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A foundational step toward safe and intelligent integration of MOFs as programmable nano-bio interfaces
within organoid and organoids-on-chip bioengineering systems.

Abstract

Metal-organic frameworks (MOFs) are emerging as versatile nanomaterials for biomedical
applications owing to their high surface area, tunable porosity, and structural flexibility.
However, concerns regarding their biocompatibility and hepatotoxicity, particularly as
applications expand from drug delivery toward emerging bioengineering systems,
necessitate physiologically relevant platforms for nanotoxicity evaluation. Here, we
establish a liver organoid platform for controlled assessment of MOF biocompatibility.
Liver organoids derived from hepatic progenitor cells exhibited hepatic characteristics,
including hepatocyte marker expression and robust metabolic activity. Using this platform,
we systematically evaluated zeolitic imidazolate framework-8 (ZIF-8), one of the most
extensively studied MOFs for drug delivery, under defined exposure conditions using a
Matrigel-embedded approach across multiple concentration gradients. Across tested
concentrations, ZIF-8 caused no detectable changes in organoid morphology and viability.
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Histological architecture and hepatic function at representative concentrations were confirmed by hematoxylin and
eosin staining, and alanine aminotransferase, aspartate aminotransferase, urea, and albumin analyses. Collectively,
these findings demonstrate no detectable toxicity at concentrations up to 300 ug/mL under the investigated
conditions over 96 h in a physiologically relevant organoid model. Importantly, this proof-of-concept study
demonstrates the feasibility of using liver organoids as physiologically relevant platforms for ZIF-8 biocompatibility
assessment, supporting multimodal functional readouts and controlled exposure conditions. The proposed organoid-
based framework may be extended to systematic evaluation of additional MOF systems with diverse
physicochemical properties, compositions, and biomedical applications, while facilitating future exploration of MOFs
as programmable nano-bio interfaces for organoid and organoid-on-chips bioengineering. The platform may also
support future integration with biosensing, artificial intelligence, and closed-loop bioengineering applications.

INTRODUCTION

Metal-organic frameworks (MOFs) are a class of crystalline porous materials formed by the coordination of
metal ions or clusters with organic ligands!". Owing to their exceptional structural tunability and
physicochemical properties'”*/, MOFs enable precise control over pore size, shape, surface chemistry, and
framework flexibility through the selection of metal centers, ligands, and synthesis strategies'”. These features
yield ultra-high specific surface area, tunable adsorption performance, and excellent optical and electrical
properties!® ). Recently, nanoscale MOFs have emerged as particularly promising platforms for
biosensing! "', drug delivery, and broader biomedical applications"*'*. Among them, zeolitic imidazolate
framework-8 (ZIF-8) is one of the most extensively investigated MOFs for drug delivery owing to its high
porosity, large drug-loading capacity, and pH-responsive degradation, making systematic biocompatibility
evaluation essential for its safe biomedical translation"*'*. Their nanoscale dimensions confer favorable
pharmacokinetic properties, including enhanced cellular uptake and improved tissue penetration, making
them especially suitable for therapeutic use!">'.

Compared to conventional drug delivery systems, MOFs offer modular and tunable architectures that enable
precise control over morphology, composition, particle size, and surface functionalities"”. The stimuli-
responsive behavior of MOFs may also represent a form of embedded programmability, enabling conditional
and spatiotemporally controlled modulation of organoid microenvironments in response to cues such as pH,
glutathione, ionic strength, temperature, magnetic fields, and mechanical forces"***. In addition, their high
specific surface area and intrinsic porosity provide abundant internal space for efficient drug
encapsulation. Dynamic coordination bonds may confer biodegradability, an essential feature for safe and
effective biomedical applications™’.

Beyond their well-established role as drug delivery carriers, MOFs are increasingly explored as functional
nanomaterials for bioengineering applications”. In particular, their tunable porosity, chemical versatility,
and stimuli-responsive behavior make them attractive candidates for integration into three-dimensional
(3D) biological systems, including organoids and organoid-on-chips (OOC). In this context, MOFs may
function not only as delivery vehicles but also as nano-bio interfaces capable of localized delivery,
microenvironment modulation, and dynamic regulation of biochemical cues®’. These capabilities support
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the development of adaptive organoid and OOC systems with improved control over spatiotemporal
microenvironmental signals and enhanced predictive power of in vitro models'*.

This dual functionality introduces a critical need to reassess MOF biocompatibility from two complementary
perspectives. First, as nanocarriers for drug delivery, where systemic safety is essential for clinical translation
because MOF toxicity is often concentration-dependent*. Second, as potential components of organoid
and OOC bioengineering systems, including microenvironment modulation, advanced cultivation strategies,
and cryopreservation”**". Therefore, evaluating MOF nanotoxicity in physiologically relevant organoid
systems is a necessary step toward both safe nanomedicine development and the future integration of
nanomaterials into engineered living systems.

