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A B S T R A C T   

Reactive oxygen species (ROS)-associated oxidative stress, inflammation storm, and massive hepatocyte necrosis 
are the typical manifestations of acute liver failure (ALF), therefore specific therapeutic interventions are 
essential for the devastating disease. Here, we developed a platform consisting of versatile biomimetic copper 
oxide nanozymes (Cu NZs)-loaded PLGA nanofibers (Cu NZs@PLGA nanofibers) and decellularized extracellular 
matrix (dECM) hydrogels for delivery of human adipose-derived mesenchymal stem/stromal cells-derived he-
patocyte-like cells (hADMSCs-derived HLCs) (HLCs/Cu NZs@fiber/dECM). Cu NZs@PLGA nanofibers could 
conspicuously scavenge excessive ROS at the early stage of ALF, and reduce the massive accumulation of pro- 
inflammatory cytokines, herein efficiently preventing the deterioration of hepatocytes necrosis. Moreover, Cu 
NZs@PLGA nanofibers also exhibited a cytoprotection effect on the transplanted HLCs. Meanwhile, HLCs with 
hepatic-specific biofunctions and anti-inflammatory activity acted as a promising alternative cell source for ALF 
therapy. The dECM hydrogels further provided the desirable 3D environment and favorably improved the he-
patic functions of HLCs. In addition, the pro-angiogenesis activity of Cu NZs@PLGA nanofibers also facilitated 
the integration of the whole implant with the host liver. Hence, HLCs/Cu NZs@fiber/dECM performed excellent 
synergistic therapeutic efficacy on ALF mice. This strategy using Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogels for HLCs in situ delivery is a promising approach for ALF therapy and shows great potential for clinical 
translation.   

1. Introduction 

Acute liver failure (ALF), a life-threatening disease with widespread 
hepatocellular necrosis and acute deterioration of liver function, can 
rapidly evolve to a lethal outcome [1,2]. However, there is still no 
satisfactory treatment for curing ALF, other than liver transplantation. It 
is reported that overproduction and excessive accumulation of reactive 

oxygen species (ROS) are the early pathological hallmarks of ALF and 
closely correlated with the disease progression owing to the induced 
oxidative stress, inflammation storm, and massive hepatocyte necrosis 
[3–5]. Therefore, effective elimination of ROS at the early stages to avert 
irreversible damage of hepatocytes and replenishing functional hepa-
tocytes are critical in the treatment of ALF. 

With the rapid development of biotechnology and nanoscience, a 
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variety of nanomaterials with enzymatic mimicking activities, namely 
nanozymes, have attracted tremendous interest [6–10]. The low cost, 
good stability, and high production make nanozymes widely applied in 
various biomedical scenarios [6,7,11]. Especially, nanozymes exhibiting 
antioxidant properties are beneficial for oxidative stress-related disease 
therapy [3,8–10,12,13]. These nanozymes usually possessed similar 
enzyme catalytic properties of catalase (CAT), superoxide dismutase 
(SOD), and/or glutathione peroxidase (GPx). CAT mimics can decom-
pose H2O2 into O2 and H2O. SOD mimics can scavenge O2

⋅− through the 
disproportionation of O2

⋅− to H2O2 and O2. GPx mimics can eliminate 
H2O2 into H2O and catalyze glutathione (GSH) to form glutathione di-
sulfide (GSSG). Copper oxide nanozymes (Cu NZs) can protect cells from 
oxidative damage [14–16]. Cu NZs are one type of nanomaterials with 
typical properties of multiple antioxidant enzymes, including CAT, SOD, 
and GPx, which show enormous potential as biomimetic antioxidants to 
modulate ROS homeostasis [3,14,15,17–22]. However, conventional 
intravenous administration of nanozymes often leads to undesired organ 
distribution, which may not only affect the therapeutic efficacy, but also 
evoke potential side effects [19,20,23,24]. Electrospun nanofibers, with 
the analogous structure of naïve extracellular matrix (ECM), have been 
used for the delivery of diverse drugs [25]. Poly(lactic-co-glycolic acid) 
(PLGA) is an FDA-approved biodegradable polymer compound with 
good biocompatibility and good processability [26]. Moreover, PLGA 
electrospun nanofibers can be easily functionalized by nanozymes, and 
electrospinning process does not affect the ROS scavenging activity of 
nanozymes [27–30]. Thus, in situ delivery of Cu NZs using electrospun 
nanofibers can be an alternative solution for effectively scavenging the 
excessive ROS in the ALF liver. 

