose cotransporter), 

member 4 

NM_014331 SLC7A11 Solute carrier family 7 (anionic amino acid transporter light chain, 

xc-system), member 11 

NM_003486 SLC7A5 Solute carrier family 7 (amino acid transporter light chain, L 

system), member 5 

NM_003983 SLC7A6 Solute carrier family 7 (amino acid transporter light chain, y + L 

system), member 6 

NM_003982 SLC7A7 Solute carrier family 7 (amino acid transporter light chain, y + L 

system), member 7 

NM_182728 SLC7A8 Solute carrier family 7 (amino acid transporter light chain, L 

system), member 8 

NM_014270 SLC7A9 Solute carrier family 7 (glycoprotein-associated amino acid 

transporter light chain, bo,+ system), member 9 

NM_021094 SLCO1A2 Solute carrier organic anion transporter family, member 1A2 

NM_006446 SLCO1B1 Solute carrier organic anion transporter family, member 1B1 

NM_019844 SLCO1B3 Solute carrier organic anion transporter family, member 1B3 

NM_005630 SLCO2A1 Solute carrier organic anion transporter family, member 2A1 

NM_007256 SLCO2B1 Solute carrier organic anion transporter family, member 2B1 

NM_013272 SLCO3A1 Solute carrier organic anion transporter family, member 3A1 

NM_016354 SLCO4A1 Solute carrier organic anion transporter family, member 4A1 

NM_000593 TAP1 Transporter 1, ATP-binding cassette, sub-family B (MDR/TAP) 
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NM_000544 TAP2 Transporter 2, ATP-binding cassette, sub-family B (MDR/TAP) 

NM_003374 VDAC1 Voltage-dependent anion channel 1 

NM_003375 VDAC2 Voltage-dependent anion channel 2 

NM_001101 ACTB Actin, beta (HKG) 

NM_004048 B2M Beta-2-microglobulin (HKG) 

NM_002046 GAPDH Glyceraldehyde-3-phosphate dehydrogenase (HKG) 

NM_000194 HPRT1 Hypoxanthine phosphoribosyltransferase 1(HKG) 

NM_001002 RPLP0 Ribosomal protein, large, P0(HKG) 
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Table S3. List of internal standards 

Compound InChIKey (metabolite) Company 

Catalog 

No. 

Conc 

[nM] RT [min] 

Pyrantel 

YSAUAVHXTIETRK-

AATRIKPKSA-N Wako 167-18391 2 2.3 

CHES 

MKWKNSIESPFAQN-

UHFFFAOYSA-N Dojido 340-08331 40 5.0 

5-

Fluorocytosine 

XRECTZIEBJDKEO-

UHFFFAOYSA-N 

Combi-

Blocks OR-1262 9 6.1 

PIPES 

IHPYMWDTONKSCO-

UHFFFAOYSA-N Dojido 344-08253 240 9.1 

HEPES (not 

used) 

JKMHFZQWWAIEOD-

UHFFFAOYSA-N Dojido 340-08233 120 11 

 

 

Table S4. MSDIAL experiment file 

ID 

MS 

Type 

Start 

m/z 

End 

m/z Name 

Collision 

energy 

Deconvolution target 

(0: No, 1: Yes) 

0 ALL 40 1200 10 eV 10 1 

1 ALL 40 1200 30 eV 30 1 

2 SCAN 40 1200 0 eV 0 1 
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Table S5. MSDIAL project setting 

Start up a project 
 

Ionization type Soft ionization 

Method type All-ions with multiple CEs (Table S3 experiment file) 

Data type (MS1) Centroid 

Data type (MS/MS) Centroid 

Ion mode Positive ion mode 

Target omics Metabolomics 

  
Data collection 

 
MS1 tolerance 0.01 

MS2 tolerance 0.01 

Retention time begin 0.5 

Retention time end 10.4 

Mass range begin 40 

Mass range end 1200 

Maximum charged number 2 

Consider Cl and Br 

elements Unchecked 

Number of threads 20 

Execute retention time 

corrections Checked 

  
Peak detection 

 
Minimum peak height 1000 

Mass slice width 0.08 

Smoothing method Linear weighted moving average 

Smoothing level 4 

Minimum peak width 8 

Exclusion mass list 

(tolerance: 0.01Da) 121.051, 922.0098, and 923.0129 

  
MS2Dec 

 
Sigma window value 0.5 
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MS2Dec amplitude cut off 800 

Exclude after precursor Checked 

Keep isotope until 0.5 

Keep the isotopic ion w/o 

MS2Dec Unchecked 

  
Identification 

 
Retention time tolerance 1.5 

Accurate mass tolerance 

(MS1) 0.01 

Accurate mass tolerance 

(MS2) 0.01 

Identification score cut off 70 

Using retention time for 

scoring Unchecked 

Using retention time for 

filtering Checked 

Post identification 
 

Not used 

  
Adduct 

 
Molecular species [M+H]+, [M+Na]+, [M+H-H2O]+, and [2M+H]+ 

  
Alignment 

 
Reference file 191027_S1_LC02MS02_023_QC3_.mzML 

Retention time tolerance 0.35 

MS1 tolerance 0.01 

Retention time factor 0.5 

MS1 factor 0.5 

Peak count filter 5 

N% detected in at least one 

group 66 

Remove feature based on 

blank information Checked 

Sample max/blank average 5 
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Keep identified and 

annotated metabolites Unchecked 

Keep removable features 

and assign the tag for 

checking Checked 

Gap filling by compulsion Checked 

  
Tracking of isotopic 

labels Not used 

  
Retention time correction 

 
Interpolation method Linear 

Extrapolation method RT 

begin Fixed value 

Intercepts at 0 min (sample 

- reference) 0 min 

Extrapolation method to 

RT end Use the RT difference of last STD 

Calculation method of RT 

difference Sample - Reference 

Smoothing (simple moving 

average, 50 datapoints) Unchecked 

Reference compound 

information see Table S2 

  
CorrDec settings  

MS2 tolerance 0.01 Da 

Minimum MS2 peak 

intensity 600 

Min. number of detected 

samples 3 

Exclude highly correlated 

samples 0.9 

Min. correlation coefficient 

(MS2) 0.7 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425838doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425838


  

37 
 

Margin 1 0.2 

Margin 2 0.1 

Min detected rate 0.1 

Min MS2 relative intensity 

1 

Remove peaks larger than 

precursor Checked 
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Figure S1. Microscopic bright field images of HCE-T cells in the Cornea-Chip. Scale bar, 

500 μm. 

  

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted January 8, 2021. ; https://doi.org/10.1101/2021.01.08.425838doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.08.425838


  

39 
 

 

 
Figure S2. Data processing and transformation. Data were transformed by considering the 

square root of sample values. Boxplots with the median of each group (25th–75th interquartile 

range, the whiskers extend between maximum and minimum values). Q: quality control 

samples. A: Apical. B: Basolateral. 
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Figure 3. Principal component analysis (PCA) of original value samples and quality 

controls. Data were transformed into cube root values. The 95% confidence regions are 

highlighted in different colors. AP: apical, BA: basolateral, QC: quality controls. 
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Figure S4. One-way ANOVA and post-hoc test analysis of all samples and QC. P-value < 

0.05  
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Figure S5. Selected metabolite activities across the Cornea-chip. A–C) Metabolites 

associated with categories I, II, and III, respectively. Peak areas were corrected by the 

channels volume. Data are presented in triplicates as means ± S.E.M. 
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