Advanced 3D in vitro models, particularly organoids and OOC systems, have recently emerged as
transformative tools in drug toxicity assessment”>**!. Compared with 2D cultures and animal models,
organoids more faithfully reproduce the 3D architecture, cellular heterogeneity, and functionality of human
organs, enabling more accurate predictions of drug behavior and toxicity in vivo**!. In addition, organoids
retain donor-specific genetic and epigenetic features, allowing for the identification of inter-individual
variability in drug response”**”. This makes them particularly valuable in the context of personalized and
precision medicine, and of organ toxicology. Among organ-specific models, liver organoids are especially
promising for evaluating the toxicity of emerging materials such as MOFs. The liver plays a central role in
xenobiotic metabolism and is often a primary target for systemic toxicity"*®. Liver organoids recapitulate key
hepatic functions, including drug metabolism, bile secretion, and inflammatory signaling. Unlike hepatocyte
cultures, they maintain long-term viability and liver-specific gene expression™, supporting chronic exposure
studies.

Building on our previous work - where we developed microelectromechanical system-based sensing arrays

40]

for comparative in vitro nanotoxicity assessment at the single-cell level*”, and explored the feasibility of
OOC:s for modeling neural diseases'*" - the present study advances this line of research by investigating the
hepatotoxic effects of MOFs using liver organoids. This physiologically relevant model enables more precise
evaluation of MOF-induced cellular responses and facilitates early detection of potential safety risks. By
integrating organoid-based toxicological assessment with material design, our approach supports the rational
development of MOF-based biomedical applications while proactively addressing critical safety concerns.
While the present study focuses on ZIF-8 as a representative MOF and a liver organoid model, it is intended
as a proof-of-concept demonstration of organoid-based biocompatibility assessment rather than a
comprehensive evaluation of MOF families. Future studies involving additional MOF systems, organoid
models, and exposure conditions will be required to establish the broader applicability of the proposed
framework.

EXPERIMENTAL

Materials

Zn(NO,),-6H,0 (99%) was supplied by Alfa Aesar (China) Chemical Co., Ltd. 2-methylimidazole (HMIM,
98%) and sodium formate (99.99%) were purchased from Macklin Biochemical Co., Ltd. The liver organoid
culture system utilizes a comprehensive set of reagents including progenitor and differentiation media
(MasterAim, 100-469, 100-498, 100-499; Hangzhou AimingMed Technologies Co., Ltd., Hangzhou, China),
Matrigel (Corning, 356231), and cell handling supplements such as Y-27632 (MCE, HY-10071), anti-
adhesion solution (MasterAim 100-291; Hangzhou AimingMed Technologies Co., Ltd., Hangzhou, China),
TrypLE (Gibco, 12604021), and Dulbecco’s Phosphate-Buffered Saline (DPBS, Gibco, 14190114). Organoid
harvesting and RNA extraction are supported by Cell Recovery Solution (Corning, 354253) and Trizol
Reagent (Invitrogen, 15596018CN), followed by gene expression analysis using the PrimeScript RT Reagent
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Kit (Takara Bio Inc., Shiga, Japan; RR036A) and TB Green Premix Ex Taq II (Takara Bio Inc., Shiga, Japan;
RR420A). Histological assessment is conducted with hematoxylin and eosin (H&E) staining reagents
(Servicebio G1004 and G1001), while functional assays include alanine aminotransferase (ALT/GPT) and
aspartate aminotransferase (AST/GOT) kits (ADS-W-AJS001-96, ADS-W-AJS002-96; Jiangsu Aidisheng
Biotechnology Co., Ltd., China), as well as urea, albumin (elabscience, E-BC-K329-S, E-BC-Ko057-M;
Elabscience Biotechnology Inc., Wuhan, China), and CellTiter-Glo® luminescent cell viability assay
(Promega, Madison, WI, USA; G7573). Single-donor human serum off-the-clot and single-donor human
urine were commercially purchased from Innovative Research (Shanghai, China).

Key equipment used includes a CO, incubator (371GP, Thermo Fisher Scientific) for cell culture, inverted
and upright microscopes [Axio Observer 7 inverted microscope (Carl Zeiss AG, Oberkochen, Germany) and
Axiolab 5 upright microscope (Carl Zeiss AG, Oberkochen, Germany)] for morphological assessment, and a
full-spectrum microplate reader a Varioskan LUX multimode microplate reader (Thermo Fisher Scientific,
Waltham, MA, USA) for biochemical assays. Histological processing is performed using a paraffin
microtome (Leica Biosystems, Wetzlar, Germany), while gene expression is quantified via a QuantStudio 6
Pro Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). Additional tools include a cell
counter Countstar Mira BF (ALIT Life Science Co., Ltd., Shanghai, China) and a LAMBDA 1050
UV/Vis/NIR spectrophotometer (PerkinElmer, Waltham, MA, USA).

MOFs preparation

ZIF-8 nanoparticles were synthesized following a previously reported method with minor modifications*”. A
solution was prepared by dissolving 734.4 mg (2.469 mmol) of Zn(NO,),-6H,O in 50 mL of methanol.
Another solution was made by dissolving 810.6 mg (9.874 mmol) of HMIM and 671.5 mg (9.874 mmol) of
sodium formate in 50 mL of methanol. The second solution was then added to the first solution under
stirring, and the reaction was allowed to proceed at room temperature for 24 h. After the reaction, the
precipitate was collected by centrifugation, washed with methanol, and dried at 60 °C in an oven.

