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The specific induction of hepatic differentiation presents a significant challenge in developing alternative liver
cell sources and viable strategies for clinical therapy of acute liver failure (ALF). The past decade has witnessed
the blossom of microRNAs in regenerative medicine. Herein, microRNA 122-functionalized tetrahedral frame-
work nucleic acid (FNA-miR-122) has emerged as an unprecedented and potential platform for directing the
hepatic differentiation of adipose-derived mesenchymal stem cells (ADMSCs), which offers a straightforward and
cost-effective method for generating functional hepatocyte-like cells (FNA-miR-122-iHep). Additionally, we have
successfully established a liver organoid synthesis strategy by optimizing the co-culture of FNA-miR-122-iHep
with endothelial cells (HUVECs), resulting in functional Hep:HUE-liver spheroids. Transcriptome analysis not
only uncovered the potential molecular mechanisms through which miR-122 influences hepatic differentiation in
ADMSCs, but also clarified that Hep:HUE-liver spheroids could further facilitate hepatocyte maturation and
improved tissue-specific functions, which may provide new hints to be used to develop a hepatic organoid
platform. Notably, compared to transplanted ADMSCs and Hep-liver spheroid, respectively, both FNA-miR-122-
iHep-based single cell therapy and Hep:HUE-liver spheroid-based therapy showed high efficacy in treating ALF in
vivo. Collectively, this research establishes a robust system using microRNA to induce ADMSCs into functional
hepatocyte-like cells and to generate hepatic organoids in vitro, promising a highly efficient therapeutic
approach for ALF.

1. Introduction MiRNAs have significantly advanced the self-renewal and differentia-

tion of stem cells [5] by forming intricate regulatory networks and

Despite progress in cell reprogramming using transcription factors
that enable the conversion of somatic cells [1] and stem cells [2] into
hepatocytes, clinical applications of this technology remain limited by
several deficiencies, including the use of viral DNA delivery vectors [3]
and the overexpression of exogenous transcription factor [4]. Conse-
quently, there is a pressing need for new methods that ensure secure and
efficient hepatocyte production. Previous research has highlighted
microRNAs (miRNAs) as promising candidates for cell reprogramming.
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modulating gene expression at post-transcriptional levels through in-
teractions with mRNAs [6]. It has been proven that 50% of human
protein-coding genes are regulated by miRNA [7]. These transient,
endogenous, single-stranded, non-encoding RNAs bind partially or
completely to mRNA sequences, inducing target gene silencing without
integrating into the host genome [8], thereby influencing various
cellular functions and physiological processes [9]. To date, over one
thousand miRNAs have been identified as regulators of key biological
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Scheme 1. Schematic illustration displaying that FNA-miR-122 promoted hepatic differentiation, and facilitated the generation of the FNA-miR-122-iHep-based
liver spheroids. The diagram highlighted that two modes of transplantations achieved highly efficient ALF therapy in vivo.
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processes, including differentiation, proliferation, apoptosis, and aging
[10]. Moreover, growing evidence has demonstrated that targeted
manipulation of miRNAs, either by overexpression or knockout, can
directionally regulate the hepatic differentiation of stem cells, offering
substantial potential in regenerative medicine [11]. MicroRNA 122
(miR-122), in particular, has been recognized as a significant regulator
during hepatogenesis, promoting the hepatic differentiation of liver
progenitor cells [12]. Accordingly, accumulating evidence has verified
that miR-122 was an important regulator of human stem cell differen-
tiation into hepatocytes [13,14]. However, whether miR-122 can pro-
mote hepatic differentiation of stem cells in the absence of cytokines,
growth factors and other external factors needs to be further
investigated.

Adipose-derived mesenchymal stem cells (ADMSCs), recognized for
their multipotency, self-renewal capacity, and non-invasive accessibility
[15,16], hold substantial potential for hepatic-specific differentiation
[17]. The process of differentiating human ADMSCs (hADMSCs) into
hepatocyte-like cells (iHeps) is complex [18], influenced by multiple
genes, and remains dynamic and interdependent [19]. Particularly, the
role of miRNAs in this process is still not well understood, highlighting a
critical area for research to enhance the efficiency of hepatic differen-
tiation. Moreover, to simulate the liver’s microenvironment and
improve hepatocyte function, co-culturing experiments have been con-
ducted with various liver and non-liver cell types, including umbilical
vein endothelial cells [20], sinusoidal endothelial cells [21], fibroblasts
[22], mesenchymal stem cells [23], Kupffer cells [24], and stellate cells
[25], to generate liver spheroids or microlivers [26]. Primary hepato-
cytes often dedifferentiate and lose functionality when isolated and
cultured [27]. Moreover, obtaining a sufficient number of functional
primary hepatocytes remains a significant bottleneck. To address these
challenges, three-dimensional (3D) spheroid and organoid therapies
using iHeps have been developed [28]. These therapies offer advantages
over traditional liver transplantation, including minimal invasiveness,
potential for reuse, and avoidance of chronic immunosuppression [29],
thus presenting a promising alternative for treating severe hepatic dis-
eases. As a novel supporting cell source, human umbilical vein endo-
thelial cells (HUVECs) have proven effective as co-culture partners with
hepatocytes, which replicates the in vivo physiology structure where
hepatocytes and HUVECs constitute the continuous lining along the
sinusoid separated by the Disse space [30]. HUVECs facilitate vascu-
larization, improving oxygen supply, nutrient delivery, and genetic
stability of the cells within the bioengineered constructs [31]. Thus, the
integration of iHeps with HUVECs to form composite liver spheroids
represents a significant advancement in developing effective therapies
for liver diseases.

The transfer of functional miR-122 to stem cells holds potential as an
alternative and reproducible source of primary cells for direct hepatic
differentiation. Although promising, the inherent instability of the
single-stranded miR-122 and its hydrophilic nature, coupled with the
barrier of the cell’s plasma membrane, present significant challenges for
effective delivery [32]. One potential solution is the designing of the
double-stranded miR-122 that comprises a guide strand and a sticky-end
bearing passenger strand, which may overcome the relative instability of
single-stranded RNA [6]. Nonetheless, it remains unclear whether
non-viral nanovector-mediated miR-122 delivery could promote the
differentiation of ADMSCs into iHep and rescue carbon tetrachloride
(CCly) induced acute liver failure (ALF), which has high morbidity and
mortality worldwide. Recent advancements in tetrahedral framework
nucleic acid nanorobotics (FNA), which are DNA frameworks built only
by oligonucleotides, have garnered significant interest as a natural
vector for miRNA transfer [33]. These structures offer notable benefits,
including intrinsic biocompatibility, low immunogenicity, excellent
biostability, biodegradability, and high drug-loading capacity [34-38].
Furthermore, compared to liposomes or biodegradable polymers, the
amounts and locations of nucleic acid cargos in the delivery systems of
FNA nanostructures can be easily and precisely regulated. We
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hypothesize that loading miR-122 onto FNA (FNA-miR-122) could
address its stability issues and enhance the hepatic differentiation effi-
ciency of ADMSCs. This approach might provide a simpler and more
cost-effective alternative to using growth factors for inducing ADMSCs
into functional iHeps [12], thus supporting the development of inno-
vative therapies for ALF [39,40].

