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12 Abstract

13 High-throughput, rapid and non-invasive readouts of tissue health in microfluidic kidney co-culture models would 
14 expand their capabilities for pre-clinical assessment of drug-induced nephrotoxicity. Here, we demonstrate a technique 
15 for monitoring steady state oxygen levels in PREDICT96-O2, a high-throughput organ-on-chip platform with 
16 integrated optical-based oxygen sensors, for evaluation of drug-induced nephrotoxicity in a human microfluidic co-
17 culture model of the kidney proximal tubule (PT). Oxygen consumption measurements in PREDICT96-O2 detected 
18 dose and time-dependent injury responses of human PT cells to cisplatin, a drug with known toxic effects in the PT. 
19 The injury concentration threshold of cisplatin decreased exponentially from 19.8 M after 1 day to 2.3 M following 
20 a clinically relevant exposure duration of 5 days.  Additionally, oxygen consumption measurements resulted in a more 
21 robust and expected dose-dependent injury response over multiple days of cisplatin exposure compared to 
22 colorimetric-based cytotoxicity readouts. The results of this study demonstrate the utility of steady state oxygen 
23 measurements as a rapid, non-invasive, and kinetic readout of drug-induced injury in high-throughput microfluidic 
24 kidney co-culture models. 

25 Introduction

26 Pre-clinical assessment of drug-induced nephrotoxicity, injury to the kidney due to drug exposure, remains a challenge 
27 due to the failure of animal models and simple 2D cell culture to recapitulate the function of the human kidney1. 
28 Standard pre-clinical models for drug-induced nephrotoxicity include animals, which are expensive, raise ethical 
29 concerns, and often fail to consistently predict human relevant responses to drug treatments. Standard in vitro cell-
30 based assays that culture cells in static well plates are not predictive due to the lack of physiologically relevant cues, 
31 such as flow, present in the human kidney. Additionally, standard in vitro toxicological readouts rely on fluorescent 
32 imaging or colorimetric-based assays that are often limited to endpoint measurements and are invasive due to the 
33 addition of labels and/or  extraction of samples for analysis in a separate instrument, such as a microplate reader2. 
34 Furthermore, because drug-induced nephrotoxicity is thought to be dependent on exposure time in the kidney3,4, there 
35 is a need for data collection techniques that enable non-invasive monitoring of renal tissue health in in vitro systems 
36 throughout the time-course of drug exposure. It is also important that new data collection techniques fit existing life 
37 science infrastructure to enable broad adoption in the drug development industry.    Microfluidic organ-on-chip 
38 technology enables improved toxicological assessments due to both the capability to support human cell culture in a 
39 semi-complex microenvironment and accommodate sensors for rapid, label-free, and on-chip readouts of dynamic 
40 tissue responses during drug exposures2. Additionally, recently developed high-throughput organ-on-chip platforms 
41 with industry standard formats and compatibility with existing life science workflows has increased the potential for 
42 translation of organ-on-chip technology in the pharmaceutical industry5,6. 

43 Microfluidic organ-on-chip technology is advantageous for nephrotoxicity assessment due to its ability to support 
44 evaluation of the epithelial-microvascular endothelial structure of the proximal tubule (PT)7–9, a primary site for 
45 transport and accumulation of nephrotoxic agents in the kidney10, in a precisely designed microenvironment. Studies 
46 have shown that PT cells exposed to flow have improved structure11–13, function7,14–16, and responses to nephrotoxic 
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47 drug exposures9,17 compared to cells cultured in static conditions. Also, both shear stress and increased oxygen supply 
48 via flow have shown to increase oxygen consumption rates and oxygen-dependent metabolism14,18,  a key function in 
49 the human PT due to its high metabolic workload19.  The co-culture of human primary proximal tubule epithelial cells 
50 (hRPTECs) and human primary microvascular endothelial cells (hMVECs) results in cross-talk between the two cell 
51 types that alters PT epithelial cell metabolic activity and regulation of drug transport genes20,21. Also, our group 
52 recently found that transepithelial electrical resistance, a functional readout of PT tissue, detected cisplatin-induced 
53 toxicity with greater sensitivity for hRPTECs in co-culture compared to in monoculture22. Thus, inclusion of flow and 
54 multiple cell types in PT-on-chips is important to recapitulate physiologically relevant PT injury responses during 
55 nephrotoxic drug exposures. Additionally, high-throughput systems that support an array of independent organ-on-
56 chips are needed to assess multiple variables, such as drug concentrations, in parallel with a minimum of 3 replicates 
57 for performing statistical analyses. Recently, we have published on a high-throughput platform that has been 
58 developed for culturing up to 96 epithelial-endothelial barrier models on a single microtiter plate format5,22–24. 