Hepatic organoid culture

The hepatic organoids used in this study were generated by differentiating hepatic progenitor cell organoids.
These progenitor organoids were originally derived from commercially available human embryonic stem
cells (hESCs; H1, Cat No: CL-0889, Wuhan Procell Biotechnology) following a standardized protocol*” and
stored for later use. Prior to experimentation, the frozen hepatic progenitor cell organoids were rapidly
thawed at 37 °C, centrifuged at 300 g for 5 min, and then resuspended in Matrigel at a density of 2,000
cells/pL. Fifty-microliter droplets were seeded into pre-warmed 24-well plates and incubated to solidify the
matrix. Each well was then supplemented with 800 pL of pre-warmed hepatic organoid culture medium
containing 5 pM Y-27632. Organoids were maintained at 37 °C and 5% CO, for 3 days to allow recovery,
with medium changes every 2-3 days without the addition of Y-27632. Differentiation was then initiated by
replacing the culture medium with hepatic differentiation medium, which was refreshed daily. Organoids
were passaged during differentiation as required by digesting with TrypLE, centrifugation, resuspension in
Matrigel at 500 clusters per 50 uL, and reseeding. Differentiation was continued for 12 days, followed by a 3-
day maturation period in complete differentiation medium with daily medium changes, resulting in
functionally mature hepatic organoids.

Morphological assessment

On days 0, 15, and 18 following the passage of hepatic progenitor cell organoids (corresponding to hepatic
progenitor cell organoids, semi-differentiated hepatic organoids, and mature hepatic organoids,
respectively), bright-field images were captured.
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Table 1. Primer sequences used for quantitative gPCR analysis

Primer Primer sequence

B-actin-F CACCATTGGCAATGAGCGGTTC
B-actin-R AGGTCTTTGCGGATGTCCACGT
HNF4a-F GGTGTCCATACGCATCCTTGAC
HNF4a-R AGCCGCTTGATCTTCCCTGGAT
AFP-F GCAGAGGAGATGTGCTGGATTG
AFP-R CGTGGTCAGTTTGCAGCATTCTG
ALB-F GATGAGATGCCTGCTGACTTGC
ALB-R CACGACAGAGTAATCAGGATGCC
KRT19-F AGCTAGAGGTGAAGATCCGCGA
KRT19-R GCAGGACAATCCTGGAGTTCTC

gPCR: Quantitative polymerase chain reaction.

H&E staining assessment

H&E staining of hepatic organoids begins with tissue sampling and fixation. Liver organoids are first released
from Matrigel using cold Cell Recovery Solution, collected gently into adhesive-resistant tubes, and digested
on ice for 20-40 min. After sedimentation, the organoids are transferred into a custom-made agar well in an
Eppendorf tube. Following gentle centrifugation and removal of the supernatant, molten agar is added to
fully embed the organoids. The agar blocks are fixed in paraformaldehyde overnight at 4 °C. Subsequently,
the organoid-embedded agar blocks are dehydrated through a graded ethanol series, cleared in xylene, and
infiltrated with paraffin using a tissue processor. After embedding in paraftin molds, the solidified blocks are
trimmed and sectioned using a microtome. Sections are mounted on slides, baked, and stained sequentially
with H&E. After differentiation, bluing, and rinsing, the slides are dehydrated through an ethanol-xylene
series and finally mounted with neutral resin for imaging.

Quantitative polymerase chain reaction analysis

Total RNA was extracted from hepatic progenitor cell organoids, and hepatic organoids using TRIzol.
Samples were lysed in 0.5 mL TRIzol, mixed with chloroform, and centrifuged to separate phases. The
aqueous phase was collected, precipitated with isopropanol, washed with 75% ethanol, air-dried, and
resuspended in DEPC water. For reverse transcription, 0.5 ug of RNA was mixed with PrimeScript RT
Master Mix and RNase-free water, and incubated at 37 °C for 15 min, followed by 85 °C for 5 s. For
quantitative polymerase chain reaction (QPCR), cDNA was combined with TB Green Premix Ex Taq,
primers, and water in a 20 pL reaction volume. A two-step qPCR protocol was used to obtain Ct values, and

AACt

relative gene expression levels were calculated using the 2**“ method. Primer sequences are detailed in Table

1 as follows.

Liver function assessment

GPT/ALT assay

To assess GPT/ALT, hepatic progenitor and mature hepatic organoids (~10° cells) were collected and lysed
in 1 mL of extraction solution using an ultrasonic disruptor (200 W, 3 s on/10 s off, 30 cycles in an ice bath).
The lysates were centrifuged at 12,000 rpm for 10 min, and the resulting supernatants were collected and
kept onice. For the assay, standard curves and reaction systems were prepared according to the
manufacturer’s instructions. The reaction mixture was sequentially incubated with Reagent One at 37 °C for
30 min, Reagent Two at 37 °C for 10 min, and Reagent Three at 25 °C for 10 min. Absorbance was measured
at 520 nm. The concentration of the reaction product in the GPT/ALT assay was calculated based on the
standard curve and expressed in pM.
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GOT/AST assay

Hepatic progenitor and mature hepatic organoids containing approximately 10° cells were lysed in 1 mL of
extraction solution using an ultrasonic disruptor (200 W, 3 s on/10 s off, 30 cycles in an ice bath). After
centrifugation for 10 min, the supernatant was collected and kept on ice. For GOT/AST analysis, standard
curves and sample systems were prepared following the manufacturer’s protocol. The lysates were
sequentially mixed with Reagent One and incubated at 37 °C for 30 min, followed by Reagent Two for an
additional 10 min, and finally with Reagent Three at 25 °C for 10 min. Absorbance was measured at 520 nm.
The concentration of the reaction product generated in the GOT/AST assay was calculated based on the
standard curve and expressed in pM.