Herein, we established an efficient gene delivery platform (FNA-miR-
122), which was self-assembled by mixing stoichiometric quantities of
strands T;-T4 with miR-122, allowing miR-122 to hybridize with the
single-stranded protruding sequence of FNA (Scheme 1). On one hand,
FNA-miR-122 facilitated the specific induction of hepatic differentiation
in ADMSCs without the need for cytokine cocktails. Transcriptome
analysis has elucidated the potential molecular mechanisms by which
FNA-miR-122 promotes hepatic differentiation. On the other hand, the
hepatic spheroids created by mixing FNA-miR-122-iHep and HUVECs at
an optimal ratio of 9:1 exhibited high hepatocyte functions. Of note, the
regulation of signal transduction networks also revealed through tran-
scriptomics, aligns with the stages of hepatic differentiation of ADMSCs
and hepatocyte regeneration, thereby improving the effectiveness of
functional recovery and injury repair in ALF treatment. Additionally,
transplantation of FNA-miR-122-iHep and FNA-miR-122-iHep-based
liver spheroids based on this platform demonstrated significant thera-
peutic effects in the mouse ALF model. We anticipate that this FNA-miR-
122-mediated differentiation method will facilitate the straightforward
production of iHep and liver spheroids, offering a promising approach
for ALF therapy.

2. Materials and methods
2.1. Preparation of FNA-miR-122 via a one-step self-assembly procedure

In brief, four types of pre-designed single-stranded DNAs (ssDNAs)
(T1, T2, T3, T4) and miR-122 (see Table S1 for detailed sequences) were
mixed in equimolar concentrations in a Tris-magnesium sulfate buffer
(5 mM MgCly, 10 mM Tris-HCl, pH 8.0, Beyotime, China). The mixture
was heated at 95 °C for 5 min and then allowed to cool gradually to room
temperature. The formation of the FNA-miR-122 complex was
confirmed using 2 % agarose gel electrophoresis stained with ethidium
bromide (0.5 pg/mL, Sigma-Aldrich, USA), run at 100 V for 30 min, and
visualized under UV light at 312 nm. Atomic force microscopy (AFM,
Nanoscope V Dimension Icon, Bruker AXS, US) and dynamic light
scattering (DLS, Malvern Zetasizer Nano ZS, UK) were employed to
characterize the morphology, size, and zeta potential of the FNA-miR-
122 complex.

2.2. Intracellular uptake of FNA-miR-122

The human adipose tissue-derived mesenchymal stem cells
(hADMSCs) were cultured in 6-well plates to approximately 90%
confluence. Prior to the experiments, cells were washed three times with
phosphate-buffered saline (PBS) and then incubated with a medium
containing fluorescein (FAM)-labeled FNA and FAM-labeled FNA-miR-
122 for 2 h. Post-incubation, cells were centrifuged at 1000 rpm for 5
min, washed twice with PBS, and the intracellular fluorescence was
quantified using a flow cytometer (NovoCyte, Santiago, California,
USA).

2.3. Subcellular locations and endocytosis mechanism

A colocalization assay was used to study the intracellular trafficking
and localization of FNA-miR-122 inside living cells. The hADMSCs were
seeded in a 35 mm confocal dish (coverglass-bottom dish) (MatTek
Corp, Ashland, MA, USA) at a density of 1 x 10* cells/cm? under stan-
dard culture conditions. Then, the cells were washed twice with PBS,
and incubated with FAM-labeled FNA-miR-122 for 6 and 12 h. Next, the
cells were washed by PBS 3 times and stained with 10 pM LysoTracker
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Red for 30 min and Hoechst 33342 for 15 min, respectively. Finally, the
cells were washed with PBS buffer 3 times before being observed with a
confocal laser scanning microscope (FV1000, Olympus, Tokyo, Japan).
The excitation wavelengths were set at 405 nm and 543 nm, and the
corresponding emission wavelengths were in the range of 430/480 nm
and 550/630 nm for Hoechst 33342 and FAM, respectively.

To investigate the endocytosis mechanism, cells (1 x 10°) were pre-
incubated with endocytosis inhibitors such as chlorpromazine (CPZ, 10
pM) or ethylisopropylamiloride (EIPA, 50 pM) before the addition of
FAM-labeled-FNA-miR-122. After 30 min, FAM-labeled-FNA-miR-122
(200 nM) was added to each sample in serum-free media and incu-
bated for an additional 6 h at 37 °C in a CO incubator. Post-incubation,
cells were harvested, washed twice with 1 mL of PBS, and resuspended
in 500 pL of ice-cold PBS. Internalization of FNA-miR-122 was quanti-
fied using a flow cytometer (Beckman, CytoFLEX, USA). For each sam-
ple, 10000 events were recorded in triplicates and the levels of
internalization were reported as mean + standard deviation (SD).

2.4. Hepatic differentiation and characterization

hADMSCs were cultured in a serum-free special medium (Saliai Stem
Cell Science and Technology Co., LTD, Guangzhou, China) under a hu-
midified atmosphere of 5 % CO3 at 37 °C. Cells were seeded at a density
of 2 x 10° cells/mL in 24-well plates and treated with 200 nM FNA-miR-
122. The medium was refreshed every 2 days for continuous cultivation
for 21 days. Hepatic differentiation was evaluated by morphological
changes and functional assays. Quantitative real-time polymerase chain
reaction (QRT-PCR) and transcriptome analysis assessed the expression
of hepatocyte markers including hepatocyte nuclear factor 4 alpha
(HNF4A), albumin (ALB), E-cadherin (ECAD), alpha-fetoprotein (AFP),
and forkhead box A2 (FOXA2). Immunofluorescent staining confirmed
the presence of ALB, ECAD, and HNF4A proteins, along with the accu-
mulation of glycogen and lipids, consistent with mature hepatocyte
functionality.

2.5. qRT-PCR for mRNA quantification

Cells were planted on 6-well culture plates at a density of 1 x 10°
cells/well. The total RNA was extracted from various cell types using
RNA-Solv reagent according to the manufacturer’s instructions. The
standard HiScript II One Step qRT-PCR SYBR® Green Kit protocol was
used to carry out the qRT-PCR experiments. The housekeeping gene
beta-actin (f-actin) was used for standardization, which was conducted
in quadruplicate. The quality and quantity of RNA were verified via
agarose gel electrophoresis and measurement with a NanoDrop ND-
2000 spectrophotometer (NanoDrop, Wilmington, DE, USA). The
expression of f-actin was used to standardize the relative mRNA fold
change. The qRT-PCR primer sequences are detailed in Table S2.

2.6. Immunofluorescent staining

Cells were fixed at room temperature using 4% paraformaldehyde
(PFA) for 20 min. After centrifugation for 5 min, the PFA was discarded.
The cells were re-suspended in 0.2 % Triton X-100 for 10 min. The cells
were then blocked with goat serum for 30 min before staining with
antibodies. After being washed with PBS, the cells were incubated with
the monoclonal antibodies against ECAD (1:1000, Cell Signaling), ALB
(1:1000, Invitrogen), and HNF4A (1:50, Cell Signaling) at 4 °C over-
night. Next, the cells were washed twice with PBS, and Alexa 488-
labeled goat anti-rabbit secondary antibody (1:500, Invitrogen) was
applied for 2 h. After washing with PBS, the cells were stained with
nuclear dye DAPI for 5 min at room temperature and analyzed using
confocal microscopy.
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2.7. Oil Red-O staining and Periodic acid-schiff

0Oil Red-O (ORO) (Solarbio) staining and Periodic acid-Schiff (PAS)
(Servicebio) were performed following the manufacturer’s instructions.