59 Sensor integration in high-throughput organ-on-chip systems enables non-invasive and near real-time monitoring of 
60 tissue health during drug exposures2. For example, electrical-based transepithelial-endothelial electrical resistance 
61 allows rapid and non-invasive measurement of tissue barrier function for toxicological assessment22,25. Oxygen 
62 sensing is particularly advantageous for toxicological screening because it enables measurement of oxygen 
63 consumption as a readout of tissue metabolic function and viability26. Optical-based and electrochemical-based 
64 sensors have been utilized in cell culture systems for monitoring oxygen consumption. Electrochemical-based sensing 
65 systems27–29 are generally low throughput due to the large footprint of electrical hardware and complex fabrication 
66 processes30. Optical-based oxygen sensing is advantageous for integration in high-throughput microfluidic systems 
67 due to its low footprint, straightforward integration, and fast sensor response times31,32. The Agilent Seahorse 
68 XFeAnalyzer, a commercial optical-based oxygen sensing system, measures cell oxygen consumption rates in static 
69 96 well plates, however, does not support perfusion or operate in organ-on-chip systems33,34.   Oxygen sensor-
70 integrated organ-on-chip systems reported to date remain low-throughput with at most 24 devices contained in an 
71 array35 and with the majority containing 9 or fewer devices29,36–40. Previously, we reported a technique to measure 
72 oxygen consumption rates in an array of organ-on-chip devices41, but it required cycling flow on and off for 1-2 
73 minutes in each device sequentially, resulting in un-stable flow conditions and a long time-duration of 1.6-3.2 hrs. for 
74 measurement in all 96 devices contained in a standard microtiter plate format. Oxygen consumption readouts based 
75 on steady state oxygen levels may address the above limitations by enabling continuous perfusion and a reduction in 
76 the time required to sequentially collect data across a large array of devices using a single fiber optic. A recent study 
77 demonstrated oxygen consumption measurements in an array of devices containing hepatocytes during continuous 
78 perfusion35, however,  the culture chambers were limited to single microchannels, which do not accommodate co-
79 culture models of human tissue barriers, such as the epithelial-endothelial barrier in the PT. Therefore, there is a need 
80 for investigation of new high-throughput oxygen sensing techniques that enable non-invasive monitoring of metabolic 
81 activity and viability during continuous flow in systems that support tissue barrier models, whether comprised of 
82 single or multiple cell types.

83 In this study, we investigated a technique for the measurement of steady state oxygen levels in PREDICT96-O2 (P96-
84 O2), a high-throughput microfluidic organ-on-chip platform with integrated optical-based oxygen sensors, for 
85 monitoring oxygen consumption and assessment of drug-induced injury in a microfluidic human primary co-culture 
86 model of the kidney PT (mcPT). Oxygen consumption measurements enabled detection of a dose and time-dependent 
87 injury response to cisplatin, a nephrotoxic compound, during a clinically relevant 5-day exposure duration. 
88 Measurement of a dose and time-dependent injury response to cisplatin allowed rapid prediction of an injury 
89 concentration threshold as a function of exposure time in the mcPT. Finally, we compared the performance of oxygen 
90 consumption and gold standard colorimetric-based cytotoxicity readouts for monitoring drug-induced injury in the 
91 mcPT.  Our results demonstrated a new utility of oxygen sensing and associated methodology in a high-throughput 
92 organ-on-chip platform for pre-clinical evaluation of drug-induced nephrotoxicity and investigation of renoprotective 
93 strategies. 

94 Results and discussion

95 Design and workflow for oxygen-sensing in P96-O2 and assessment of drug-induced PT injury
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96 We developed a workflow to assess oxygen consumption and drug-induced injury to hRPTECs in a mcPT during 
97 continuous perfusion. P96-O2 contained an array of 96 organ-on-chip devices with integrated optical-based oxygen 
98 sensors in a microtiter plate format similar to an industry standard well plate commonly used in drug development5,41. 
99 Fig. 1a. shows an image of the bottom of a P96-O2 culture plate. Each device of the P96-O2, shown schematically in 

100 fig. 1b., was constructed in a membrane bilayer format, which consisted of top and bottom microchannels separated 
101 by a porous membrane. The plate was constructed primarily from cyclo-olefin polymer, a thermoplastic with low 
102 oxygen permeability. Each device contained a single oxygen sensor bonded to the floor of the bottom microchannel 
103 in the center of the overlap region between the top and bottom microchannels, as shown in fig. 1b-c. The mcPT 
104 consisted of hRPTECs and human primary microvascular endothelial cells (hMVECs) on the bottom and top of the 
105 membrane, respectively, as shown schematically in fig. 1c. For mimicking the flow conditions in the PT42, 
106 unidirectional and recirculating perfusion in the top and bottom microchannels provided convection-based delivery of 
107 a nephrotoxic compound (illustrated as purple dots in fig. 1c.)  to hRPTECs cultured on the membrane. hMVECs 
108 cultured on the top side of the membrane, shown in fig. 1d. and hRPTECs on the bottom of the membrane, shown in 

Figure 1: Experimental design and workflow for oxygen sensing and assessment of drug-induced nephrotoxicity in a 
human microfluidic co-culture PT model. a) Bottom view of a P96-O2 plate with 96 organ-on-chip devices. b) Schematic of 
a single device with a top (blue) and bottom microchannel (green) and an oxygen sensor located centrally on the floor of the 
bottom microchannel. c) A schematic that highlights the key components for assessment of drug-induced nephrotoxicity in 
P96-O2. hMVECs and hRPTECs cultured on the top and bottom surfaces of the porous membrane, respectively, were exposed 
to a nephrotoxic compound (purple dots) via controlled and unidirectional flow in the top and bottom microchannels. An 
optical-based oxygen sensor located in the bottom microchannel measured oxygen via a fiber optic and commercial oxygen 
meter. Confocal images of d) hMVECs and e) hRPTECs stained for nuclei (blue), actin (red), and ZO-1 (green) formed 
confluent monolayers on the membrane. f) Schematic illustrating an increase in steady state oxygen levels that occurs in the 
bottom microchannel following injury to the hRPTECs. g) Illustration depicting an increase in steady state oxygen levels over 
time as hRPTECs undergo injury during exposure to a nephrotoxic compound. h) Experimental timeline for co-culture and 
assessment of drug-induced nephrotoxicity in P96-O2.
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109 fig. 1e. after 11 days of co-culture in P96-O2 demonstrated monolayer formation of both cell types. hRPTECs had high 
110 barrier integrity, visualized via expression of tight junction protein ZO-1, and displayed a cobblestone-like 
111 morphology, as shown in fig. 1e. An optical-based sensor in each device measured steady state oxygen levels during 
112 continuous perfusion and delivery of a nephrotoxic compound in the bottom microchannel. The schematics in fig. 1f. 
113 illustrate the working principle of our sensing technique which relies on a change in steady state oxygen levels that 
114 occurs in the bottom microchannel as hRPTECs transition from healthy (fig. 1fi) to injured (fig. 1fii) during a 
115 nephrotoxic drug exposure.  Fig. 1g. illustrates an expected qualitative increase in oxygen levels as the hRPTECs 
116 undergo injury and consume less oxygen over time following a nephrotoxic exposure. P96-O2 and our experimental 
117 workflow, shown in fig. 1h., allowed assessment of drug-induced injury during a 5-day exposure to cisplatin, a 
118 nephrotoxic drug, via oxygen sensing, a conventional colorimetric cytotoxicity assay, and endpoint fluorescent 
119 imaging. The P96-O2 platform was well-suited for studying drug-induced nephrotoxicity in the human PT barrier due 
120 to its high-throughput capability to co-culture PT epithelial and microvascular endothelial cells in a fluidic 
121 environment and simultaneously monitor oxygen in the microchannel containing hRPTECs.  P96-O2 provided an 
122 improvement in throughput over existing systems that contain at most 24 devices29,35,36,43. Additionally, the membrane 
123 bilayer format of each device in P96-O2 provided benefit over single microchannels utilized in existing high-
124 throughput systems35 for modelling multi-cell type tissue barriers with perfusion on both sides, such as the PT barrier.   