Of note, although the effective clearance of ROS can alleviate the 
local harsh microenvironment, massive hepatocyte necrosis and liver 
function loss in ALF still call for the necessary compensation of func-
tional hepatocytes. However, limited donors, poor cell proliferation, and 
difficulty in maintaining hepatocyte functionality in vitro impede their 
therapeutic applications [1,31]. Mesenchymal stem/stromal cells 
(MSCs) with multi-lineage differentiation potential, self-renewal ability, 
as well as anti-oxidative and anti-inflammatory functions, can be 
conveniently isolated and expanded in vitro. Moreover, MSCs also 
exhibit low immune responses without ethical issues in clinical trans-
lation [32–34]. Studies have evidenced that MSCs can effectively 
differentiate into functional hepatocyte-like cells (HLCs) with custom-
ized cytokine cocktails [35,36]. MSC-derived HLCs not only retain 
anti-inflammatory activity, but also possess hepatic-specific functions 
[37–39]. Therefore, MSC-derived HLCs show great potential as the 
alternative cell source of hepatocyte therapy [31,40–42]. However, 
studies have shown that most of the implanted cells are obstructed in the 
lungs after intravenous injection or cleared by macrophages/phagocytes 
after intrasplenic transplantation [41,43]. In addition, the microenvi-
ronment of ALF liver is a key consideration for cellular therapy. The 
inflammatory environment in which cells are implanted can cause ne-
crosis and apoptosis of transplanted cells [31,44]. Alternatively, 
HLCs-laden hydrogels acting as engineered hepatic tissues for in situ 
hepatocyte transplantation have gained rapid development in recent 
years [45,46]. Among them, the liver decellularized extracellular matrix 
(dECM) hydrogels that provide a similar microenvironment of naïve 
liver for encapsulated cells without adverse immune responses are of 
high interest [34,47,48]. Nevertheless, the weak mechanical strength of 
dECM hydrogels and the harsh microenvironment at the injured site 
make it challenging for the proper functioning of implanted HLCs. 

Here, we developed a synergistic therapeutic platform consisting of 
Cu NZs-loaded PLGA nanofibers (Cu NZs@PLGA nanofibers) and dECM 
hydrogels to deliver human adipose-derived mesenchymal stem/stromal 
cells-derived HLCs (hADMSCs-derived HLCs) for efficient treatment of 
ALF. Cu NZs@PLGA nanofibers were fabricated by electrospinning and 
showed distinct excessive ROS elimination ability, good biocompati-
bility, as well as proangiogenic effect. In addition, the hADMSCs-derived 
HLCs showed enhanced hepatic-functional expressions when cultured in 

the dECM hydrogels. After being implanted into ALF-challenged mice, 
mechanical support of nanofibers and the protective Cu NZs permitted 
the functioning of the implanted hADMSCs-derived HLCs in time and the 
relief of oxidative stress and inflammation at the early stage. The 
multifunctional therapeutic biohybrid platform exhibited a great and 
highly efficient therapeutic effect on ALF, which was evidenced by 
reduced cell apoptosis and tissue necrosis but increased cell proliferation 
and vascularization, as well as restored liver functionality (Scheme 1). 
These results indicate that in situ delivery of HLCs using Cu NZs@PLGA 
nanofiber-reinforced dECM hydrogels is a promising approach for the 
treatment of ALF and herein holds great potential for clinical translation. 