Urea production and albumin secretion assay

The supernatant from 24-hour cultures of organoids, maintained at consistent cell densities, was collected for
analysis. For the urea production assay, standard curves and sample solutions were prepared according to the
manufacturer’s instructions. Reagent One and Reagent Two were mixed, incubated at 95 °C for 15 min, then
cooled in an ice bath. Absorbance was measured at 520 nm to determine urea concentration. For the
albumin secretion assay, Reagent One was first incubated at 25 °C for 10 min, and absorbance was
subsequently measured at 630 nm to calculate albumin concentration.

Evaluation of MOF ZIF-8 toxicity

Preparation of ZIF-8 suspension

A ZIF-8 stock solution was prepared by dissolving ZIF-8 in hepatic organoid differentiation medium at a
concentration of 1,000 ug/mL, followed by ultrasonic dispersion and sterile filtration. This stock solution was
then diluted with the same medium to obtain a series of test concentrations: 300, 250, 200, 150, 100, 50, 25,
10, and 0 pg/mL. These solutions were subsequently used for the Matrigel-embedded administration
described in Section “Matrigel ZIF-8 administration”.

Matrigel ZIF-8 administration

Following the above procedure, a ZIF-8 stock solution was diluted with hepatic organoid differentiation
medium to prepare 3x working solutions at concentrations of 900, 750, 600, 450, 300, 150, 75, 30, and 0
ng/mL, corresponding to final gel concentrations of 300, 250, 200, 150, 100, 50, 25, 10, and 0 ug/mL,
respectively. Mature hepatic organoids cultured in a 24-well plate were gently detached using DPBS; the
Matrigel was separated from the organoids, and the suspension was centrifuged to remove the supernatant.
The organoids were then resuspended, counted, and aliquoted into tubes at 1,500 organoids per tube,
followed by another centrifugation step. Each organoid pellet was resuspended in 10 pL of the corresponding
3x ZIF-8 working solution and mixed with 20 uL of Matrigel at a 1:2 volume ratio, resulting in final gel
concentrations of 300, 250, 200, 150, 100, 50, 25, 10, and 0 ug/mL. The mixtures were seeded into a 96-well
plate at 10 pL per well, resulting in final gel drug concentrations of 300, 250, 200, 150, 100, 50, 25, 10, and 0
pg/mL. After the Matrigel solidified, 0.1 mL of hepatic organoid differentiation medium was added to each
well, and the organoids were cultured at 37 °C with 5% CO, for 4 days, with daily medium replacement.

Bright-field images of the organoids were taken from day 0 to day 4 during the ZIF-8 exposure.

Determination of organoid viability curve after ZIF-8 exposure

To assess organoid viability following ZIF-8 exposure, the 96-well plate was first equilibrated at room
temperature for 30 min. Without removing the culture medium, 100 pL of CellTiter-Glo® luminescent cell
viability assay reagent was added to each well, followed by gentle agitation and a 2-min incubation to
facilitate cell lysis. The resulting lysate was transferred to a non-transparent detection plate, and
luminescence was measured using a plate reader. This assay quantifies intracellular adenosine triphosphate
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(ATP) levels, serving as a reliable indicator of metabolically active, viable cells. Relative organoid viability
(RV%) was calculated using the formula below according to the CellTiter-Glo® Luminescent Cell Viability
Assay Technical Manual (Promega). The IC, value of the viability curve was determined using statistical
software. Histological staining and liver function assays of organoids after drug exposure were conducted
using previously described methods.

RV% = (RLU -RLU,,,) / (RLU,, ., - RLU,. ) X 100%

drug-treated control

RESULTS AND DISCUSSION

MOFs preparation and characterization

In this study, an effective material synthesis technique was carried out based on our previously developed
protocol?, as briefly described in Figure 1A. As a result, highly uniform and monodispersed rhombic
dodecahedral ZIF-8 particles with an average particle size of approximately 200 nm were obtained, as shown
in the scanning electron microscopy (SEM) image (Figure 1B: inset image). The well-defined rhombic
dodecahedral morphology is consistent with the characteristic crystal habit of ZIF-8 reported in previous
studies and indicates successful framework formation. Energy-dispersive X-ray spectroscopy (EDS)
qualitatively verified the presence of Zn, C, and N elements in the product. Although EDS is not intended for
accurate quantification of light elements such as C and N, the observed elemental signals are consistent with
the expected composition of ZIF-8. No obvious impurity-related elemental signals were detected, further
supporting the successful synthesis of the target material. Powder X-ray diffraction (PXRD) further
confirmed its crystal structure and phase purity [Figure 1C]. The measured PXRD pattern showed excellent
agreement with the simulated ZIF-8 diffraction pattern. Characteristic diffraction peaks observed at
approximately 7.3°, 10.4°, 12.7°, 14.8°, 16.4°, and 18.0° were consistent with the reported sodalite-type ZIF-8
crystal structure. Furthermore, the absence of additional diffraction peaks indicates high crystallinity and
phase purity, with no detectable crystalline impurities or secondary phases. Collectively, these results confirm
the successful synthesis of phase-pure ZIF-8 nanoparticles suitable for subsequent biocompatibility
evaluation.