125 Detection of oxygen consumption in the mcPT during continuous perfusion 

126 We developed an approach to monitor steady state oxygen levels in the bottom microchannel of all 96 devices in P96-
127 O2 for rapid, label-free, and on-chip detection of oxygen consumption of hRPTECs. A fiber optic positioned beneath 
128 each sensor spot sequentially, shown in fig. 2a., measured oxygen via a commercial oxygen meter (Pyroscience, 
129 Germany) during continuous perfusion and recirculation of media in the top and bottom microchannels.   Oxygen was 
130 measured, shown schematically in fig. 2b., via automated and sequential positioning of the fiber optic beneath each 
131 sensor using a standard programmable microscope stage. 10-12 data samples were acquired in each device, shown in 
132 fig. S1a., resulting in a total duration of 32 minutes for automated measurement of oxygen in all 96 devices in P96-
133 O2. The 10-12 oxygen samples acquired in each device had negligible variability with an average standard deviation 
134 of 0.25 ± 0.1 hPa (n=96 devices), shown in fig. S1b., which indicated that oxygen measurements were steady with 
135 respect to time during each device measurement period. During oxygen measurements, P96-O2 devices contained 
136 hRPTECs + hMVECs, hRPTECs only, or no tissue conditions, as shown in the plate format in fig. S2.  A representative 
137 example of the average steady state oxygen levels measured in each device of a single P96-O2 plate containing devices 
138 with tissue and without tissue was shown in fig. 2c. Oxygen levels in devices containing tissue were slightly lower 
139 near the center of the plate, compared to devices located at the edge, shown in fig. S3b, which was likely due to greater 
140 oxygen supply at the periphery of the plate. Despite variability in oxygen levels, the relative change in oxygen over 
141 24 hours in each device did not depend significantly (p=0.28) on each device’s position within the plate, as shown in 
142 fig. S3d. Further work is still needed to investigate potential variability due to device position within a plate for 
143 durations longer than 24 hours, in which proliferation or changes in cellular respiration can occur. Oxygen was 
144 significantly lower (p < 0.001) in devices containing hRPTECs + hMVECs and hRPTECs only compared to control 
145 devices containing water and culture medium only, shown in fig. 2d. There was no significant difference (p > 0.05) 
146 between oxygen levels in devices containing hRPTECs and hMVECs compared to those with hRPTECs only, which 
147 indicated that oxygen measurements in the bottom microchannel were sensitive to hRPTEC oxygen consumption with 
148 negligible contribution from hMVECs in the top microchannel. Fig. 2e. shows oxygen measurements in devices 
149 containing hRPTECs and hMVECs compared to control devices containing water and culture medium over the course 
150 of 8 days. Oxygen levels in control devices containing water and culture medium remained steady near 200 hPa, the 
151 partial pressure of oxygen in water equilibrated in air. Oxygen levels in devices containing hRPTECs and hMVECs 
152 was significantly lower than oxygen in the water and culture medium controls, as shown in fig. 2e. Oxygen 
153 consumption was estimated as the difference between steady state oxygen levels in devices containing tissue and 
154 devices containing only culture medium. Oxygen consumption increased over time during 7 days of culture in P96-
155 O2, as shown in fig. 2f. Oxygen consumption was significantly greater in devices containing hRPTECs and hMVECs 
156 compared to devices containing only culture medium over 8 days of culture. The increase in oxygen consumption over 
157 8 days, shown in fig. 2f., is likely attributed to continued proliferation of hRPTECs, which was supported by hRPTEC 
158 expression of Ki67, a protein associated with proliferation, following 10 days of culture in the mcPT, shown in Fig. 
159 S4.  
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160 The presented technique for monitoring oxygen consumption provided novelty and improvement over existing 
161 methods due to the combination of 1) high-throughput acquisition (96 devices/32 minutes), 2) compatibility with 
162 tissue models consisting of multiple cell types in a membrane bi-layer format, 3) capability to detect oxygen 
163 consumption during continuous perfusion and 4) minimal hardware requirements and simple setup for measurements. 
164 The commercial Agilent Seahorse XFeAnalyzer can measure oxygen consumption in 96 wells in 2 minutes44, 
165 however, does not operate in organ-on-chip systems. Existing techniques for measurement of oxygen consumption in 
166 high-throughput organ-on-chip systems have several limitations including the necessity to modulate flow on and off41, 
167 the large footprint and complex integration of  sensing hardware35, and limitation of measurements to a single 
168 monolayer of cells35,36. While steady state oxygen levels provided an indicator of oxygen consumption in the hRPTEC 
169 channel, further work is needed to investigate the relationship between steady state oxygen levels and hRPTEC oxygen 
170 consumption rates in P96-O2. In future work, finite element analysis-based models could be employed to estimate 
171 hRPTEC oxygen consumption rates from steady state oxygen measurements, similar to an approach reported in Moya 
172 et al29. Additionally, this technique for monitoring oxygen consumption is immediately applicable to a broad range of 
173 studies that utilize a microfluidic membrane bi-layer format for culturing complex tissue models including the gut 
174 intestines45, lung24, blood brain barrier46, and liver47. Finally, only a single fiber optic was required to achieve 
175 measurements in 96 devices, which resulted in a significantly lower footprint and simpler fabrication and set up 
176 compared to current systems35.

