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Abstract

Drug-induced nephrotoxicity represents an important cause of acute kidney injury with associated 

patient morbidity and mortality and is often responsible for termination of drug development, 

after extensive resource allocation. We have developed a human kidney tubuloid system 

that phenocopies, in 3D culture, kidney proximal tubules, a primary injury site of most 

nephrotoxicants. Traditional end point assays are often performed on 2D cultures of cells that 

have lost their differentiated phenotype. Herein, we pair a tubuloid system with Nanoflare (NF) 

mRNA nanosensors to achieve a facile, real-time assessment of drug nephrotoxicity. Using kidney 

injury molecule-1 (KIM-1) mRNA as a model injury biomarker, we verify NF specificity in 

engineered and adenovirus-transfected cells and confirm their efficacy to report tubular cell 

injury by aristolochic acid and cisplatin. The system also facilitates nephrotoxicity screening 

as demonstrated with 10 representative anticancer moieties. 5-Fluorouracil and paclitaxel induce 

acute tubular injury, as reflected by an NF signal increase.

Keywords

kidney organoids; spherical nucleic acid; nanoflare; clinical nephrotoxicity assessment; anticancer 
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The kidney has a specialized role in filtering substances from the blood to regulate the 

body’s metabolic state and volume and electrolyte homeostasis. However, kidneys are 

particularly susceptible to toxicants as kidney blood flow represents approximately 20–

25% of cardiac output and toxins filtered through the glomerulus can be concentrated 

while the filtrate is processed by the nephron.1 Furthermore, toxicants can enter kidney 

epithelial cells from the blood. With its high metabolic activity associated with high levels 

of tubular secretion and reabsorption, kidney cells, particularly proximal tubule cells, are 

vulnerable to drug-induced injury.2,3 Nephrotoxicity is estimated to account for up to 25% 

of significant adverse effects in current pharmacotherapy.2 Drug-induced nephrotoxicity 

significantly impacts clinical outcomes including length of hospitalization, overall morbidity 

and mortality, and financial costs. When nephrotoxicity occurs in patients with cancer, who 

might require life-long drug intake, difficult decisions have to be made that often precipitate 

a trade-off between reducing ideal anticancer therapy or suffering the consequences of 

kidney failure with substantial impact on their quality of life.4 Because acute kidney 

injury (AKI) has been recognized as an important predisposing factor to the development 

of chronic kidney disease, the importance of avoiding AKI is imperative.5,6 There is a 

paucity of human tissue models to identify nephrotoxicity during drug development and to 

understand the cellular processes so that interventions can be introduced to prevent and treat 

nephrotoxicity. In addition, as we advance personalized therapy, understanding the genetic 

and nongenetic predispositions to nephrotoxicity of a particular agent can help to guide 

non-nephrotoxic therapies or use of patient-specific preventive approaches.7

Kidney tubuloids, a three-dimensional (3D) multicellular culture established from primary 

human tubular epithelium, is an alternative to 2D human cell systems, which are often 

dedifferentiated and do not phenocopy physiological proximal tubule functions and 

pluripotent stem cells-derived more complex kidney organoids.8-10 Although organoids are 
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enriched in multiple kidney cells types their 3D architecture and variability can make 

quantitation of toxicity more challenging. The tubuloids are 3D cyst-like structures that 

maintain normal features of kidney proximal epithelial cells, such as membrane polarity, 

and are established from patient-derived tubular epithelial cells. Long-term polarized 

conformation of kidney tubuloids is evident with epithelial transporters present on the apical 

and basolateral membranes.11 Their proliferation and biomarker expression profiles also 

suggest in vitro recapitulation of renal plasticity (regenerative responses) following injury.9 

Cisplatin was demonstrated to cause DNA damage and enhanced lactate dehydrogenase 

activity in cells dissociated from the tubuloids and placed on a chip platform.9 Our 

laboratory has reported that palmitic acid bound to albumin (simulating a novel mechanism 

contributing to diabetic kidney disease), produces structural degradation of kidney tubuloids 

and secretion of pro-fibrotic factors, both of which were repressed by a small molecular 

inhibitor of palmitic acid-albumin uptake.12 In addition, tubuloids derived from cystinotic 

or healthy patients enabled the validation of combination therapy in correcting altered cell 

phenotypes in cystinosis.13

Preclinical drug evaluation and clinical adaptation of kidney tubuloids to screen 