2. Materials and methods 

2.1. Synthesis and characterization of Cu NZs 

Cu NZs were synthesized according to the previously reported pro-
cedures with slight modifications [14]. Briefly, CuCl2 (7447-39-4, 
Aladdin, China) was dispersed in 50 mL of deionized water at a final 
concentration of 10 mM. After stirring for 10 min at 80 ◦C, 50 mL of 100 
mM L-ascorbic acid (50-81-7, Alfa Aesar, USA) aqueous solution was 
slowly added into the CuCl2 solution. The mixture pH was adjusted to 
8.5 ± 0.5 using 1 M NaOH (1310-73-2, Macklin, China) and kept stirred 
for 12 h at 80 ◦C. After the reaction, the large spun precipitations were 
discarded while supernatants were further dialyzed against deionized 
water for 48 h using a 10 kDa dialysis tube (TX132, Viskase, China). The 
final Cu NZs were obtained by centrifugation. The morphology and size 
of Cu NZs were characterized by a transmission electron microscope 
(TEM, FEI Tecnai G2 Spirit) at a voltage of 120 kV. The crystal structure 
and oxidation state of Cu NZs were characterized using an X-ray 
diffractometer (XRD, Empyrean) at a voltage of 45 kV and a current of 
40 mA. 

2.2. Electrospinning of Cu NZs@PLGA nanofibers 

Cu NZs (600 μg mL− 1) and 10 wt/v% poly(lactic-co-glycolic acid) 
(PLGA, LA/GA = 50/50, Mw ~100,000, Shenzhen Polymtek Biomate-
rial) were homogeneously dispersed in hexafluoroisopropanol (HFIP, 
≥99.8%, Aladdin, China) and electrospun into nanofibers at a voltage of 
13 kV with a feeding rate of 0.6 mL h− 1. The electrospun nanofibers 
were collected and placed in vacuum at room temperature (RT) over-
night to remove the residual solvent. The plain PLGA nanofibers were 
prepared following the same procedure without the addition of Cu NZs. 
The morphology characterization and energy dispersive spectroscopy 
(EDS) analysis for element mapping of the nanofibers were performed 
using a scanning electron microscope (SEM, Quanta 400F) at a voltage 
of 20 kV. The stretchability of plain PLGA fibers and Cu NZs@PLGA 
fibers were performed using an electronic universal material testing 
machine (CMT4202). 

To investigate the releasing profile of Cu NZs, 25 mg Cu NZs@PLGA 
fibers were incubated with 1 mL ddH2O at 37 ◦C. After incubation for 0, 
2, 4, 8, and 10 h. The released Cu NZs were detected by sodium dieth-
yldithiocarbamate trihydrate (20624-25-3, Aladdin, China) colorimetry 
method. The releasing profile of Cu NZs from dECM hydrogels was used 
as the control. 

2.3. H2O2 scavenging ability of Cu NZs and Cu NZs@PLGA nanofibers 

Different concentrations of Cu NZs in 1 × phosphate-buffered saline 
(1 × PBS) ranging from 0 to 200 ng mL− 1 were incubated with 1 mM 
H2O2 (CS7730, G-Clone, China) at 37 ◦C for 2 h, respectively. The 
remaining H2O2 was detected by Amplex Red (Meilunbio, China) and 
horseradish peroxidase (Meilunbio, China) following the manufac-
turer’s protocol. Amplex Red reacted with H2O2 to form the resorufin 
products with an absorption peak at 571 nm. Resorufin was quantified 
using a UV-2600 ultraviolet–visible (UV–Vis) spectrophotometer 
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(SHIMADZU, China). 1 × PBS without Cu NZs was used as the control. 
Cu NZs@PLGA nanofibers containing different amounts of Cu NZs 

(0–200 ng mL− 1) were immersed in 1 × PBS and incubated with 1 mM 
H2O2 at 37 ◦C for 0–10 h, respectively. The remaining H2O2 in groups 
was detected at 2, 4, 6, 8, and 10 h. PLGA nanofibers without Cu NZs 
were used as the control. The H2O2 clearance rate was calculated with 
the formula: clearance rate (%) = (Ac-Ai)/Ac × 100%. Ac is the absor-
bance of the control and Ai is the absorbance of the samples. 