177 Oxygen sensor-enabled monitoring of cisplatin-induced nephrotoxicity 

178  Measurement of oxygen consumption in P96-O2 during continuous perfusion enabled non-invasive monitoring of 
179 drug-induced nephrotoxicity during a clinically relevant 5-day exposure duration to cisplatin48, a compound with 
180 nephrotoxic effects in the human PT49. Representative images of hRPTECs stained with nuclei, actin, and ZO-1, 

Figure 2: Steady state oxygen measurements in the bottom microchannel enabled detection of hRPTEC 
consumption in each mcPT. a) Schematic of a single device with online oxygen measurements in the bottom 
microchannel. b) Illustration of the path of the fiber optic during sequential oxygen measurements in an entire P96-O2 
plate. c) Representative heatmap displaying steady state oxygen readouts across an entire P96-O2 plate with devices 
containing tissue and no tissue controls d) Oxygen measurements in tissue devices containing hRPTECs + hMVECs (n=46) 
and only hRPTECs (n=12) compared to control devices containing culture medium (n=8) and water (n=8) on day 6 of 
culture (N.S. p = 0.8, *p < 0.001, Kruskal-Wallis and Dunn’s post-hoc test). e) Oxygen and f) oxygen consumption 
measurements on days 4-11 in devices containing hRPTECs +hMVECs (n=5) compared to devices containing water 
(n=16) and culture medium (n=4) (*p < 0.05, **p  < 0.01, ***p < 0.001 compared to culture medium controls, Kruskal-
Wallis and Dunn’s post-hoc test). 
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181 shown in fig. 3a., indicated a dose-dependent injury response following 5 days of exposure to cisplatin.  Dose-
182 dependent cytotoxicity was evident due to changes in the hRPTEC nuclei density on day 5, as shown in fig. 3b. 
183 Additionally, there was a dose-dependent reduction in the expression of key structural proteins actin and ZO-1, shown 
184 in fig. 3a. and fig. S5. hRPTEC nuclei density was significantly lower than the untreated group at 25, 100, and 200 
185 M (p < 0.05). Oxygen consumption on day 5 of the cisplatin exposure correlated with hRPTEC nuclei density with 
186 an R2 value of 0.735 (p < 0.001), as shown in fig. 3c. This correlation indicated oxygen consumption could be utilized 
187 as a label-free, non-invasive, and rapid surrogate indicator of hRPTEC density decrease and injury in P96-O2. 

188 Post/predrug oxygen consumption in the mcPT was defined as oxygen consumption over the course of 
189 cisplatin exposure relative to oxygen consumption measured prior to the initial exposure at t = 0 hrs. Doses of cisplatin 
190 were delivered in P96-O2 according to the plate format shown in fig. S6. We did not expect significant biases in the 
191 post/predrug oxygen consumption readouts due to the plate format design. This was because the post/predrug oxygen 
192 consumption readouts were based on relative changes in oxygen over time in each device, which did not depend 
193 significantly on each device’s position within the plate, as shown in fig. S3d. Post/predrug oxygen consumption, 
194 shown in fig. 4a., was measured at 24 hr. timepoints for 5 days during exposure of hRPTECs to cisplatin and a time- 
195 and dose-dependent response was observed. Within 24 hrs., post/predrug oxygen consumption in devices treated with 
196 100 and 200 M decreased significantly relative to the untreated devices (p < 0.01). At 48 hrs., post/predrug oxygen 
197 consumption in devices treated with 25 M decreased significantly relative to the untreated devices (p < 0.001). At 
198 72 hrs., post/predrug oxygen consumption in devices treated with 10 M decreased significantly relative to the 
199 untreated devices (p < 0.05). There was no significant decrease in post/predrug oxygen consumption in devices treated 
200 in the range of 0-3 M. Post/predrug oxygen consumption in devices treated with 0-3 M increased above 100% over 
201 time, which was most likely due to proliferation of hRPTECs in the bottom microchannel, as discussed previously. 

Figure 3: Oxygen consumption correlated with hRPTEC nuclei density in the mcPT following 5 days of cisplatin 
exposure. a) Representative confocal images of hRPTECs on the membrane stained with nuclei, actin, and ZO-1 (scalebar = 
50 m) and b) density of hRPTEC nuclei on the membrane for each dose of cisplatin following 5 days of treatment (* p < 0.05 
relative to untreated group, Kruskal-Wallis and Dunn’s post hoc test). c) Correlation between oxygen consumption 
measurements and density of hRPTEC nuclei on the membrane (R2=0.735,p  <  0.001, n=25). 
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202 Dose response curves based on the conventional 4-parameter Hill equation50,51 were estimated for data 
203 collected at 48, 72, 96, and 120 hrs. for prediction of an IC20, the concentration at which 20% reduction in post/predrug 
204 oxygen consumption was observed.  Maximal injury in the mcPT was observed at 48 hrs., indicated by a black arrow 
205 in fig. 4a. Therefore, data collected prior to 48 hrs. was not included in the hill function curve fitting. Fig. 4b. shows 
206 dose response curves (solid lines) and experimental data (markers) for each timepoint from 48-120 hrs. of cisplatin 
207 exposure. The IC20 decreased as exposure to cisplatin increased between the 48 and 120 hr. timepoints, shown as 
208 orange and blue dotted lines, respectively, in fig. 4b. and followed an exponential decay, shown in fig. 4c. The fitted 
209 exponential, shown in equation 1, fit the experimental data closely with an R2 of 1.00 and predicted a long-term IC20 
210 of 2.2 M. The predicted IC20s at 24 hr. timepoints over 5 days were provided in table 1 below.