individualized risks of nephrotoxicity, however, are constrained by the limited number 

of patient-derived primary cells and the challenging cell expansion.14 Current evaluation 

of tubuloid status relies on end-point molecular analyses like real-time quantitative 

polymerase chain reaction (RT-qPCR) for mRNA (mRNA) biomarkers or enzyme-linked 

immunosorbent assay (ELISA) for protein biomarkers.12,13 Although these methods are the 

current standards with high specificity and sensitivity, they are disruptive and discontinuous, 

requiring large amounts of tissue to facilitate experimental sampling and processing to 

provide temporal information. Alternatively, cell engineering to introduce fluorescent gene 

reporters allows visualization of marker expression in real-time.15,16 Such modification, 

however, suffers from risks of insertional mutagenesis and poor integration efficiency 

for primary cells, necessitating multiple clonal selections to obtain stable-expressing cell 

population.17 Consequently, the process can be labor-intensive and time-consuming. A 

facile, non-integrative sensor moiety which enables semiquantitative monitoring of tubuloid 

state in real-time would greatly enhance tubuloid utility in early evaluation of nephrotoxicity 

in drug development.

Nanoflare (NF), a nanosensor platform based on oligonucleotide-decorated gold 

nanoparticles (i.e., spherical nucleic acid/SNA), enables intracellular monitoring of mRNA 

through facile fluorescence observation.18,19 Besides its use in 2D cell systems, NF 

technology has been explored to facilitate monitoring in 3D tissue. Recently, we reported 

the utilization of topically applied NF as early visual indicators of hypertrophic scars 

and keloids.20 Nevertheless, NF utility in 3D tissue model is far from being established. 

Herein, we applied NF to track injury occurring in a kidney tubuloid model, allowing the 

prediction and assessment of drug nephrotoxicity. As a proof-of-concept, we synthesized NF 

for mRNA of kidney injury molecule-1 (KIM-1, an established injury marker for proximal 

tubules21,22) to demonstrate the utility of kidney tubuloid system in screening potential 

nephrotoxicity of anticancer drugs (Figure 1). We initially validated the platform using two 

drugs with well-known nephrotoxic effects (aristolochic acid (AA) and cisplatin), which we 

used as positive controls. Thereafter, this platform was utilized to assess semiquantitatively 
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the nephrotoxicity of 10 anticancer moieties (i.e., nine small molecules and anti-PD-1 

checkpoint inhibitor). These drugs included commonly utilized alkylating, antimetabolites, 

antimicrotubular, and pathway mediator agents. By examining the time-dependent intensity 

of NF fluorescence, we assessed the severity and the rate by which these drugs induced 

tubuloid injury, demonstrating the value of the system for identifying human kidney toxicity 

ex vivo.

We first tested the signal restoration capability of synthesized KIM-1 NF (Cy3-tagged, 

550/575 nm) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) NF (Cy5-tagged, 

650/675 nm) in solution. NF fluorescence was measured before and after the addition of 

equimolar amounts of off-target or complementary target oligonucleotides. As shown in 

Figure 2a, the fluorescence intensity of both NF solutions increased ~30-fold upon the 

addition of complementary targets. In comparison, there was only an ~3-fold increase of 

fluorescence when the off-target oligonucleotides were present. This change could be caused 

by the charge disruption and partial hybridization to NF by off-target strands. Nonetheless, 

NF functionality was verified with ~10-fold greater activation from hybridization with the 

correct target. The storage stability of KIM-1 and GAPDH NFs were also examined by 

comparing their performance after 1-week storage at 4 °C to that of fresh NFs. As shown in 

Figure S1, both NFs retained at least 70–80% of original reporting capability. To optimize 

monitoring performance, freshly prepared NFs were utilized in subsequent studies.

We then studied the applicability of NFs to monitor kidney cells in both 2D and 3D 

settings. As 2D-seeded proximal tubule cells (PTCs) minimally express KIM-1 mRNA, 

the specificity of KIM-1 was demonstrated on engineered cell lines or through adenovirus 

transfection. As shown in Figure 2b, KIM-1 NF fluorescence was observed on LLC-PK1 

cells engineered to constitutively express KIM-1 mRNA (KIM-1-PK1), but not in control 

PK1 cells (PC–PK1). Comparatively, primary human PTCs only exhibited KIM-1 NF 

fluorescence following infection with adenovirus expressing a KIM-1/enhanced green 

fluorescence protein (EGFP) construct (Figure 2c). Here, coexpression of KIM-1 NF (Cy3, 

red) and EGFP (green) in thePTC + Adeno group highlights the KIM-1 NF specificity.