2.8. RNA extraction and library construction

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions. The quantity and
purity of RNA from each sample were measured using a NanoDrop ND-
1000 spectrophotometer (NanoDrop, Wilmington, DE, USA). The RNA
integrity was assessed with an RNA Integrity Number (RIN) greater than
7.0, using a Bioanalyzer 2100 (Agilent, CA, USA), and confirmed by
denaturing agarose gel electrophoresis. Poly(A) RNA was purified from
1 pg of total RNA using Dynabeads Oligo(dT) (Thermo Fisher, CA, USA),
followed by two rounds of purification. The RNA was then fragmented
into small pieces using a Magnesium RNA Fragmentation Module (NEB,
cat. e6150, USA) at 94 °C for 5-7 min. Fragmented RNA was reverse
transcribed into ¢cDNA using SuperScript™ II Reverse Transcriptase
(Invitrogen, cat. 1896649, USA), which was next used to synthesize U-
labeled second-stranded DNAs with E. coli DNA polymerase I (NEB, cat.
m0209, USA), RNase H (NEB, cat.m0297, USA) and dUTP Solution
(Thermo Fisher, cat. R0133, USA). An A-base was added to the blunt
ends of each strand for adapter ligation, with each adapter containing a
T-base overhang. Adapters were ligated to the A-tailed fragments, and
size selection was performed using AMPureXP beads. U-labeled second-
stranded DNAs were treated with heat-labile UDG enzyme (NEB, cat.
m0280, USA), and PCR amplification followed: initial denaturation at
95 °C for 3 min, 8 cycles of denaturation at 98 °C for 15 s, annealing at
60 °C for 15 s, and extension at 72 °C for 30 s, with a final extension at
72 °C for 5 min. The average insert size of the final cDNA library was 300
+ 50 bp. Sequencing was performed using 2 x 150 bp paired-end
sequencing (PE150) on an Illumina NovaSeq™ 6000 (LC-Bio Technol-
ogy CO., Ltd., Hangzhou, China) following the manufacturer’s protocol.

2.9. Sequence and primary analysis

Cutadapt software (https://cutadapt.readthedocs.io/en/stable/,
version:cutadapt-1.9) was used to remove the reads that contained
adaptor contamination (command line: ~cutadapt -a ADAPT1 -A
ADAPT2 -o outl.fastq -p out2.fastq inl.fastq in2.fastq -O 5 -m 100).
Subsequently, low-quality and undetermined bases were discarded, and
we used HISAT2 software (https://daehwankimlab.github.io/hisat2/,
version:hisat2-2.0.4) to map reads to the genome (for example: Homo
sapiens Ensembl v96), (command line: ~hisat2 -1 R1.fastq.gz —2 R1.
fastq.gz -S sample_mapped.sam). The mapped reads were assembled for
each sample using StringTie (http://ccb.jhu.edu/software/stringtie/,
version: stringtie-1.3.4d. Linux_x86_64) with default parameters (com-
mand line: ~ stringtie -p 4 -G genome.gtf -o output.gtf -1 sample input.
bam). A comprehensive transcriptome was then reconstructed by
merging all sample transcriptomes using gffcompare software (http://cc
b.jhu.edu/software/stringtie/gffcompare.shtml, version: gffcompare-
0.9.8. Linux_ x86_64). After the final transcriptome was generated,
StringTie and ballgown (http://www.bioconductor.org/packages/
release/bioc/html/ballgown.html) were used to estimate the expression
levels of all transcripts and perform expression level for mRNAs by
calculating FPKM (FPKM = [total_exon_fragments/mapped_reads(mil-
lions) x exon _length (kB)]), (command line: ~stringtie -e -B -p 4 -G
merged.gtf -0 samples.gtf samples. bam). Differentially expressed
mRNAs, defined by a fold change >2 or <0.5 and a p-value <0.05, were
identified using the R package edgeR (https://bioconductor.
org/packages/release/bioc/html/edgeR.html) and DESeq2
(http://www. bioconductor. org/packages/release/bioc/html/DESeq2.
html). Enrichment analyses for Gene Ontology (GO) and Kyoto Ency-
clopedia of Genes and Genomes (KEGG) pathways were subsequently
performed on these mRNAs.
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Fig. 1. Characterization and cellular uptake of FNA and FNA-miR-122. (A) Agarose gel electrophoresis (2%) illustrating the precise self-assembly process of FNA-
miR-122 (M: Marker, Line 1: miR-122, Lines 2-7: Ty, T1+Ty, T1+T2+T3, To+T3+T4, T1+T3+T4, and T1+To+T3+T4 representing FNA, Line 8: FNA-miR-122). (B) AFM
morphological characterizations of FNA (i) and FNA-miR-122 (ii). (C) Hydrodynamic diameters of FNA and FNA-miR-122. Data are represented as mean + standard
deviation (SD) (n = 3). (D) Zeta potential distributions of FNA and FNA-miR-122 (n = 3). (E) Cellular viability of ADMSCs treated with miR-122, FNA, and FNA-miR-

122 at various concentrations (n =

4). (F) Confocal laser scanning microscopy (CLSM) images showing uptake of FNA and FNA-miR-122 in ADMSCs after 6 h of

incubation with FAM as a fluorescence probe (scale bars: 50 pm). Green: FAM-labeled FNA and FNA-miR-122; blue: Hoechst 33342-stained nuclei. (G) Flow
cytometry analysis estimating the cellular uptake efficiency of FNA and FNA-miR-122 in ADMSCs after 2 h.

2.10. Endothelial cell culture

Human umbilical vein endothelial cells (HUVECs) were obtained
commercially and cultured under conditions of 37 °C, 5 % CO; in an
endothelial cell growth medium (Saliai Stem cell Science and Technol-
ogy Co., LTD, Guangzhou, China). The maintenance involved passaging
HUVECs at 80% confluency and restricting use to within five passages
for all experimental protocols.

2.11. Generation of cell spheroids

FNA-miR-122-iHeps (Heps) were mixed with HUVECs (HUEs) in
various ratios (1:0, 1:1, 4:1, 9:1) and cultured in 96-well U-bottom plates
to generate co-culture cell spheroids. These liver spheroids were
cultured in the U-bottom plates for 3 days. After that, the biofunctions of
the cell spheroids were investigated.

2.12. Calcein-AM/PI double staining assay

A stock solution of Calcein-AM (Aladdin) was prepared by dissolving
the dye in dimethyl sulfoxide (DMSO) to achieve a concentration of 1
mM. This solution was subsequently diluted to 1-50 pM with PBS.
Similarly, the propidium iodide (PI) stock solution (Solarbio) was
diluted with PBS to concentrations ranging from 10 to 50 uM. The cell
spheroids were treated with the working solutions of calcein-AM and PI
for 10-15 min. The images were captured using an inverted fluorescence
microscope (Axio Observer 3, Zeiss), with excitation wavelengths at 488
nm and 561 nm.