211                (1)𝐼𝐶20(𝑡) =  58.46 𝑒 ―0.045𝑡 +2.16

212 Table 1: Summary of predicted IC20s during a 5-day exposure to cisplatin 

Timepoint (hr.) 24 48 72 96 120 infinity

Figure 4: Oxygen sensor-enabled monitoring of cisplatin-induced injury to hRPTECs in the mcPT. A) Post/predrug 
oxygen consumption measurements over time for a range of cisplatin doses. Maximal injury response occurred within 48 hrs 
(black arrow). b) Dose-dependent reduction in post/predrug oxygen consumption (markers) with fitted hill equations (solid 
lines) for estimation of the IC20 at different timepoints. The IC20s at 48 and 120 hrs. are shown as orange and blue dotted 
lines, respectively. g)  The IC20 (red circles) for cisplatin decreased exponentially over time in the mcPT. Data are mean ± 
standard deviation of n=4-6 devices per dose. *p < 0.05, **p < 0.01, ***p < 0.001 relative to untreated (Kruskal-Wallis and 
Dunn’s post-hoc test).
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IC20 (M) 19.8 7.5 3.8 2.7 2.3 2.2

213

214 These results demonstrated a new capability of a high-throughput oxygen sensor integrated organ-on-chip platform to 
215 rapidly predict a time-dependent concentration threshold at which drug-induced injury occurs in a human PT model. 
216 The 5-day IC20 for cisplatin of 2.3 M was below expected blood concentrations of cisplatin reported in 5-day 
217 infusions48, which may explain the prevalence of cisplatin-induced kidney injury in the clinic.  Additionally, the time-
218 dependent decrease in the IC20 of cisplatin in the mcPT supports data in animal models suggesting that cisplatin-
219 induced kidney injury is dose and time-dependent3,4. Our predicted 5-day IC20 in the mcPT was in close agreement 
220 with a 5-day cisplatin toxicity threshold of 2.8 M predicted using perfused vascularized human kidney spheroids52. 
221 Interestingly, the toxicity thresholds for cisplatin were similar for hRPTECs cultured in spheroids and a membrane 
222 bilayer format, despite significant differences in the tissue architecture between the two systems. While spheroids 
223 have shown promise for toxicological studies52, there are key advantages of performing toxicological assessments in 
224 membrane bilayer formats including access to both apical and basal surfaces of the tissue layer for transport studies, 
225 independent control of flow rates5,22 in each microchannel, and compatibility with barrier-specific assays53,54. We 
226 believe that this system and the oxygen measurement technique could aid clinicians and drug developers in optimizing 
227 treatment regimens of nephrotoxic agents and investigation of protective strategies for mitigation of drug-induced 
228 nephrotoxicity. Additionally, this technique is broadly applicable for toxicological assessment in other complex tissue 
229 models that utilize a membrane bilayer format47,55,45,24.

230 Oxygen vs colorimetric-based measurements for monitoring hRPTEC injury 

231 We compared our oxygen sensing technique with the CyQUANTTM LDH Cytotoxicity assay, a commercial 
232 colorimetric-based assay, for assessment of hRPTEC injury during the 5-day exposure to cisplatin. The CyQUANTTM 
233 assay quantifies cytotoxicity via extraction of cell culture medium from each device and measurement of the amount 
234 of lactate dehydrogenase (LDH), an enzyme in healthy cells that is released upon damage to the cell membrane.  Fig. 
235 5a-b. shows cumulative LDH, the total LDH released in culture medium relative to t=0hr., and post/predrug oxygen 
236 consumption for doses in the range of 0-200 M and at 24 hr. timepoints. Both cumulative LDH and post/predrug 
237 oxygen consumption readouts displayed an expected dose-dependent response at the early timepoints of 24 and 48 
238 hrs. of exposure. Interestingly, between 72-120 hrs., post/predrug oxygen consumption continued to display an 
239 expected dose-dependent trend, whereas cumulative LDH did not. Specifically, cumulative LDH in the middle dose 
240 groups of 10 and 25 M was higher than in the high dose groups of 100 and 200 M, as shown in fig. 5a., which was 
241 not consistent with the dose response in the post/predrug oxygen consumption readouts, data from other studies22, and 
242 the general expectation that injury increases with dose of a toxic drug. This inconsistency was likely due to differences 
243 in the time at which maximum cytotoxicity, quantified via LDH release, occurred between the middle and high dose 
244 groups. Specifically, maximum cytotoxicity occurred within 24 hrs. in the high dose group compared to 48-96 hrs. in 
245 the middle dose group, as shown in fig. S7. We found that the combination of different timepoints of maximum 
246 cytotoxicity and expected hRPTEC proliferation over time to likely be significant factors leading to an unexpected 
247 dose-dependent response in the cumulative LDH readouts between 72-120 hrs. On the other hand, post/predrug oxygen 
248 consumption readouts resulted in an expected dose-response at all timepoints similar to dose-response data for 
249 cisplatin reported in other studies22,52. Therefore, we found post/predrug oxygen consumption to be a more robust and 
250 consistent metric for evaluating dose-dependent injury over multiple days of exposure compared to cumulative LDH.  
251 It should be noted that post/predrug oxygen consumption in the vehicle group was slightly lower than the untreated 
252 and low dose groups. This was likely due to a higher concentration of saline present in the vehicle group compared to 
253 the untreated and low dose groups, to maintain equivalent concentrations of saline between the vehicle and highest 
254 dose groups. 