2.4. ⋅OH scavenging ability of Cu NZs@PLGA nanofibers 

To study the scavenging ability of Cu NZs@PLGA nanofibers for 
other ROS, a typical 3,3′,5,5′-tetramethylbenzidine (TMB) (54827-17-7, 
Aladdin, China) chromogenic method was applied to monitor ⋅OH 
clearance rate at different time points. Cu NZs@PLGA nanofibers were 
incubated in acetic acid/sodium acetate buffer (HAc/NaAc, 0.5 M, pH 
4.5) (Aladdin, China) with a final Cu NZs concentration of 150 ng mL− 1 

for 0, 2, 6, and 12 h, respectively. The supernatants were harvested and 

incubated with the working solution containing 1 mM FeSO4 (7782-63- 
0, Sangon, China), 1 mM H2O2, and 250 μM TMB for 7 min in dark. The 
HAc/NaAc buffer without pretreatment using nanofibers was used as the 
control. The oxidized TMB (oxTMB) by ⋅OH showed blue color and could 
be measured by a UV–Vis spectrophotometer at a wavelength of 652 nm. 
Accordingly, the ⋅OH clearance rate was calculated using the same for-
mula of H2O2 clearance rate. 

2.5. O2⋅− scavenging ability of Cu NZs@PLGA nanofibers 

The O2⋅− depletion activity of Cu NZs@PLGA nanofibers was inves-
tigated via the nitroblue tetrazolium (NBT) chromogenic method. Cu 
NZs@PLGA nanofibers were immersed in Tris-HCl buffer (10 mM, pH 
7.4) (Biosharp, China) with a final Cu NZs concentration of 150 ng mL− 1. 
After 0, 2, 6, or 12 h preincubation, the working solution containing 6.5 
mM L-methionine (C11385354, Macklin, China), 37.5 μM NBT 
(C11167116, Macklin, China), and 10 μM riboflavin (C11507808, 
Macklin, China) was homogeneously mixed with the pre-treated Tris- 

Scheme 1. Schematic diagram of the composite platform consisting of Cu NZs@PLGA nanofibers and dECM hydrogels to deliver hADMSCs-derived HLCs for the 
treatment of CCl4-induced ALF. (A, B) The synthesis of Cu NZs@PLGA nanofibers, dECM hydrogels, and the composite HLCs/Cu NZs@fiber/dECM. (C) Schematic 
illustration of the HLCs/Cu NZs@fiber/dECM for CCl4-induced ALF therapy through the effects of ROS elimination, angiogenesis promotion, anti-inflammation, 
hepatocyte-related functions, and facilitating liver regeneration. 
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HCl solutions, respectively, and irradiated using a SCIENTZ03-II UV 
radiation instrument (Scientz, China) with a wavelength of 254 nm (60 
W, 150 mm) for 3 min at RT. UV irradiation resulted in the generation of 
O2⋅− from riboflavin and L-methionine, which further converted NBT to 
blue formazan. After illumination, the absorbances of the mixtures were 
measured by a UV–Vis spectrophotometer at a wavelength of 560 nm. 
The clearance rate of O2⋅− was calculated according to the same formula 
of H2O2 clearance rate. 

2.6. Cell culture 

hADMSCs were purchased from Saliai Stem Cell Technology, Inc. 
(China). hADMSCs were cultured in a serum-free medium containing 5% 
serum substitute (G03010, Saliai, China). hADMSCs between the pas-
sages 5 and 9 were used for the experiments. AML12 cells were pur-
chased from the National Collection of Authenticated Cell Cultures 
(China) and cultured with Dulbecco’s modified Eagle’s medium/ 
nutrient mixture F-12 1:1 (DMEM/F-12, 11330-032, Gibco, USA) con-
taining 10% fetal bovine serum (FBS) (Gibco, USA), 1 × insulin-trans-
ferrin-selenium supplement (ITS) (ITSS-10201, Cyagen, China) and 40 
ng mL− 1 dexamethasone (D4902, Sigma-Aldrich, USA). Human umbil-
ical vein endothelial cells (HUVECs) were cultured in DMEM/F-12 
containing 10% FBS, 1% penicillin/streptomycin. Human monocytic 
cell line THP-1 was cultured with RPMI 1640 medium (Gibco, USA), 
10% heated-inactivated FBS (Gibco, USA), 1% penicillin/streptomycin 
(Gibco, USA), and 50 μM beta-mercaptoethanol (Sigma-Aldrich, USA). 
RAW264.7 cells were cultured with Dulbecco’s Modified Eagle’s Me-
dium (DMEM) (Gibco, USA), 10% heated-inactivated FBS, 1% peni-
cillin/streptomycin. All cells were cultured in an incubator 
supplemented with 5% CO2 at 37 ◦C. 