2.13. Transplantation of FNA-miR-122-iHep into mice with ALF

All animal experiments were conducted following the protocol
approved by the Institutional Animal Care and Use Committee of Sun
Yat-Sen University (SYSU-IACUC-2023-000523). The 5-week-old and 6-
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week-old male C57BL/6J mice were housed under sterile conditions in
laminar flow cabinets with autoclaved food, water, bedding, and cages.
ALF was induced by intraperitoneally injecting the mice with 4 pL/g
(body weight) of CCl, dissolved in olive oil. The development of ALF was
confirmed 24 h post-injection via histological and biochemical blood
tests. Mice were then divided into six groups, with ten mice per group.
The control group consisted of untreated male mice. 24 h after ALF in-
duction, groups 2-6 were intravenously injected with 100 pL of 0.9 %
saline as a negative control, hADMSCs (5 x 10° cells/mice), FNA-
ADMSCs (5 x 10° cells/mice), miR-122-iHep (5 X 108 cells/mice),
FNA-miR-122-iHep (5 x 10° cells/mice), respectively. The CCls-induced
ALF mice with or without treatment were assessed on day 3 after cell
transplantation. Subsequently, mice were euthanized, and major organs
were harvested and fixed in 10 % neutral-buffered formalin for further
analysis. Liver and kidney functions were compared to those of healthy
control mice. To evaluate the therapeutic impact of FNA-miR-122-iHep
on liver function in ALF mice, serum levels of alanine aminotransferase
(ALT) and aspartate aminotransferase (AST) were measured. Addition-
ally, liver samples were processed for hematoxylin and eosin (H&E)
staining, and immunohistochemical analysis of nuclear protein Ki67,
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL),
reactive oxygen species (ROS), and tumor necrosis factor-a (TNF-a).

2.14. In vivo fluorescence imaging

Briefly, the DiD-labeled FNA-miR-122-iHep were administered into
ALF mice via tail intravenously injection. Afterward, these mice were
euthanized, and the major organs (heart, liver, spleen, lung, and kidney)
were harvested for analysis. The noninvasive NIR fluorescence imaging
system (IVIS Lumina LT Series III, PerkinElmer, USA) that consists of an
excitation light source and a cold charge-coupled device (CCD) was used
for tissue fluorescence imaging. The system featured a characteristic
fluorescence with an excitation and emission wavelength at 640 nm and
700 nm, respectively.
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Fig. 2. FNA-miR-122 stimulates hepatic differentiation of ADMSCs. (A) Immunofluorescent staining and 3D spectrum plot showing ALB expression in FNA-miR-122-
iHeps at day 21. Nuclei were stained with DAPI (scale bar: 100 pm). (B) Immunofluorescent staining and 3D spectrum plot of HNF4A expression in FNA-miR-122-
iHeps at day 21. Nuclei were stained with DAPI (scale bar: 100 pm). (C) Immunofluorescent staining and 3D spectrum plot depicting ECAD expression in FNA-miR-
122-iHeps at day 21. Nuclei were stained with DAPI (scale bar: 100 pm). (D) The mRNA expression levels of hepatocyte-specific marker genes (FOXA2, AFP, HNF4A,
ALB) in differentiated cells at 21 days. (E) Measurement of albumin secretion after 21 days in differentiation medium, with statistical significance indicated by
asterisks (n = 3). (F) Oil Red O and periodic acid-Schiff (PAS) staining highlighting lipid production and glycogen storage, respectively, in the FNA-miR-122-iHeps
(fcale bar: 100 pm). (G) Urea detection in the cell culture medium of FNA-miR-122-iHep after 21 days, with statistical significance indicated by asterisks ( n = 3).

2.15. In vivo implantation of hepatic spheroids

The ALF animal model was established as previously described.
Hepatic spheroids, comprising approximately 160-180 units (8 x 10° -
9 x 10° cells), were implanted into the mesentery of male C57BL/6J
mice aged 5-6 weeks and secured with fibrin gel. The mice were
randomly assigned to five groups: a healthy control group (Health), an
ALF model group (ALF), and three treatment groups: ALF treated with
hepatocytes (Hep), ALF treated with hepatic-liver spheroids (Hep-Liver
spheroids), and ALF treated with Hep:HUE-liver spheroids (Hep:HUE-
Liver spheroids). Therapeutic outcomes were evaluated 2 days post-
implantation. Upon completion of the assessment, the mice were
euthanized, and organ sections were fixed in 10 % neutral-buffered
formalin for further functional analyses. Additionally, in vivo trans-
plantation of hepatic spheroids was also performed on male BALB/c
nude mice aged 5-6 weeks for further therapeutic effect studies.

To evaluate the therapeutic effect and biosafety, histological and
histopathological analyses were performed using a histology microscope
(Olympus DX45, Japan). For frozen tissue staining, 10 pm thick liver
cryosections were fixed in 4 % paraformaldehyde and permeabilized/
blocked. To identify proliferating cells in liver tissue, the slides were
incubated with the anti-Ki-67 (1:100) antibody, followed by counter-
staining with DAPI for nuclear visualization. Apoptosis was assessed
using TUNEL staining alongside DAPI counterstaining. In addition, liver
samples were processed for immunohistochemical analysis of ALB,
VEGF, LY6G, and other markers. To evaluate the therapeutic efficacy,
ALT, AST, albumin (Alb), as well as kidney-associated serum urea ni-
trogen (Urea), and serum creatinine (Cre) toxicity were measured.
Moreover, the main cytokines (IL-6, TNF-a, iNOS, IL-1f, and IL-10) as
the systemic inflammation markers were analyzed.

2.16. Statistical analyses

All statistical data were analyzed using GraphPad Prism 6.0
(GraphPad Software, La Jolla, CA). Results were represented as mean +
standard deviation (SD) from at least three separate experiments to
ensure statistical validity. A one-way analysis of variance (ANOVA) test
and Two-tailed Student’s t-test were used as appropriate. The statistical
significance was indicated using bars and asterisks, with *P < 0.05, **P
< 0.01, ***P < 0.001, ****P < 0.0001, and ns denoting no significant
difference.

3. Results and discussion
3.1. Characterization of the FNA-miR-122 nanoassembly

The functional FNA nanorobotic assembly was synthesized using
four specifically designed ssDNAs (Tj, To, T3, and T4) by highly specific
base complementary sequence pairing (Table S1). To load the miR-122
onto the FNA, the 3’ sticky ends of ssDNAs endowed the FNA with one
sticky-end apex. The miR-122 duplex bearing the sticky-end bearing
passenger strand was incubated with FNA in a 1:1 ratio to create a stable
FNA-miR-122 structure. The successful synthesis of FNA and FNA-miR-
122 was verified by native polyacrylamide gel electrophoresis, which
displayed distinct DNA assembly bands under ultraviolet (UV) illumi-
nation (Fig. 1A). The morphological characteristics of FNA nano-
particles and FNA-miR-122 were similar by atomic force microscopy
(AFM) (Fig. 1B). Additionally, dynamic light scattering (DLS) analysis
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suggested that miR-122 loading increased the particle size of FNA, with
average hydrodynamic diameters measured at 40.48 + 11.06 nm for
FNA and 52.00 + 3.43 nm for FNA-miR-122, respectively (Fig. 1C). The
zeta potential of FNA-miR-122 (-13.87 + 1.40 mV) was lower
compared to FNA alone (—7.45 + 1.22 mV), likely due to the negative
charge of the nucleic acid molecules (Fig. 1D). After being loaded on
FNA, an obvious band representing intact miR122 in the FNA-miR-122
was apparent after incubation with 10 % FBS for 2 h, whereas the free
miR-122 was almost completely degraded, indicating enhanced stability
of the miR-122 when loaded onto FNA (Fig. S1).