255 Combination of post/predrug oxygen consumption and cumulative LDH readouts for each mcPT allowed 
256 visualization of the time-dependent formation of two distinct clusters of mcPTs representing healthy and injured tissue 
257 following 5 days of cisplatin exposure. Fig. 5c. shows the relationship between post/predrug oxygen consumption and 
258 cumulative LDH readouts at each timepoint during cisplatin exposure, in which each datapoint represents an individual 
259 mcPT. Unsupervised classification, based on probabilistic gaussian mixture models56, of the datapoints in fig. 5c. into 
260 two distinct clusters resulted in prediction of mcPTs that were healthy or injured. At 120 hrs., the predicted healthy 
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261 and injured clusters contained mcPTs in the 0-3 M and 10-200 M range, respectively, which supported image-based 
262 observations of cell death occurring in the 10-200 M range at 120 hrs., shown previously in fig. 3a-b. Changes in the 
263 shapes of the two clusters and in the occupancy of mcPTs in each cluster over time, shown in fig. 5c., were dynamic 
264 indicators of injury occurring in the mcPT based on two different metrics of cell health. Specifically, between 24-96 
265 hrs., mcPTs exposed to cisplatin in the range of 10-25 M switched occupancy from the healthy cluster to the injured 
266 cluster.
267 Our reported method for measurement of steady state oxygen levels has key advantages over conventional 
268 colorimetric-based assays, as summarized in table 2 below. Additionally, we found that monitoring oxygen levels in 
269 P96-O2 allowed measurement of an expected dose-dependent injury response for cisplatin across all timepoints during 
270 a 5-day drug exposure. This demonstrated a key advantage over cumulative LDH readouts, which resulted in a dose-
271 response that was inconsistent with expectations between 72-120 hrs. of exposure. Additionally, we showed that the 
272 combination of oxygen consumption measurements and colorimetric-based cytotoxicity readouts in P96-O2 allowed 
273 visualization of distinct clusters, representing healthy and injured mcPTs, which provided a useful new readout for 
274 monitoring the progression of injury in mcPTs during multiple-day drug exposures.

275 Table 2: Key advantages of oxygen sensing compared to colorimetric-based assays for toxicological assessment in high-
276 throughput microfluidic organ-on-chip systems

Key performance metrics Oxygen sensing Colorimetric-based assay 
Data collection speed 32 min. / plate * ~1-2 hr. / plate

On-chip measurements Yes; label-free & non-invasive No; Requires extraction of culture medium 
and multiple liquid handling steps 

Enables perfusion during data 
collection

Yes No

Figure 5: Comparison between oxygen consumption and colorimetric-based cytotoxicity readouts for monitoring 
hRPTEC injury in the mcPT. a) Cumulative LDH in the hRPTEC microchannel and b) post/predrug oxygen consumption 
for each timepoint during exposure of hRPTECs to cisplatin for 5 days (*p < 0.05, **p < 0.01, ***p < 0.0001 relative to 
untreated within each timepoint between 24-96 hr. using Kruskal-Wallis and Dunn’s post-hoc test). There were insufficient 
replicates in cumulative LDH data at 120 hr. for statistical testing. c) Unsupervised clustering of individual mcPTs into separate 
groups, representing healthy and injured tissue, at each timepoint based on post/predrug oxygen consumption and cumulative 
LDH data. 
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Chemical reagents required No Yes

277 *An additional 30-45 minutes was required for a P96-O2 plate to reach temperature equilibrium prior to oxygen measurements. 

278 Conclusions

279 For the first time, we demonstrated a technique to monitor oxygen consumption during continuous perfusion in 96 
280 mcPTs within 32 minutes, which enabled rapid and non-invasive assessment of drug-induced nephrotoxicity. Oxygen 
281 consumption measurements detected time and dose-dependent injury responses to cisplatin, a nephrotoxic drug, during 
282 a clinically relevant 5-day exposure duration. The IC20 of cisplatin decreased as a function of exposure time in the 
283 mcPT, which agreed with findings in animal studies and in other in vitro models that cisplatin toxicity is dose and 
284 time dependent.  Furthermore, the 5-day IC20 in the mcPT was below clinically reported blood concentrations of 
285 cisplatin during 5-day infusions48, supporting incidences of cisplatin-induced kidney injury in the clinic. Also, oxygen 
286 consumption readouts in the mcPT provided more robust and expected dose-response data than conventional 
287 colorimetric-based cytotoxicity readouts at later timepoints of cisplatin exposure.  Our results demonstrated the utility 
288 of monitoring steady state oxygen levels in a high-throughput organ-on-chip platform for non-invasive and rapid 
289 assessment of oxygen consumption and nephrotoxicity in a human co-culture PT model. The presented technique will 
290 provide a valuable tool in drug development for evaluating injury in microfluidic kidney models for toxicological 
291 screening and investigation of potential therapies. 

292 Experimental

293 Cell culture

294 Primary human renal proximal tubule epithelial cells (hRPTECs) were purchased from ScienCell Research 
295 Laboratories (Lot: 5340) and expanded through passage 5 prior to seeding in P96-O2 plates.  hRPTECs were cultured 
296 in culture medium consisting of 50:50 DMEM/F12 (Gibco, USA) supplemented with 0.5% fetal bovine serum (Life 
297 Technologies, USA), 10 ng/mL recombinant human epidermal growth factor (Thermo Fisher, USA), 5 g/mL insulin 
298 (Sigma-Aldrich, USA), 6.5 ng/mL 3,3’,5-triiodo-L-thyronine sodium salt (Sigma-Aldrich, USA), 10 g/mL human 
299 transferrin (Sigma-Aldrich, USA), and 1% penicillin-streptomycin (Thermo Fisher, USA). Primary human dermal 
300 microvascular endothelial cells (hMVECS) were purchased from Lonza (CC-2543) and expanded through passage 6. 
301 hMVECs were cultured in a commercial medium kit (CC-3156, Lonza, USA) consisting of EBMTM-2 Basal Medium 
302 (CC-3156) and EGMTM-2 MV microvascular endothelial cell growth medium supplements (CC-4146). hRPTECs 
303 were cultured in a T-150 flask (Thermo Fisher, USA) with 30 mL of hRPTEC culture medium for 2 days prior to 
304 seeding in P96-O2. hMVECs were cultured in a T-150 flask coated with 1g/cm2 human plasma fibronectin with 30 
305 mL of hMVEC culture medium for 2 days prior to seeding in P96-O2.  