In examining NF performance for 3D kidney tubuloids, we first studied NF distribution in 

suspended tubuloids having a diameter of ~300–400 μm. The fluorescence signal from 

GAPDH NF was observed throughout the mature primary tubuloid, with significantly 

greater intensity than when a scrambled NF (i.e., nontargeted NF) was used (Figure S2). 

Retention of NF monitoring specificity was corroborated by the coexpression of KIM-1 

NF (Cy3, red) and EGFP (green) only on transfected tubuloids (Figure S3). Subsequently, 

we elevated the KIM-1 expression on primary tubuloids using AA treatment and compared 

KIM-1 NF expression on these injured tubuloids to those on vehicle-treated tubuloids. As 

anticipated, strong KIM-1 NF fluorescence was observed in the AA-treated tubuloid (Figure 

2d).

Subsequently, NF nanosensors were used to monitor the dynamic changes of cellular KIM-1 

mRNA in human kidney tubuloids. To account for heterogeneity in NF uptake between 

individual tubuloids, we labeled the tubuloids with both KIM-1 Cy3 and GAPDH Cy5 NFs 

in all subsequent studies. Signal from KIM-1 NF was always normalized against that from 
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GAPDH NF in performing semiquantitative analysis of tubuloid phenotype (i.e., following 

injury induction). This normalization was expected to provide more accurate assessment of 

tubuloid status.20

Tubuloids were treated with AA or cisplatin, two well-known nephrotoxic agents as positive 

controls. The tubuloids were prelabeled with NFs prior to drug treatment and monitored at 

different time points after treatment for the NF fluorescence signals. As shown in Figure 

3a-c, KIM-1 NF fluorescence increased gradually in both AA and cisplatin treated groups. 

When the AA and cisplatin concentrations were lowered, fluorescent signals from KIM-1 

NF were weaker, in accordance with dose-dependency of injury (Figures S4-S6). KIM-1 

NF expression in the vehicle-treated group remains comparatively low throughout the 72 

h monitoring period (Figure 3a, d). At the end, confocal fluorescence microscopy was 

performed to examine NF fluorescence distribution in the tubuloid. Thorough cross-sectional 

NF expression and significant colocalization with nuclear Hoechst33342 staining suggests 

that NFs are well-internalized, retained, and activated in cells across the tubuloid (Figure 

3e). Moreover, confocal microscopy revealed that KIM-1 NF expression in vehicle-treated 

tubuloids is localized only in the center (red). This slight KIM-1 expression may be 

primarily attributable to insufficient nutrient exchange in the tubuloid core.

Furthermore, we confirmed the observed KIM-1 NF profiles by evaluating the changes in 

KIM-1 mRNA expression in the tubuloids post AA or cisplatin-induced injury by qPCR. 

Overall, 3–6-fold upregulation of cellular KIM-1 mRNA was observed, in a time and dose-

dependent fashion. Notably, KIM-1 upregulation occurred sooner for cisplatin treatment 

(20 and 40 μg/mL), whereas AA treatment (including the 80 μM concentration) resulted 

in a more gradual upregulation over time (Figure 4a, b). Plotting normalized NF signal to 

GAPDH signal ratio against its corresponding mRNA expression level, a linear correlation 

was noted (R2 = 0.931; Figure 4c). Therefore, KIM-1 NF (with GAPDH NF as normalizing 

signal) facilitates facile monitoring of KIM-1 mRNA expression, which is upregulated 

during tubuloid injury. Besides KIM-1 mRNA, we checked another tubular injury biomarker, 

clusterin (CLU) mRNA. Notwithstanding the slight differences in mRNA fold expressions, 

CLU upregulation profiles were comparable to those observed for KIM-1 mRNA, further 

verifying the induced tubuloid injury (Figure S7).