Hepatic organoid culture and characterization

The hepatic organoids were generated by differentiating hepatic progenitor cell organoids originally derived
from hESCs. The timeline of the study procedure is illustrated in Figure 2A. Briefly, hepatic progenitor
organoids were thawed on Day 0 and allowed to recover for 3 days. Differentiation was initiated on Day 3,
followed by organoid passaging, maturation, and maintenance until Day 25. Morphological, molecular
(qPCR), and functional assessments were performed at key time points. MOF treatment was later initiated
on Day 25 and continued until Day 29, after which morphology, cell viability, histology (H&E), and liver
function were evaluated.

During culture, hepatic progenitor cell organoids predominantly exhibit a cystic appearance, whereas
differentiated hepatic organoids (Days 15-25) develop an increasingly dense, darkened core [Figure 2B].
These differentiated organoids display a thickened and proliferative outer cell layer, with cellular contents
accumulating in the lumen. Such morphological changes are consistent with progressive hepatic maturation
and increased cellular organization during differentiation. This transition is further supported by H&E
staining [Figure 2C]. Hepatic progenitor cell organoids show cytoplasmic vacuolation, and the nuclei are
round or nearly round. In contrast, differentiated hepatic organoids exhibit hyperplasia and thickening of the
outer cell layer, along with luminal cellular debris and content. The histological changes indicate structural
remodeling and the establishment of a more mature tissue-like architecture.
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Figure 1. Characterization of the ZIF-8 nanomaterial. (A) Preparation process of ZIF-8; (B) EDS image and the SEM image (inset, with a
200 nm scale bar) of the ZIF-8; (C) PXRD pattern of ZIF-8. ZIF-8: Zeolitic imidazolate framework-8; EDS: energy-dispersive X-ray
spectroscopy; SEM: scanning electron microscopy; PXRD: powder X-ray diffraction; HMIM: 2-methylimidazole.

Additionally, qPCR analysis revealed a decrease in the expression of the hepatic progenitor marker gene
KRT19 and an increase in hepatocyte-specific markers alpha-fetoprotein (AFP), albumin (ALB), and HNF4a
in differentiated organoids compared to progenitor organoids [Figure 2D]. The downregulation of KRT19
together with the upregulation of AFP, ALB, and HNF4q further confirms the transition from a progenitor-
like state toward a hepatocyte-like phenotype. Functional assessments also showed increased urea and
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Figure 2. (A) Timeline of liver organoid culture and differentiation and the subsequent exposure; (B-E) Construction and characterization
of HP and HC organoids. (B) Bright-field images of the HP organoid (Day 0) and the HC organoids cultured on Day 15 and Day 18,
respectively; (C) Histological characterization (H&E staining) and (D) gPCR characterization of HP and differentiated HC organoids; as
well as (E) Liver function characterization of HP and differentiated HC organoids. For (D), statistical comparisons between two groups
were performed using Student's t-test. For (E), multiple-group comparisons were performed using ordinary one-way ANOVA followed by
Dunnett’'s multiple comparisons test, with the corresponding HP group serving as the control. “P < 0.01; *"P < 0.001. All bright-field images
were acquired at 4% magnification with a 500 um scale bar. “ns” indicates not significant (P > 0.05). Error bars represent the standard
deviation. Data are presented as mean £ SD (n = 4 biological replicates, measured values of the original data points). HP: Hepatic
progenitor; HC: hepatocyte; H&E: hematoxylin and eosin; gPCR: quantitative polymerase chain reaction; ANOVA: analysis of variance; SD:
standard deviation; MOF: metal—organic framework; AFP: alpha-fetoprotein; ALB: albumin; GPT/ALT: alanine aminotransferase;
GOT/AST: aspartate aminotransferase.
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Figure 3. Evaluation of MOF ZIF-8 biocompatibility using hepatic organoids. Hepatic organoids at (A) O h and (B) 96 h after a series of
ZIF-8 concentration loading; (C) Assessment of the Histological assessment (H&E staining) of hepatic organoids at 96 h after a series of
ZIF-8 concentrations. All bright-field images were acquired at 4% magnification with a 500 um scale bar. MOF: Metal—organic framework;
ZIF-8: zeolitic imidazolate framework-8; H&E: hematoxylin and eosin.

albumin production, as well as increased reaction-product concentrations in the ALT and AST assays
following differentiation [Figure 2E]. These functional improvements demonstrate enhanced metabolic
activity and liver-specific functionality, indicating successful maturation of the hepatic organoids.
Collectively, these results confirm the successful differentiation of hepatic progenitor cells into functional
hepatocyte organoids.