306 Preparation of the P96-O2 and micropump array

307 The fabrication of the P96-O2 culture plates and micropump array was described previously in detail5,41.  Briefly, P96-
308 O2 plates contained 96 optical-based oxygen-sensitive sensor spots (0.75 mm in diameter and 50 m thick) that were 
309 cut from a sheet of photosensitive oxygen sensor foil (item No. OXFOIL-TN, Pyroscience, Germany). Each P96-O2 
310 plate contained an 11 m thick polycarbonate track-etched porous membrane with a pore diameter of 1 m (Sterlitech, 
311 WA, USA). P96-O2 plates and the micropump array were sterilized with ethylene oxide exposure for 24 hours, 
312 followed by a minimum of 48 hours of degassing. P96-O2 plates were treated with oxygen plasma for 60 seconds to 
313 increase the hydrophilicity of the microchannel surfaces.  Microchannels of the P96-O2 were filled with 70% ethanol 
314 and subsequently rinsed 3 times with phosphate-buffered saline (PBS). 

315 Cell seeding in P96-O2 

316 Prior to seeding cells in P96-O2, each microchannel was filled with a solution of 60 g/mL of collagen IV from human 
317 placenta (Cat #: CC076, Sigma Aldrich, USA) in PBS and the plate was placed on a rocker for 1 hour at room 
318 temperature. Co-cultures of hMVECs and hRPTECs and monocultures of hRPTECs were cultured in specified regions 
319 of the P96-O2 plate, as shown in the plate map in fig. S2.  hMVECs were seeded in the top microchannel two days 
320 prior to seeding of hRPTECs in the bottom microchannel. 30 L of  a 1 million/mL cell suspension was delivered to 
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321 the inlet of each top microchannel via a gravity seeding method previously described5. For seeding of hRPTECs, 30 
322 L of a 1 million/mL cell suspension was delivered to the inlet of each bottom microchannel and the plate was 
323 subsequently flipped face-down and incubated at 37o C for 1 hour to allow cells to adhere to the porous membrane. 
324 Devices with suboptimal cell densities below approximately 500 cells/mm2 (25% of the expected density) were 
325 identified as outliers following cell seeding via phase contrast imaging. Suboptimal densities likely occurred due to 
326 error sources in the cell seeding process including low seeding densities and introduction of bubbles that interfere with 
327 adhesion. 14 devices were identified as outliers and excluded from all data presented in this manuscript. Following 1 
328 hour, the plate was flipped face-up, culture medium in each microchannel was refreshed, and flow was initiated at 1 
329 L/min (0.01 dyne/cm2) for 1 day. Flow was increased to 70 L/min (0.73 dyne/cm2) on day 2 for the remainder of 
330 the experiment and the culture medium in each microchannel was refreshed daily. 

331 Oxygen consumption measurements

332 Oxygen measurements were acquired with a commercial optical oxygen meter, optical fiber, and software 
333 (FireStingO2, Pyroscience, Germany).  P96-O2 was placed in a standard confocal microscope with an incubation 
334 chamber (LSM, 780) and the fiber optic was secured parfocally onto the objective turret using a custom fixture, 
335 described in a previous work41. The microscope’s 10x objective and programmable stage was used to visually locate 
336 each sensor spot to ensure that the distance between the fiber optic and each sensor spot was consistent across all 96 
337 devices. The fiber optic positions for all 96 devices were manually assigned and saved using the microscope’s 
338 software.  A 2-point calibration of the oxygen sensors was performed using the FiresStingO2 software.  Microchannels 
339 were filled with water and 30 g/L of sodium sulfite in water to obtain the high and low setpoint values corresponding 
340 to 100% air saturated and 0% air saturated solutions, respectively. Measurement of steady state oxygen in a P96-O2 
341 plate was accomplished via automated and sequential positioning of the fiber optic beneath each device with a dwell 
342 time of approximately 12 seconds per device as the FireStingO2 acquired oxygen measurements at a sampling rate of 
343 1 Hz. A custom-built algorithm in MATLAB was used to convert the raw data containing oxygen measurements 
344 acquired at 1 Hz for an entire P96-O2 plate into average readouts for each device in P96-O2.  Oxygen measurements 
345 in each device were the average of 10-12 samples acquired at 1 Hz. Oxygen consumption was estimated as the 
346 difference between steady state oxygen measurements in devices filled with air saturated culture medium and devices 
347 containing culture medium and tissue.

348 Cisplatin treatment

349  cis-Diammineplatinum(II) dichloride (cisplatin) was purchased from Sigma, Aldrich (P4394-25MG) and dissolved 
350 in 0.9% sodium chloride in water to form a 2380 M stock solution. The stock solution was diluted in culture medium 
351 to produce working concentrations of 0.5, 1, 3, 5, 10, 25, 100, and 200 . The vehicle group contained 8.4% sodium 
352 chloride solution, which was equivalent to the concentration of sodium chloride solution used in the highest cisplatin 
353 dose. Cisplatin doses were delivered via the inlets of the top and bottom microchannels of specified devices, shown 
354 in the plate map in fig. S6. Oxygen was measured in the bottom microchannel of each device at 24 hr. timepoints for 
355 the 9 doses of cisplatin ranging from 0-200 M.  Culture medium with the proper cisplatin dose was refreshed in each 
356 device every 24 hours following oxygen measurements. 