We then examined the potential nephrotoxicity of 10 anticancer chemotherapeutics using the 

NF-tubuloid platform. Nine small molecule drugs involving several molecular mechanisms 

(i.e., alkylating, antimetabolites, antimicrotubular, and pathway mediators) were selected 

and tested for their human kidney tubuloid toxicity alongside the PD-1 checkpoint inhibitor 

(nivolumab). The complete list of drug name, classification and concentrations tested can be 

found on Table S1. Anticancer drugs were applied to NF-labeled tubuloids and fluorescence 

signal expression was monitored as the indicator for injury induction. At each time point, 

quantified KIM-1 NF signal (Cy3) was normalized to the corresponding GAPDH NF signal 

(Cy5) and expressed as fold increase over the initial KIM-1 NF/GAPDH NF ratio before 

any drug treatment. The calculated fold increase was then color coded from blue to red 

(1–3.5-fold) to prepare the heatmap.
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As summarized in the NF fluorescence heatmap in Figure 5a, most drugs exerted 

significantly less toxicity toward the kidney tubuloids when compared to AA & cisplatin. 

Observable toxicity (i.e., rate and extent of KIM-1 NF overexpression) was dose-dependent. 

Moreover, a notable increase of KIM-1 NF signal occurred primarily after 48 h of 

treatment. To this end, paclitaxel (PTX) was the only exception, with significant KIM-1 

NF overexpression induced after 24 h at high dosage (5 μM). 5-Fluorouracil (5-FU) 

resulted in significant tubuloid injury after 48 h of treatment at 20 μM concentration. In 

addition, significant KIM-1 NF signal was observed after 72 h at clinically relevant PTX 

concentrations of 1 and 5 μM. Methotrexate (MTX) also induced noticeable injury after 48 h 

at 5 and 20 μM concentrations. Of the remaining drugs, cyclophosphamide (CP), pemetrexed 

(PEM), 5-azacytidine (5-AzaC), nivolumab (Nivo), and imatinib mesylate (IM) induced mild 

KIM-1 upregulation at 72 h following high dosage treatment (at 1 mM, 50, μM, 20 μM, 

2 μM, and 20 μM concentration, respectively). Finally, ifosfamide (IFO) and abemaciclib 

mesylate (ABM) were the least toxic at the tested concentrations, with negligible impact on 

KIM-1 tubuloid expression even after 72 h.

To evaluate the accuracy of the generated NF heatmap, we performed qPCR verification 

on three representative drugs showing severe, mild, and minimal KIM-1 upregulation 

(PTX, MTX, and ABM at two concentrations each). As shown in Figure 5b-d, NF 

heatmap (red line) reflects closely the expression profile of tubuloid KIM-1 mRNA (black 

column) following the drug treatment. Notwithstanding slight deviations, the heatmap values 

correlate well with mRNA levels from standard qPCR, further demonstrating the accuracy of 

real-time NF monitoring.

Better tools to predict and assess drug nephrotoxicity using human tissue are critically 

needed to facilitate drug development and avoid AKI which has high morbidity and 

mortality and is associated with progression to chronic kidney disease. With steadily 

increasing development of drugs for multiple human conditions, kidney toxicity assessment 

remains crucial, and animal models do not always predict adverse effects in humans. 

Here we have defined a 3D kidney tubuloid monitoring system, consisting of human 

kidney tubuloids and versatile NF mRNA nanosensors for facile, timely nephrotoxicity 

assessment. The NF nanosensor enables real-time monitoring of mRNA biomarkers with 

spatiotemporal information on tubuloid status and functionality (Figure 1), circumventing 

the delay and challenges associated with major primary cell expansion for large number 

of cells required in conventional end-point analyses. This approach was first verified using 

the positive control, tubuloids treated with known nephrotoxicants, cisplatin and AA. The 

results (3/3.5-fold KIM-1 NF fluorescence) were consistent with the results of qPCR 

(4.5/5.7-fold KIM-1 mRNA after 72 h at the highest cisplatin & AA concentration, R2 

= 0.931 overall correlation, Figures 3 and 4). It should also be noted that, unlike the 

conventional qPCR method, which requires pooling of several tubuloids to ensure sufficient 

mRNA concentration, NF signal profiles individual tubuloids. This allows more accurate 

identification and consistency of the tubuloid response, while allowing significant resource 

minimalization.