To determine the suitability of FNA for miR-122 transport in living
organisms, we then evaluated the biocompatibility of FNA-miR-122
when co-cultured with ADMSCs. CCK-8 assay results indicated that
cells treated with miR-122 alone showed reduced viability, whereas
cells exposed to three different concentrations of FNA and FNA-miR-122
displayed no toxicity, suggesting that FNA could mitigate the toxic ef-
fects of miR-122 (Fig. 1E). Confocal laser scanning microscopy (CLSM)
confirmed that both FAM-labeled FNA and FNA-miR-122 were effec-
tively internalized by ADMSCs, evidenced by strong fluorescence signals
after 6 h of incubation (Fig. 1F). Notably, FAM-FNA-miR-122 was able to
escape from lysosomes, preventing endo-/lysosomal degradation, as
demonstrated by the separation of green and red fluorescence after 12 h
(Fig. S2). Furthermore, flow cytometry (FACS) analysis revealed sub-
stantial shifts in fluorescence signals within ADMSCs, indicating effec-
tive cellular uptake of FNA-miR-122 (Fig. 1G). The internalization
dynamics were further explored using endocytosis inhibitors, with FNA-
miR-122 fluorescence reduced to 56.8 % + 13.0 % in the presence of
CPZ (a clathrin-mediated endocytosis inhibitor) and to 24.6 % + 1.1 %
with EIPA (an inhibitor of macropinocytosis), suggesting predominant
internalization through micropinocytosis and clathrin-mediated path-
ways (Figs. S3A and S3B). This pattern aligns with prior findings on the
critical roles of these pathways in the endocytosis of DNA nanomaterials
(Fig. S3C) [41]. Collectively, FNA-miR-122 with excellent biocompati-
bility showed efficient cellular uptake, which was critically important
for downstream hepatic differentiation.

3.2. FNA-miR-122-induced differentiation of ADMSCs to hepatocyte-like
cells

As depicted in Scheme 1, the FNA-miR-122, serving as an unprece-
dented and potential platform, is expected to promote the ADMSCs he-
patic differentiation process. Evaluations conducted revealed that,
compared to untreated ADMSCs, those treated with FNA-miR-122 (FNA-
miR-122-iHep) exhibited the transformation from spindle-like cells to
polygonal and circular morphology at day 21 (Fig. S4). With regard to
hepatocyte marker proteins, albumin (ALB) was specific for mature
hepatocytes [42] and hepatocyte nuclear factor 4 alpha (HNF4A) was
the most critical fate hepatic transcription factor [43]. As expected, ALB
and HNF4A showed significantly enhanced expression in protein levels
after 21 days of differentiation induced by FNA-miR-122 (Fig. 2A and B),
which  confirmed typical hepatic functional features of
FNA-miR-122-iHep. Additionally, there was a marked increase in the
expression of epithelial membrane protein marker E-cadherin (ECAD) in
FNA-miR-122-iHep (Fig. 2C), which is known to respond to mechanical
strain deformations in cell aggregates [44]. Quantitative real-time po-
lymerase chain reaction (QRT-PCR) analysis further confirmed signifi-
cant upregulation of hepatic marker-related genes in the
FNA-miR-122-iHep group compared to the ADMSCs group (Fig. 2D).
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Fig. 3. Transcriptome analysis demonstrating FNA-miR-122-induced hepatic differentiation. (A) Principal component analysis (PCA) based on transcriptomic
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groups. (E) Protein-protein interaction (PPI) network of genes related to hepatic function and metabolism. (F) Gene ontology (GO) enrichment analysis of the
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Especially, the expression of FOXA2, a marker for hepatic endoderm Staining with periodic acid-Schiff (PAS) and oil red O showed strong
[45], was efficiently activated in FNA-miR-122-iHep cells, whereas the positivity in the FNA-miR-122-iHep group, unlike the weaker staining
FNA-iHep was hardly affected. Similarly, the gene expression of ALB was observed in other groups. Notably, FNA-miR-122-iHep also confirmed
greatly upregulated to 22.5-fold in the FNA-miR-122-iHep group as the competency for the albumin (Fig. 2E) and urea secretion (Fig. 2G) by
compared with the ADMSCs group. Meanwhile, the expression of alpha ELISA analysis. Collectively, these results demonstrated that

fetoprotein (AFP) [46] showed a progressive change in gene expression FNA-miR-122 could directionally induce and activate the hepatic dif-
from ADMSCs to hepatocyte-like cells. Furthermore, functional analysis ferentiation of ADMSCs, suggesting that FNA-miR-122-iHep can reliably
revealed substantial accumulations of fatty droplets and glycogen syn- produce hepatocyte-like cells with characteristic hepatic functions.

thesis in the differentiated FNA-miR-122-iHep group, significantly sur-
passing those in the FNA-iHep and miR-122-iHep groups (Fig. 2F).
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Fig. 4. Selection and characterization of functional liver spheroids from FNA-miR-122-iHep (Heps) and endothelial cells (HUESs). (A) Representative bright-field
images of a single liver spheroid at day 3. The cell ratios of Heps to HUEs were 1:0, 1:1, 4:1, and 9:1 (Scale bar: 100 pm). (B) Cell viability assessed by live/
dead staining after 3 days in culture, with green and red fluorescence indicating live and dead cells, respectively (scale bar: 100 pm). (C-D) mRNA expression levels of
hepatocyte-specific markers (ALB and HNF4A) in liver spheroids, determined by gqRT-PCR analysis (n = 3). (E) Detection of Urea in the cell culture medium of liver

spheroids at different cell ratios of Heps to HUEs (1:0, 1:1, 4:1, 9:1).

3.3. Molecular mechanisms of hepatic differentiation induced by FNA-
miR-122

Ribonucleic acid sequencing (RNA-Seq) plays a pivotal role in
unraveling the function and structure of genomes, elucidating genetic
networks within cellular and physiological systems, and identifying
novel molecular targets and biomarkers for medical and biopharma-
ceutical applications [47]. To further investigate molecular biological
mechanisms by which FNA-miR-122 regulates hepatic differentiation in
ADMSCs, RNA-Seq and transcriptome analysis were performed. Prin-
cipal component analysis (PCA) analysis was utilized to differentiate the
transcriptomic profiles of ADMSCs and FNA-miR-122-iHep (Fig. 3A).
Analysis of the transcriptome data revealed that 20392 genes were
co-expressed in both groups, while 2557 genes were exclusively
expressed in the FNA-miR-122-iHep groups (Fig. 3B). Furthermore, a
heatmap was plotted to illustrate the distinct expression patterns of the
representative differentially expressed genes (DEGs) (Fig. S5). As shown
in Fig. 3C, compared to the hADMCs group, the FNA-miR-122-iHep
group had 124 upregulated genes and 137 downregulated genes. Gene
Ontology (GO) enrichment analysis found that the DEGs caused by
FNA-miR-122-iHep were mainly enriched in 25 biological processes
(Fig. S6), which were crucial for FNA-miR-122-mediated hepatic
differentiation.

Moreover, the gene expression of representative proteins and en-
zymes related to liver function and metabolism, including those
involved in bile acid synthesis and secretion, hepatic-specific tran-
scription factors, epithelial cell markers, and fat and lipid metabolism,
were validated and confirmed to be significantly upregulated in FNA-
miR-122-iHep group (Fig. 3D). These changes contributed to hepatic

619

maturation during ADMSCs’ differentiation. Meanwhile, according to
Gene Set Enrichment Analysis (GSEA), FNA-miR-122 positively
contributed to regulating the differentiation of ADMSCs (Fig. 3H). In
addition, FNA-miR-122-iHeps also influenced the lipid metabolic pro-
cesses (Fig. 3H). In contrast, the stem/progenitor cell-related genes were
downregulated significantly (Fig. S7), further indicating a shift towards
hepatic differentiation of ADMSCs after the FNA-miR-122 treatment.
Concurrently, protein-protein interaction (PPI) network analysis of
DEGs associated with bile acid synthesis, hepatic-specific transcription
factors, and lipid metabolism, conducted using the STRING database,
revealed functional interconnections among these proteins (Fig. 3E),
further substantiating the role of FNA-miR-122 in promoting hepatic
differentiation.