Evaluation of MOF biocompatibility using hepatic organoids: morphology and characterization

MOF toxicity was evaluated using hepatic organoids from Day 25 to Day 29 (96 h) [Figure 2A].
Morphological aspects were monitored before [Figure 3A] and 96 h after exposure [Figure 3B] to a range of
MOF concentrations (0, 10, 25, 50, 100, 150, 200, 250, and 300 pg/mL) administered within the Matrigel. No
apparent signs of apoptosis were observed in hepatic organoids within the 96-hour exposure period.
Furthermore, no obvious concentration-dependent changes in organoid size, morphology, or structural
integrity were detected across the tested concentration range. The organoids maintained their characteristic
spherical architecture and cellular organization following exposure to ZIF-8.
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H&E staining examination of hepatic organoids [Figure 3C] was performed at 96 h following MOF ZIF-8
administration within the Matrigel at the indicated concentrations. Compared to the control group
(0 pg/mL), treatment with medium (100 pg/mL) and high (300 pg/mL) concentrations for 96 h did not result
in any notable histological changes in the hepatic organoids. In particular, the overall tissue architecture,
epithelial cell layer, and luminal organization remained comparable to those observed in the untreated
control group, with no evidence of widespread cell loss, tissue disruption, or necrotic lesions. These
observations indicate that the nanomaterial exhibits no hepatotoxicity within the tested range up to
300 pg/mL under the investigated exposure conditions.

Evaluation of MOF biocompatibility using hepatic organoids: viability and liver function

Viability assays conducted 96 h after ZIF-8 administration at a range of concentrations revealed no
significant decrease in organoid survival compared to the untreated control group (0 pg/mL), as shown in
Figure 4A. Although minor fluctuations in average viability were observed at intermediate concentrations,
these variations were within the normal biological and experimental variability of organoid cultures and did
not exhibit a concentration-dependent trend. Accordingly, the IC, value was estimated to be greater than
300 pg/mL under the investigated conditions. Collectively, these results indicate that under the investigated
exposure conditions, ZIF-8 exhibited no detectable adverse effects on organoid viability and was well
tolerated during short-term exposure.

In parallel, liver function analysis, including key metabolic indicators such as GPT/ALT, GOT/AST, albumin
secretion, and urea production, showed no measurable impairment following exposure to moderate
(100 pg/mL) and high (300 pg/mL) concentrations of ZIF-8, as shown in Figure 4B. No significant differences
were observed between control and ZIF-8-exposed groups for any functional readout. Notably, preserved
albumin secretion and urea production indicate maintained hepatic metabolic function, while unchanged
reaction-product concentrations in the GPT/ALT and GOT/AST assays further support further support the
preservation of hepatic function following ZIF-8 exposure. Collectively, these results demonstrate that, under
the investigated exposure conditions, ZIF-8 exhibited no detectable hepatotoxicity and was well tolerated by
liver organoids. These findings further support the utility of liver organoids as physiologically relevant
platforms for evaluating the biocompatibility of emerging MOF-based nanomaterials.

CONCLUSIONS

In this study, we established a physiologically relevant liver organoid platform for evaluating the
hepatotoxicity of MOFs, using ZIF-8 as a representative case study. ZIF-8 was selected as a representative
MOF to demonstrate the feasibility of the proposed organoid-based biocompatibility assessment platform.
Although broader validation using additional MOF families will be required, the present study establishes an
initial proof-of-concept for systematic organoid-based evaluation of MOF biocompatibility. The hepatic
organoids exhibited key liver-specific functions, including elevated expression of hepatocyte marker genes,
sustained metabolic activity, and structural integrity over time. Upon exposure to ZIF-8 at up to 300 pg/mL
for 96 h, no significant changes were observed in organoid morphology, viability, or hepatic function. Under
the investigated exposure conditions, ZIF-8 exhibited no detectable hepatotoxicity and was well tolerated by
liver organoids, supporting its potential as a biocompatible nanocarrier and demonstrating the utility of the
platform for systematic nanotoxicity evaluation. This study extends beyond evaluating individual
nanomaterials by establishing an initial organoid-based platform for systematic MOF assessment.
Importantly, this study highlights the potential of organoids to serve not only as biological models but also as
evaluation platforms for nanomaterial assessment. By enabling controlled modulation of exposure
parameters, integration of multimodal functional readouts, and compatibility with high-throughput and
data-driven workflows, liver organoids can support physiologically relevant nanotoxicity assessment. This
perspective aligns with the emerging vision of reconstructing organoids as engineered and tunable biological

systems rather than observational models.
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Figure 4. Liver organoid-based assessment of MOF ZIF-8 biocompatibility. (A) Cell viability determination using the standard CellTiter-
Glo® luminescent assay, which quantifies ATP as a key indicator of cell health, and (B) liver function testing of hepatic organoids at 96 h
after exposure to increasing concentrations of ZIF-8. No apparent dose-dependent reduction in viability was observed, and the IC, was
not reached within the tested concentration range (0-300 pg/mL). For panel A, statistical analyses across the nine concentration groups
were performed using ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test, with the untreated group (O pg/mL)
serving as the control. For panel B, statistical analyses involving three groups were performed using ordinary one-way ANOVA followed by
Dunnett's multiple comparisons test, with the untreated group serving as the control. “ns” indicates not significant (P > 0.05). Error bars
represent the standard deviation. Data are presented as mean = SD (n = 3 biological replicates). MOF: Metal—organic framework; ZIF-8:
zeolitic imidazolate framework-8; ATP: adenosine triphosphate; ANOVA: analysis of variance; SD: standard deviation; GPT/ALT: alanine
aminotransferase; GOT/AST: aspartate aminotransferase.