As an example of the technique’s utility, we screened 10 anticancer drugs that are broadly 

classified based on their mechanism of actions. Alkylating agents (e.g., IFO, CP) and 
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platinum compounds (e.g., cisplatin) induce DNA damage and cell apoptosis through 

alkyl group modification23 and cross-linking.24 Antimetabolites (e.g., 5-FU) insert false 

metabolites to interfere with DNA/RNA synthesis and enzymatic activities.25 Demethylation 

agents (e.g., 5-AzaC) activate tumor suppressor genes silenced by hypermethylation.26 

Antimicrotubules (e.g., PTX) influence microtubule stability to block cell division.27 

Alternatively, several drugs modulate particular molecular pathways. ABM inhibits cyclin-

dependent kinase (CDK)-4/6 to arrest the cell cycle at G1.28 IM inhibits the aberrant 

BCR-ABL tyrosine kinase to modulate proliferation and apoptosis.29 Finally, checkpoint 

inhibitors (CPIs; e.g., Nivolumab) restore T cells activity against cancer cells presenting 

blocker ligands.30

Considering the distinct therapeutic mechanisms, we chose 1–2 drugs in each class for 

examination with the NF-tubuloid platform. Our NF heatmap (Figure 5) reveals severe 

tubuloid injury caused by antimetabolites 5-FU and antimicrotubular PTX, comparable 

or more than that induced by cisplatin in the clinical concentration range (~4–10 μg/

mL). Previous studies have revealed that administration of 5-FU led to severe tubular 

necrosis, with accompanying intertubular hemorrhage and inflammatory cells infiltration in 

peritubular spaces.31 Such injury was attributed to free radicals and cell membrane damage, 

in addition to DNA/RNA synthesis interference.32 Similarly, acute PTX nephrotoxicity 

was previously reported in mice at 0.6 mg/kg dosage, observable at 6 h and increasingly 

prominent by 24 and 48 h of treatment. Focal necrotic and apoptotic regions were first 

observed on renal tubules before extending to glomerular atrophy.33 By comparison, 

alkylating agents and pathway inhibitors exerted mild toxicity during the three-day 

monitoring, likely from the accumulated oxidative stresses.34 By contrast, ABM treatment 

minimally impacted tubuloid KIM-1 expression, consistent with a previous report in 

which ABM administration affected tubular secretion and the serum creatinine level, 

increasing urinary kidney injury markers (KIM-1 and neutrophil gelatinase-associated 

lipocalin/NGAL).35

Consisting of human primarily kidney epithelia, the current system allows monitoring of 

direct injury, excluding indirect toxicity exerted by drugs (i.e., vascular effects, crystal 

deposition). Nevertheless, NF-enabled tubuloid injury monitoring is a clinically important 

approach for facile and timely screening of drug nephrotoxicity. This monitoring platform 

can predict the risks of severe nephrotoxicity in individuals exposed to therapeutic agents 

and allows for modification of the environment of the cells such as an increase in uremic 

solutes or alternation in glucose, lipid or fatty acid environments that will potentially allow 

for modeling of comorbidities or preexisting kidney conditions, guiding the development 

of countermeasures to avoid or treat toxicity. Thus, better therapeutic outcomes would be 

achieved, reducing patient morbidity, healthcare utilization and cost. In the future, this 

platform can be extended to perform multiplexed monitoring of functional genes, such 

as dual monitoring of an injury marker with a tubule differentiation marker (to observe 

dedifferentiation and injury simultaneously), or with a fibrosis marker (to observe acute 

and chronic nephrotoxicity). Moreover, the facile nature of NF mRNA monitoring warrants 

adaptation in more complex kidney organoids (presenting other kidney segments) or more 

broadly in other tissue organoids (e.g., liver and cardiac model) also subjected to prominent 

drug toxicity.
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In summary, we report the facile assessment of drug nephrotoxicity using a clinically 

applicable NF-tubuloid platform. Development of this platform is inspired by the need 

for better predictive tools in drug development to assess the likelihood of nephrotoxicity 

in humans and the potential to personalize therapy by relating genetic makeup to 

nephrotoxicity susceptibility. Using KIM-1 mRNA as the model nephrotoxicity biomarker, 

we confirmed the renal toxicity of AA and cisplatin by monitoring the fluorescence signals 

from KIM-1 NF with GAPDH NF as the internal reference signal. Good linear correlation 

(R2 = 0.931) between the NF fluorescence and mRNA expression from qPCR suggests its 

accuracy. To showcase its eventual adaptation, we then employed the NF-tubuloid platform 

to study the potential nephrotoxicity of 10 anticancer moieties at varying concentrations. 