Afterward, the circos plot focused on the subordination of 124
upregulated representative DEGs and their enriched molecular func-
tions, including “cell adhesion”, “cell differentiation”, “cytokine activ-
ity” and “growth factor activity”, accounting for over 50 % of all the
DEGs (Fig. 3F). As depicted in Fig. S8, the expression levels of the miR-
122 target genes, including insulin-like growth factor receptor 1
(IGF1R), cyclin G1 (CCNG1), and prolyl-4-hydroxylase al (P4HA1),
were elevated. Additionally, GO enrichment and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were used to identify
the key potential biological processes and pathways involved. GO
analysis highlighted that the FNA-miR-122 could induce positive regu-
lation of cell differentiation (Fig. S9). Particularly, “positive regulation
of angiogenesis”, “positive regulation of endothelial cell chemotaxis by
VEGF (vascular endothelial growth factor)” and “vascular endothelial
growth factor receptor-2 signaling pathways” might be involved in he-
patic differentiation of ADMSCs into iHeps and hepatic regeneration. In
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Fig. 5. Molecular characterization of cell spheroids. (A-B) Flow cytometry analysis confirming the proportion of endothelial cells (CD31) and iHeps (ALB) in liver
spheroids. (C) Flow cytometry analysis of hepatocyte-specific markers (ALB and HNF4A) in liver spheroids. (D) Immunostaining for hepatocyte-specific markers
(ALB, HNF4A, and ECAD) in liver spheroids (scale bars: 100 pm). (E) Immunostaining of apical (DPPIV), basolateral (NTCP) markers, along with the mature he-
patocyte marker (KPT19) in liver spheroids. (F) Visualization of lipid droplets stained red with Oil Red O and glycogen synthesis indicated by periodic acid-Schiff

(PAS) staining in liver spheroids (scale bar: 100 pm).

addition, KEGG pathway enrichment analysis further indicated that
multiple pathways were associated with FNA-miR-122-induced hepatic
differentiation, including the VEGF signaling pathway [48], MAPK
signaling pathway [49], and TGF-p (transforming growth factor beta)
signaling pathway [50] and so on (Fig. 3G). These findings align with
previous research [51], suggesting that the interaction of these multi-
level signaling pathways could underpin the molecular mechanisms
driving hepatic differentiation induced by FNA-miR-122. Collectively,
transcriptome  analysis  supported the potential of the
FNA-miR-122-iHeps as the viable source of functional hepatocytes for
cell therapy in liver diseases.

3.4. Generation of hepatic spheroids from FNA-miR-122-iHeps

Prior to the co-culture experiments, FNA-miR-122-iHeps (Heps) were
mixed with HUVECs (HUESs) in various ratios (1:0, 1:1, 4:1, 9:1) and
cultured in 96-well U-bottom plates to generate co-culture cell spher-
oids. The impacts of these ratios on hepatic biofunctions of cell spher-
oids were then assessed. As presented in Fig. 4A, the average size of the
liver spheroids was determined to be approximately 200 pm by phase
contrast microscopy. These liver spheroids represented excellent cell
viability after culture for 3 days (Fig. 4B). Afterward, relative mRNA
expression levels of mature hepatocyte-specific markers in the co-
culture liver spheroids were examined, including ALB (Fig. 4C) and
HNF4A (Fig. 4D). In addition, the Urea secretions in different groups
were also measured (Fig. 4E). Results indicated that the liver spheroids
significantly improved liver functions and exhibited optimal hepatocyte
performance when the ratio of Heps and HUEs was 9:1, which was
selected for further co-culture spheroid studies. Furthermore, we also
tracked the expression of miR-122 throughout the entire process of he-
patic differentiation and hepatic spheroid formation. As depicted in
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Fig. S10, the miR-122 expression levels exhibited a gradual increase in
the FNA-miR-122-iHeps group at 7, 14, and 21 days post-transduction,
as compared to the undifferentiated ADMSCs (day 0). Additionally,
following the formation of the Hep:HUE-Liver spheroids, there was a
further enhancement in miR-122 expression.

3.5. Evaluation of the hepatic function in the hepatic spheroids in vitro

The composition and functional status of cells within liver spheroids
were analyzed using fluorescence-activated cell sorting. The results
showed that approximately 4.27 % =+ 0.58 % of the cells expressed the
mature vascular endothelial marker CD31 [53] (Fig. 5A), and 71.08 %
+ 8.05 % cells positively expressed the mature hepatic markers ALB
(Fig. 5B) in hepatic spheroids after 3 days of 3D culture. Moreover, flow
cytometry and immunofluorescence assays confirmed the co-expression
of ALB and HNF4A, indicating the maturation of Heps into functional
hepatocytes in liver spheroids by day 3 (Fig. 5C). The improved hepatic
biofunctions of liver spheroids might be attributed to the maintained
hepatocyte polarity, as evidenced by high levels of ECAD proteins
(Fig. 5D) [54]. In addition, the high expressions of basolateral mem-
brane proteins NTCP and apical membrane proteins DPPIV [22] indi-
cated the successful development of functional liver parenchyma within
the spheroids (Fig. 5E). Immunofluorescence identified upregulation of
early biliary specification markers KRT19 [43], demonstrating excellent
hepatic function properties of liver spheroids during liver development
(Fig. 5E). As illustrated in Fig. 5F, oil red O and PAS staining in liver
spheroids further confirmed fatty droplet synthesis and glycogen accu-
mulation, respectively. Overall, these findings suggested that differen-
tiated Heps and HUEs within liver spheroids progressively matured,
offering significant potential for liver disease therapy.
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Fig. 6. Transcriptomic analysis of Hep:HUE-Liver spheroid at day 3. (A) PCA analysis based on transcriptomic datasets of Hep:HUE-Liver spheroid and Hep-Liver
spheroid. (B) Volcano plots depicting gene expression differences between Hep:HUE-Liver spheroids in co-culture and Hep-Liver spheroids in mono-culture.
Differentially expressed genes with a fold change >2.0 and P < 0.05 are highlighted: blue points indicate significantly downregulated genes, red points indicate
significantly upregulated genes, and gray points indicate no significant difference. P values were calculated using a two-sided unpaired Student’s t-test with equal
variance assumed. (C) GO enrichment analysis of the subordination between the representative DEGs and their enriched biological process. (D) Heatmap displaying
the expression of genes related to specific liver functions (fat and lipid metabolism, bile acid synthesis, hepatocyte-related genes, glutamine metabolism, endoderm
markers) in Hep:HUE-Liver spheroid and Hep-Liver spheroid. (E) Enrichment plots from GSEA for “VEGF_SIGNALING PATHWAY” and “TGF_BETA_SIGNA-
LING_PATHWAY". (F) GSEA enrichment analysis comparing Hep:HUE-Liver spheroid to the Hep-Liver spheroid. [NES| > 1, FDR P value < 0.25 indicate significant
differences between the groups. (G) KEGG Pathway enrichment analysis of the Hep:HU-Liver spheroid under mono- and co-culture conditions at day 3. Dot colors
represent the rich factor, while sizes indicate the number of input genes for each KEGG term (Top 20 KEGG pathways of DEGs).