During the evaluation, ZIF-8 nanomaterials were administered via Matrigel embedding, enabling sustained
and direct exposure to liver organoids. While the exact cellular uptake mechanisms remain to be elucidated,
the porous structure of Matrigel allows diffusion of small molecules and minimizes selective retention of
particulate materials. Compared with conventional 2D cell-based assays, our 3D liver organoid platform
demonstrated higher tolerance to ZIF-8, with no detectable hepatotoxicity up to 300 pg/mL over 96 h. In
contrast, previous studies [Table 2] using HepG2 or HeLa cells have reported dose-dependent cytotoxicity at
lower concentrations (typically above 50-100 ug/mL), often associated with oxidative stress and membrane
damage***I. Although some organoid-based studies have explored MOF toxicity, many rely on less mature
or structurally simplified systems and report toxicity at comparable or lower concentrations****. To our
knowledge, this work represents one of the first studies employing functionally mature, hepatocyte-like liver
organoids with comprehensive readouts for controlled evaluation of MOF nanotoxicity.
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Table 2. Comparison of representative studies on MOF biocompatibility across experimental platforms

Conc. . Observed biological _—
Study/source Model system MOF type Exposure Endpoints assessed g Key findings Relevance
range response
. . . : 0-300 Viability, H&E, ALT, .. First ZIF-8 evaluation in Programmable organoid
This study (2026) Liver organoid ZIF-8 o6h ug/mL AST, urea, albumin No detectable toxicity mature liver organoids evaluation platform
. HepG2 (2D 10-100 Viability, ROS, MMP, Dose-dependent cytotoxicity ~ Apoptosis observed on . L
[45] - - -
Mietal., (2022) hepatoma line) ZIF-8 (DHM-loaded) 12-72 h ug/mL apoptosis markers 250 pg/ml HepG2 cells Static 2D toxicity model
5-100 - Cell viability remains ZIF-8 serves as the carrier for N -
9] - - -
Yang et al., (2025) Caco-2 cells Kaempferol-loaded ZIF-8 24 h ug/mlL Cell viability above 80% at 100 pg/mL kaempferol delivery Nanocarrier biocompatibility
Jarai et al,, (2020) Hela cells Ui0-66 MOF 24k 14100 ug/mL  Viability, morphology Dose-dependent toxicity > 25 Genergl UiO-66 cytotoxicity Conventlonal 2D toxicity
ug/mL screening screening
Intestine and 10-200 Viability, oxidative Moderate toxicity at > 100 Patient-derived organoid Early organoid-based
Li et al., (2024) &= hepatocyte ZIF-8, ZIF-67, MIL-125 48 h Y ¥ . g yore
. ug/mL stress, DNA damage ug/mL evaluation evaluation
organoid models
Shinozawa et al., (2021)  Liver organoid (for Drugs (not MOFs)* 7 days NA GPT/ALT, bile Organotypic response High-fidelity DILI organoid High-fidelity organoid

detected

model

toxicity model

135] DILI) canaliculi, omics

‘Included as a representative example of a mature liver organoid toxicity evaluation rather than an MOF study. Exposure indicates exposure duration. MOF: Metal-organic framework; ZIF-8: zeolitic imidazolate framework-8;
H&E: hematoxylin and eosin; GPT/ALT: alanine aminotransferase; GOT/AST: aspartate aminotransferase; ROS: reactive oxygen species; MMP: mitochondrial membrane potential; DILI: drug-induced liver injury; NA: not
applicable.

Although the present study experimentally investigated only ZIF-8, comparison with previous studies involving UiO-66, ZIF-67, and MIL-125 MOFs highlights the
substantial influence of framework chemistry, degradation behavior, and biological model on observed biocompatibility. Collectively, these findings indicate that MOF
biocompatibility cannot be generalized across different framework families and underscore the need for systematic evaluation of diverse MOF materials using
physiologically relevant organoid platforms.

Beyond conventional nanotoxicity evaluation, the rationale for assessing MOF safety extends to emerging applications in organoid and OOC bioengineering. As
illustrated in Figure 5, MOFs are expected to play dual roles: first, as nanocarriers for drug delivery, which require rigorous safety validation, and second, as functional
components within engineered organoid and OOC systems. In this latter context, MOFs may serve not only as nanoscale building blocks for localized therapeutic
delivery, but also as nano-engineered regulators of organoid microenvironments capable of modulating biochemical gradients, mechanical properties, and
physicochemical cues within 3D tissues. Such capabilities are central to the development of potentially programmable organoid systems®. The intrinsic modularity,
tunable porosity, and stimuli-responsive behavior of MOFs distinguish them from passive biomaterials and position them as promising programmable nano-bio
interfaces for future organoid engineering. Unlike conventional scaffold materials, MOFs may dynamically regulate biochemical gradients, release kinetics, and local
microenvironmental conditions in a spatiotemporally controlled manner, thereby enabling future organoid systems with dynamically tunable microenvironments'*.
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Figure 5. Conceptual roadmap for future MOF-enabled nanomedicine and organoid-based bioengineering systems. A closed-loop
translational pipeline integrating organoid platforms, OOC technologies, and Al-driven modeling to support systematic MOF evaluation
and design, supporting both safe MOF-based drug delivery and the emerging integration into organoid-based structured bioengineering
systems. MOF: Metal—organic framework; OOC: organoid-on-chips; Al: artificial intelligence; LDH: lactate dehydrogenase; ROS: reactive
oxygen species; ATP: adenosine triphosphate; TEER: transepithelial electrical resistance; ALT: alanine aminotransferase; AST: aspartate
aminotransferase.