Given its facile labeling and real-time monitoring nature, the system alleviates the problems 

associated with extrapolation from animal studies or from dedifferentiated 2D human cell 

models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

5-AzaC 5-azacytidine

5-FU 5-fluorouracil

AA aristolochic acid

ABM abemaciclib mesylate

AKI acute kidney injury

Cisp cisplatin

CLU clusterin

CP cyclophosphamide

EGFP enhanced green fluorescence protein

ELISA enzyme-linked immunosorbent assay

GAPDH glyceraldehyde 3-phosphate dehydrogenase

IFO ifosfamide
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IM imatinib mesylate

KIM-1 kidney injury molecule 1

MTX methotrexate

NF nanoflare

NGAL neutrophil gelatinase-associated lipocalin

Nivo nivolumab

PEM pemetrexed

PTC proximal tubule cell

PTX paclitaxel

RT-qPCR real-time quantitative polymerase chain reaction

SNA spherical nucleic acid
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Figure 1. 
Schematic illustration showing KIM-1 NF-assisted nephrotoxicity assessment using patient-

derived kidney tubuloids. Kidney tubuloids phenocopy physiological proximal tubule 

functions as an alternative to 2D cultured cells or complex kidney organoids. Facile, 

real-time monitoring of tubuloid injury through KIM-1 NF expression translates to 

resource minimization, alleviating the problem of limited patient-derived cell numbers and 

challenging cell expansion. This personalized nephrotoxicity assessment platform can assist 

the development and utilization of kidney-safe therapeutics.
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Figure 2. 
Examination of the specificity and cellular uptake of NF nanosensors. (a) Hybridization 

assay of KIM-1 and GAPDH NFs with complementary target and off-target 

oligonucleotides. (b) KIM-1 NFs detected KIM-1 expression in KIM-1-PK1 cells 

(constitutive expression of KIM-1 mRNA) but not in the control PC–PK1 cells. (c) 

Detection of KIM-1 mRNA in primary PTCs following adenoviral infection of KIM-1/

EGFP plasmid construct using KIM-1 NFs. EGFP and KIM-1 NF signals were compared in 

non-infected and adenoviral infected cells. (d) Examination of primary tubuloids following 

injury after 72 h AA treatment (40 μM) using KIM-1 NFs. Scale bar: 100 μm. *, p < 0.05; 

**, p < 0.01; ***, p < 0.001. N = 4.
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Figure 3. 
Real-time assessment of AA/cisplatin induced injury in primary kidney epithelial cell 

tubuloids. (a) Representative images showing AA-treated, cisplatin-treated, and vehicle-

treated tubuloids that were prelabeled with KIM-1 Cy3 NF (red) and GAPDH Cy5 NF 

(purple). NF signal profiles of (b) AA-treated tubuloids (20, 40, 80 μM concentrations, 

N = 10 each), (c) cisplatin-treated tubuloids (10, 20, 40 μg/mL concentration, N = 10 

each), and (d) vehicle-treated tubuloids (N = 12). (e) Representative confocal images 

showing NF fluorescence of vehicle-treated tubuloid (left) and 72 h AA-treated tubuloid 

(right) prelabeled with KIM-1 Cy3 NF (red), GAPDH Cy5 NF (purple), and stained with 

Hoechst33342 (blue). Scale bar: 100 μm.
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Figure 4. 
qPCR quantification of cellular KIM-1 mRNA in the tubuloids treated with (a) aristolochic 

acid (AA) and (b) cisplatin (Cisp) for 24, 48, or 72 h at three designated concentrations. (c) 

Normalized NF expression (KIM-1 NF signal normalized by GAPDH NF) plotted against 

corresponding KIM-1 mRNA expression in a and b shows linear correlation. *, p < 0.05; **, 

p < 0.01; ***, p < 0.001 to vehicle-treated tubuloids. N = 6.
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Figure 5. 
KIM-1 NF signal profile on primary kidney epithelial tubuloids following treatment with 10 

anticancer drugs. (a) Heatmap showing normalized KIM-1 NF expression after 8, 24, 48, or 

72 h of drug treatments (N = 6). Column-line plot showing correlation between KIM-1 NF 

expression (red line) and KIM-1 mRNA fold expression (black bars) after the treatment with 

(b) ABM (500 nM and 5 μM), (c) MTX (1 and 20 μM), or (d) PTX (500 nM and 5 μM). N = 

6.
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