357 Lactate dehydrogenase (LDH) assay

358 The CyQUANTTM LDH Cytotoxicity Assay (Thermo Fisher, USA), a standard colorimetric-based assay for assessing 
359 cellular cytotoxicity, was used for quantifying extracellular lactate dehydrogenase (LDH) in the culture medium. 30 
360 L of culture medium was extracted from the inlet and outlet of each bottom microchannel following oxygen 
361 measurements on day 7, 8, 9, 10, 11 (t= 24, 48, 72, 96, 120 hrs. following initial cisplatin exposure) and transferred 
362 to a 96 well plate. Samples were subsequently transferred in duplicates to two 96 well plates. 15 L of the 
363 CyQUANTTM LDH Cytotoxicity Assay reaction mixture was added to each medium sample for 30 minutes at room 
364 temperature. Following 30 minutes, 15 L of the CyQUANTTM LDH Cytotoxicity Assay stop solution was added and 
365 plates were centrifuged to remove any bubbles present in the wells. Absorbance was measured at 490 nm and 680 nm 
366 in each well with a standard microplate reader. LDH content for each device was quantified from the absorbance 
367 readings, as shown in equation 2 below, in which i represents the technical replicate number.
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368                  𝐿𝐷𝐻 = ∑2
𝑖 = 1(𝑎𝑏𝑠490 ― 𝑎𝑏𝑠680)𝑐𝑒𝑙𝑙𝑠 ― (𝑎𝑏𝑠490 ― 𝑎𝑏𝑠680)𝑚𝑒𝑑𝑖𝑢𝑚 𝑜𝑛𝑙𝑦

369 Culture medium was refreshed following LDH measurements at 24 hr. timepoints. Cumulative LDH, the amount of 
370 LDH released in the culture medium over multiple timepoints, was computed by summing LDH at each timepoint 
371 with LDH from all previous timepoints. 

372 Immunofluorescent staining and imaging

373 On day 11, hRPTECs and hMVECs were fixed with 4% paraformaldehyde (Thermo Fisher) in PBS for 10 minutes 
374 followed by three rinses with PBS. Microchannels were filled with 0.1% Triton- X (Thermo Fisher, USA) with PBS 
375 for 5 minutes to permeabilize the cells. Microchannels were blocked with 3% normal goat serum (NGS) in PBS for 1 
376 hr. on a rocker at room temperature. Mouse primary ZO-1 antibodies (Abcam, USA) were diluted 1:200 in NGG and 
377 incubated in each microchannel for 24 hrs. at 4o C. Microchannels were rinsed 3 times with PBS. Goat anti-mouse 
378 secondary antibodies (IgG H&L Alexa Fluor 488, Thermo Fisher, USA) were diluted 1:250 in NGS. For labelling 
379 nuclei and filamentous actin, Hoechst 33342 and Phalloidin-iFluor 633 were diluted 1:500 and 1:1000, respectively, 
380 in NGS. Microchannels were filled with NGS containing secondary antibodies, nuclei, and filamentous actin labels 
381 for 3 hrs. at room temperature on a rocker. Microchannels were rinsed 3 times with PBS prior to imaging. Images 
382 were acquired with a scanning confocal microscope (Zeiss, LSM710) using a 40x water immersion objective and 
383 lasers with excitations wavelengths of 405, 488, and 637 nm. 

384 hRPTEC nuclei count quantification 

385 Two 40x images of nuclei for 317 x 317 m regions of interest were captured on the membrane on the left and right 
386 side of the light absorbing sensor spot. Stardist57, an open-source image processing pipeline in python, was used for 
387 segmentation and counting of nuclei in each image.  Nuclei counts were divided by the surface area of the region of 
388 interest to compute nuclei density on the left and right side of the sensor. The nuclei densities on the left and right side 
389 of the sensor were averaged to yield an averaged nuclei density for a single device. 

390 Mathematical modelling of dose response curves

391 The dose response curves of cisplatin were computed using the standard Hill equation58, shown in equation 3 below, 
392 where  is the concentration,    is the minimum response,   is the maximum response,  is the Hill coefficient  𝑥 𝑦0 𝑦∞ 𝐻
393 and is the concentration resulting in 50% of a maximal response.  𝑥50

394                (3)𝑦ℎ𝑖𝑙𝑙 = 𝑦0 +
𝑦∞ ― 𝑦0

1 + (
𝑥50

𝑥 )
𝐻

395 Equation 3 was fitted to the experimental data via minimization of the least residual squares to compute predicted 
396 dose response curves at each timepoint. The IC20, concentration resulting in 20% of maximal response  was computed ,
397 based on equation 4, where  is the percent response. 𝐹

398           (4)𝐼𝐶𝐹 = (
𝐹

100 ― 𝐹)
1/𝐻

∗ 𝑥50  

399 All computational analysis related to fitting dose-response curves based on the Hill equation was performed using 
400 custom-made pipelines in python with the SciPy module59. 

401 Gaussian mixture model-based clustering

402 Unsupervised clustering was performed based on probabilistic gaussian mixture models and implemented using the 
403 Sklearn.mixture module in sci-kit learn60. Clusters were assumed to contain datapoints following a gaussian 
404 distribution. The expectation-maximization algorithm61 was implemented to return parameters for gaussian 
405 distributions that resulted in the highest probability of containing the datapoints. For visualization purposes, the 
406 optimized gaussian distributions were projected to two-dimensional space and represented as ellipses.

407 Statistical analysis
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408 Data are presented as mean ± standard deviation of measurements. All n values represent the number of individual 
409 devices per condition. Kruskal-Wallis & Dunn’s post-hoc tests were used to calculate significant differences between 
410 different groups.  All statistical tests were performed in python using Scipy59 and Sci-kit learn60. 
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