Such programmable nano-bio interfaces may ultimately support adaptive and self-regulating organoid
systems for next-generation biomedical applications.

However, integrating nanomaterials into organoid architectures requires careful validation of their
biocompatibility within complex multicellular environments. Organoids differ fundamentally from 2D
systems in terms of prolonged exposure, spatial heterogeneity, and dynamic cell-cell interactions, all of
which may influence nanomaterial behavior and toxicity. Therefore, demonstrating minimal toxicity of
MOFs such as ZIF-8 in liver organoids represents a critical prerequisite for their future application in
organoid-based bioengineering and bioconstruction. Although the direct incorporation of MOFs into
flexible and potentially programmable organoid systems remains at a very early stage, the present study
provides an essential safety foundation for such developments.

Despite these encouraging results, several limitations remain. The study focuses on short-term exposure and
does not address potential long-term or cumulative effects. In addition, the monoculture liver organoid
model lacks immune and vascular components, which are important for nanoparticle clearance,
inflammatory responses, and systemic interactions. Addressing these limitations through more complex and
integrated models will be necessary to further enhance physiological relevance and predictive power”..
Furthermore, only one representative MOF (ZIF-8, ~200 nm) and a single organoid model were
experimentally investigated. Because MOF biocompatibility depends strongly on framework chemistry,
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metal composition, particle size, degradation behavior, surface properties, and biological context, the present
findings should not be generalized to other MOF families. Systematic comparative evaluation of diverse
MOF materials using physiologically relevant organoid platforms will therefore be essential for establishing
the broader applicability of the proposed assessment framework. Although hepatic maturation was
supported by molecular and functional analyses, additional characterization of CYP enzyme activity, hepatic
transporters, and bile canaliculi formation was not performed and warrants further investigation in future
studies. Moreover, mechanistic toxicity endpoints, including oxidative stress, mitochondrial dysfunction,
endoplasmic reticulum stress, apoptosis, and longer-term exposure, were not evaluated and therefore remain
important areas for future investigation. In addition, physicochemical characterization of ZIF-8 under the
specific organoid exposure conditions, including surface charge, colloidal stability, release kinetics,
degradation behavior, potential Zn** ion release, and post-exposure morphological changes in culture
medium and Matrigel, was not investigated in the present study. Such analyses would provide valuable
mechanistic insights into MOF-organoid interactions and may help interpret nanomaterial transport and
exposure behavior. Additionally, the localization, cellular uptake, intracellular trafficking, retention, and
degradation of ZIF-8 within the organoid-Matrigel system were not directly assessed and therefore also
remain subjects for future investigation.

To place the present findings in a broader translational context, Figure 5 presents a conceptual roadmap
outlining potential future directions for extending the proposed organoid-based biocompatibility evaluation
framework. Building upon the present proof-of-concept study, future investigations may adopt a multi-
tiered, data-driven, and platform-oriented strategy to further advance MOF evaluation and translational
application. Future studies involving additional MOF classes, particle sizes, surface chemistries, organoid
systems, and longer exposure durations, together with mechanistic investigations of MOF release, transport,
cellular uptake, and degradation behavior, will be necessary to further establish the broader applicability of
this framework. First, liver organoids can be integrated into high-throughput screening pipelines for drug-
induced liver injury (DILI) and nanotoxicity assessment, enabling systematic evaluation of large MOF
libraries and MOF-drug formulations while improving prediction of patient-specific toxicity responses that
remain difficult to detect during the preclinical phase'*”. Second, incorporation of OOC systems and real-
time biosensing technologies may enable dynamically controlled and physiologically relevant assessments by
introducing fluid flow, mechanical stimulation, and multicellular interactions'*". Such integrated platforms
may further support real-time monitoring, adaptive feedback regulation, and closed-loop evaluation of
MOF-enabled organoid systems. Third, multimodal datasets - including molecular design parameters,
biochemical assays, imaging analyses, and biosensor-derived functional readouts - can be integrated to
construct structure-toxicity and structure—function relationship databases, supporting quantitative modeling
and artificial intelligence (AI)-driven prediction for the rational design and optimization of MOF-based
bioengineering systems**". Collectively, these future directions outline a conceptual roadmap for extending
the present organoid-based biocompatibility evaluation framework toward programmable organoid
bioengineering and precision nanomedicine applications'"..

Collectively, this proof-of-concept study establishes an initial organoid-based framework for evaluating
ZIF-8 biocompatibility and provides a foundation for future investigations involving additional MOF
systems and organoid platforms. When integrated with OOC technologies, embedded biosensor systems,
and Al-driven analytical platforms, such organoid-based frameworks may enable closed-loop and data-
driven approaches for predictive toxicology and rational nanomaterial design. Beyond advancing the safe
development of MOF-based nanomedicines, this work also establishes a foundational safety evaluation
framework supporting the future convergence of MOFs, organoids, OOC technologies, biosensing, and Al-
driven bioengineering toward adaptive and programmable living systems.
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