3.6. Transcriptional analysis of Hep:HUE-Liver spheroids Liver spheroids, suggesting a profound influence of the co-culture

environment on liver spheroid development (Fig. 6A). A total of 7927
DEGs were identified in the co-cultured Hep:HUE-Liver spheroids,
including 4445 upregulated and 3482 downregulated genes, which were
earmarked for further analysis (Fig. 6B). Besides, hierarchical clustering
demonstrated distinct gene expression profiles between the co-culture
and mono-culture systems (Fig. S11), indicating that the co-culture

To elucidate the diverse physiological responses of Hep:HUE-Liver
spheroids within the co-culture system, RNA-Seq analysis was con-
ducted on the third day of culture under both mono- and co-culture
conditions. PCA highlighted significant transcriptomic differences be-
tween mono-cultured Hep-Liver spheroids and co-cultured Hep:HUE-
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Fig. 7. In vivo therapeutic efficacy of FNA-miR-122-iHep in ALF mice. (A) Schematic of the administration treatment used in this study: intravenous injection (I.V.)
and intraperitoneal injection (I.P.). (B) Fluorescence biodistribution images of various tissues (hearts, livers, spleens, lungs, and kidneys) 3 days post-intravenous
injection of DiD-labeled ADMSCs, FNA-iHep, miR-122-iHep, and FNA-miR-122-iHep. (C) Distribution pattern of DiD-labeled FNA-miR-122-iHep within whole
liver tissue. (D) The mRNA expression analysis of human Alu sequences for identification and quantification of human cells. (E) Immunofluorescent staining for
hepatocyte marker human HNF-4q in liver tissue of the FNA-miR-122-iHep group (Scale bar: 100 pm). (F) Analysis of liver damage markers (alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST)) in ALF mice post-treatment, displayed against a normal range (yellow background). (G) The detection of urea in
the serum of mice after various treatments. (H) H&E staining (N, necrosis), Ki67-positive cells (red nuclei), TUNEL-positive cells (red nuclei), TNF-a and ROS levels in
liver tissues from ALF mice treated with different groups at 3 days (Scale bar: 100 pm).

<

system showed significant impacts on liver function maturation of the
resulting spheroids.

Subsequent DEG analysis revealed that the DEGs caused by Hep:
HUE-Liver spheroids were enriched in six biological processes,
including “multicellular organism development”, “cell differentiation”,
“cell adhesion”, “ion transport”, “transmembrane transport” and “lipid
metabolic process” (Fig. 6C). These processes accounted for approxi-
mately 30 % of all DEGs and are thought to enhance hepatic differen-
tiation and function in Hep:HUE-Liver spheroids relative to Hep-Liver
spheroids. Further analyses of mature liver signature gene expression
profiles showed higher expression levels in Hep:HUE-Liver spheroids
compared to their mono-cultured counterparts (Fig. 6D). Notably, Hep:
HUE-Liver spheroids displayed enhanced expression of genes involved
in glutamine metabolism and endoderm development. The co-culture
conditions evidently supported endodermal maturation, thereby aug-
menting liver function in the Hep:HUE-Liver spheroids compared to
mono-cultured Hep-Liver spheroids.

Additionally, the GSEA analyses highlighted that Hep:HUE-Liver
spheroids significantly participated in the fatty acid metabolism, posi-
tive regulation of the glycolytic process, sphingolipid metabolic process,
blood vessel development and positive regulation of glycolytic process,
and so on (Fig. 6F), indicating that Hep:HUE-Liver spheroids improved
metabolic activities and viability of hepatocyte cells in Hep:HUE-Liver
spheroids, which would be crucial for microliver formation and func-
tion [46]. Concurrently, GSEA identified upregulation in specific path-
ways in the Hep:HUE-Liver spheroid group, including the VEGF and
TGF-p signaling pathways (Fig. 6E), which suggested that Hep:
HUE-Liver spheroids could promote hepatic regeneration progression
[22]. Notably, TGF-p is known to activate hepatic stellate cells and
promote angiogenesis in vascular endothelial cells in vitro [20], which
would support the development of vascularized and functional liver
organoids from these co-cultured Hep:HUE-Liver spheroids.

Afterward, KEGG enrichment analysis was applied to determine the
potential biological behaviors and pathways enriched among the
significantly upregulated genes, revealing the activation of metaboli-
cally relevant signaling pathways in the co-cultured Hep:HUE-Liver
spheroids (Fig. 6G and S12). Compared with Hep-Liver spheroids in
mono-cultures, the co-culture system of the Hep:HUE-Liver spheroids
enhanced several pathways such as drug metabolism cytochrome P450,
amino sugar and nucleotide sugar metabolism, oxidative phosphoryla-
tion, glutathione metabolism, insulin signaling pathway, and sphingo-
lipid signaling pathway, all of which were essential for regulating lipid
metabolic activity, drug metabolism, liver homeostasis and insulin
sensitivity [55]. Collectively, these data revealed the Hep:HUE-Liver
spheroids in co-culture systems not only exhibited effective hepatic
differentiation but also improved tissue-specific functions. Furthermore,
the co-culture Hep:HUE-Liver spheroids in complicated surroundings
would offer new mechanistic insights into the regulation of hepatic
differentiation in terms of phenotypic adaptability and functional
versatility.

3.7. Therapeutic efficacy of FNA-miR-122-iHep transplantation in an
ALF mouse model

ALF, known for its rapid onset and high morbidity and mortality,
presents significant therapeutic challenges. Motivated by the promising
hepatic differentiation capabilities of FNA-miR-122-iHeps, we further
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investigated its therapeutic potential for ALF in vivo. The CCls-induced
ALF mouse model was treated with FNA-miR-122-iHeps via tail vein
injection, and the experimental procedures were outlined in Fig. 7A. In
the model group treated solely with CCly, numerous white spots and
extensive surface irregularities were observed in the liver (Fig. S13),
along with elevated serum aspartate aminotransferase (AST) and
alanine transaminase (ALT) levels (Fig. 7F), confirming successful model
establishment. Following transplantation of FNA-miR-122-iHeps,
notable improvements included smoother liver surfaces and tissue
coloration resembling that of a normal liver. Additionally, DiD-stained
cell tracking revealed that the labeled FNA-iHep, miR-122-iHep, and
FNA-miR-122-iHep were predominantly presented in the lung and liver
(Fig. 7B). Microscopic examination of the liver section from the treat-
ment group showed widespread distribution of FNA-miR-122-iHeps
across the liver (Fig. 7C), which further suggested that the FNA-miR-
122-iHeps were able to successfully repopulate damaged livers. Simul-
taneously, qRT-PCR analysis indicated that the mRNA levels of human-
specific Alu were markedly increased in the FNA-miR-122-iHep group,
implying superior engraftment and proliferation of FNA-miR-122-iHeps
compared to ADMSCs, FNA-iHeps, and miR-122-iHeps (Fig. 7D).

Subsequently, to assess the liver-specific functionality of the FNA-
miR-122-iHeps, immunofluorescence analyses using anti-human-
specific HNF4A antibodies were performed. The expression of human
HNF4A protein (green) in mouse livers, as shown in Fig. 7E, confirmed
the successful integration of FNA-miR-122-iHeps. Notably, ALT and AST
levels in the FNA-miR-122-iHep group were more than twice as low as
those in other treatment groups, underscoring its therapeutic superiority
(Fig. 7F). Moreover, reductions in serum urea nitrogen (Fig. 7G) and
creatinine levels (CREAT) (Fig. S14) indicated a protective effect of FNA-
miR-122-iHeps on the liver, mitigating ALF-associated renal complica-
tions. Interestingly, the ADMSCs group also had a certain therapeutic
effect compared with the model group [52].

Furthermore, hematoxylin and eosin (H&E) and immunofluores-
cence stainings were conducted to further confirm that the transplanted
FNA-miR-122-iHeps could reduce liver injury in the ALF model. The
TUNEL and Ki67 staining revealed that the FNA-miR-122-iHep group
had the weakest apoptosis level and the highest proliferation ability
among all groups (Fig. 7H). In addition, TNF-a was expressed at low
levels in the FNA-miR-122-iHep groups compared to other treatment
groups (Fig. 7H), implying that FNA-miR-122-iHeps exhibited excellent
anti-inflammatory effects. What is more, ROS levels were reduced in the
ADMSCs group compared to that in the ALF group, and further signifi-
cantly decreased in the FNA-miR-122-iHep group (Fig. 7H), implying
that the reduction in hepatocyte apoptosis and necrosis by FNA-miR-
122-iHeps was partly due to its antioxidative action (Fig. S15). In
addition, there were no signs of systemic toxicity in all the treatment
groups (Fig. S16). Taken together, the transplantation of FNA-miR-122-
iHep showed pronounced therapeutic benefits in treating ALF, primarily
attributed to its anti-apoptotic, antioxidant, and anti-inflammatory ef-
fects, enhancing liver function recovery and reducing secondary organ
damage.

3.8. Evaluation of therapeutic efficacy of hepatic spheroids in vivo
To assess the therapeutic benefits of liver spheroids in vivo, we

implanted multiple spheroids over the mesenteric vascular beds in ALF-
challenged mice (Fig. 8A). Compared to the ADMSCs and FNA-miR-122-
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Fig. 8. Therapeutic potential of liver spheroids in C57BL/6 mice in vivo. (A) Schematic diagram of the experimental procedure. (B) H&E staining results 2 days post-
transplantation of liver spheroids showing areas of necrosis (N). (C) Analysis of hematological markers of liver damage (ALT and AST) in ALF mice after different
treatments, normal range (yellow background). (D) Detection of albumin and kidney damage markers (urea and creatinine) in serum from ALF mice post various
treatments. (E) qRT-PCR measurement of mRNA expression of M1 (TNF-a, iNOS, IL-1, IL-6) and M2 (IL-10) macrophage markers. (F) Immunofluorescent staining of
liver tissue 2 days post-transplantation of liver spheroids. Markers stained include ALB, VEGF, Ki67, LY6G, and TUNEL in liver tissues from ALF mice treated with

different groups (scale bar: 100 pm).
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iHeps which were predominantly found in the lung and liver, the Hep:
HUE-Liver spheroids were exclusively detected in the mesentery and
exhibited no signal in other organs (Fig. S17). 2 days post-implantation,
H&E staining of liver tissues showed that both the Hep-Liver and Hep:
HUE-Liver spheroid-treated groups exhibited minimal necrosis and
significant therapeutic effects, in stark contrast to the extensive necrotic
damage observed in the ALF group (Fig. 8B). Additionally, AST and ALT
levels were markedly reduced in the Hep:HUE-Liver spheroid-treated
group compared to the ALF group on Day 2 (Fig. 8C). Notably, Hep:HUE-
Liver spheroids reduced the expression of pro-inflammatory cytokines
secreted by M1 macrophages (IL-6, TNF-a, iNOS, IL-1f, and COX-2) in
liver tissue when compared to the Hep-Liver spheroids (Fig. 8E and S18).
Conversely, these spheroids promoted significant secretion of the anti-
inflammatory cytokine IL-10 by M2 macrophages, underscoring their
superior hepatoprotective effects against ALF compared to Hep-Liver
spheroid treatments. Analysis of urea nitrogen (Urea) and serum creat-
inine (Cre) levels showed no significant changes, indicating that renal
function was unaffected by Hep:HUE-Liver spheroid treatment (Fig. 8D).
Moreover, no significant morphological or histopathological abnor-
malities were observed in major organs (heart, spleen, lung, and kidney)
in the Hep:HUE-Liver spheroids treatment group (Fig. S19), confirming
that the treatment was free from serious side effects and systemic
toxicity.

Immunofluorescence staining of liver tissue from the Hep:HUE-Liver
spheroids treatment group demonstrated positive expression of ALB and
VEGF (Fig. 8F), markers indicative of functional maturity and proan-
giogenic activity [27]. Further analysis using Ki67 immunofluorescence
highlighted enhanced liver cell proliferation within the Hep:HUE-Liver
spheroids treatment group. Additionally, evaluation of liver inflamma-
tion through Ly6G detection revealed a substantial reduction in immune
cell infiltration in this group, suggesting a pronounced
anti-inflammatory effect [56]. We also examined and compared the
impact of FNA-miR-122-iHeps and Hep:HUE-Liver spheroids trans-
plantation on the activation of tissue-resident macrophages (Figs. S20
and S21). Notably, the Hep:HUE-Liver spheroids group exhibited the
most efficient macrophage polarization. Consistently, the TUNEL
staining also showed markedly lower fluorescence signals in the Hep:
HUE-Liver spheroids group compared to the ALF control, affirming the
spheroids’ capacity to protect hepatocytes from apoptosis. Furthermore,
the extended treatment cycle of one week provided additional evidence
of the efficacy of FNA-miR-122-iHeps and Hep:HUE-Liver spheroids in
treating ALF (Fig. S22). Moreover, a separate model of ALF in nude mice
further validated the robust therapeutic efficacy of Hep:HUE-Liver
spheroids in vivo (Figs. S23-28). Collectively, these results indicate
that Hep:HUE-Liver spheroids not only facilitate liver regeneration but
also enhance liver function, highlighting their potential as a promising
therapeutic tool for liver diseases.

4. Conclusion

In this study, we employed FNA-miR-122, noted for its biocompati-
bility and effective internalization, to induce hepatic differentiation of
ADMSCs into FNA-miR-122-iHeps. This approach offers a straightfor-
ward and cost-effective method for generating functional hepatocytes in
vitro. Transcriptome analysis provided insights into the potential mo-
lecular mechanisms of FNA-miR-122 in regulating the hepatic differ-
entiation of ADMSCs. Further, we developed a co-culture system to
construct Hep:HUE-Liver spheroids, enhancing the viability, liver
function, and metabolic activities of the differentiated hepatocytes.
Additional transcriptome analyses identified critical signaling path-
ways, such as VEGF and TGF-p, associated with the development of
vascularized and functional hepatic organoids from Hep:HUE-Liver
spheroids. In vivo studies demonstrated effective alleviation of ALF in-
juries through treatments with both FNA-miR-122-iHeps and Hep:HUE-
Liver spheroid transplantation. These interventions could potentially
offer an effective therapeutic strategy for liver transplantation and other
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liver diseases. Further exploration using large animal models and the
development of treatment methods with more standardized production
techniques are needed to confirm their potential for clinical translation.
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