2.7. Biocompatibility evaluation of Cu NZs@PLGA nanofibers 

AML12 cells, hADMSCs, and HLCs were seeded in 96-well plates at a 
density of 1 × 104 cells per well, respectively. After culture overnight, 
the supernatant media were replaced by fresh media containing various 
amounts of Cu NZs@PLGA nanofibers (equivalent Cu NZs concentra-
tions ranging from 0 ng mL− 1 to 200 ng mL− 1). The media and nano-
fibers were discarded at 24 h and cell viability was assessed using a cell 
counting kit-8 (CCK-8, K1018, APExBIO, USA) following the manufac-
turer’s instructions. The cell viability was quantified by the absorbance 
at 450 nm using a Synergy H1 microplate reader (BioTek). 

2.8. ROS scavenging capability of Cu NZs@PLGA nanofibers in AML12 
cells 

AML12 cells seeded on 48-well plates at a density of 2 × 104 cells per 
well were pre-incubated with various amounts of Cu NZs@PLGA 
nanofibers (equivalent Cu NZs concentrations ranging from 0 ng mL− 1 to 
200 ng mL− 1) overnight. The electrospun nanofibers were placed on the 
top surface of the seeded AML-12 cells. The cells were challenged with 
500 μM H2O2 in the cell cultured medium for 24 h, after which the cell 
viability was assessed using CCK-8, and the intracellular ROS level was 
stained using 2′,7′-dichlorofluorescin diacetate (DCFH-DA, S0033S, 
Beyotime, China) in accordance with the manufacturer’s instructions. 
Briefly, AML12 cells were gently washed with 1 × PBS and incubated 
with 10 μM DCFH-DA/1 × PBS staining solution at 37 ◦C in dark for 30 
min. The staining solution was removed before the addition of 4% 
paraformaldehyde (PFA, Biosharp, China) for cell fixation. Cell nuclei 
were stained using 0.2 μg mL− 1 4,6-diamidino-2-phenylindole (DAPI) at 
RT for 15 min. The intracellular ROS were imaged with an inverted 
fluorescence microscope (Nikon, Japan) and quantified by the mean 
fluorescent intensity via flow cytometry (Beckman, CytoFLEX, USA). 

2.9. Effects of Cu NZs@PLGA nanofibers on migration and proliferation 
of HUVECs 

The effect of Cu NZs@PLGA nanofibers on HUVECs migration was 
investigated via scratch assay. HUVECs were seeded on the 24-well plate 
at a density of 5 × 104 per well and cultured overnight. The cells were 
starved in serum-free medium for 24 h before a central straight line was 
scratched on the bottom of the multiple wells using a sterile 1 mL-sized 
pipette tip. The cells were gently washed with 1 × PBS to remove debris 
twice and fed with the complete medium containing 1% FBS and various 
amounts of Cu NZs@PLGA nanofibers (equivalent Cu NZs concentration 
ranging from 0 ng mL− 1 to 200 ng mL− 1). The remaining scratch areas 
were imaged and measured by Image J software (NIH, USA) at 24 and 
48 h. Cell migration was characterized using the formula: Cell migration 
(%) = ((S0-St)/S0) × 100%, where S0 is the initial scratch area and St is 
the scratch area at 24 or 48 h. 

EdU imaging kits (K1076, APExBIO, USA) were used to assess the 
effect of Cu NZs@PLGA nanofibers on HUVECs proliferation. The cell 
treatment procedures were the same as that used in the scratch assay 
except for a lower cell seeding density of 1 × 104 per well. The HUVECs 
were stained by EdU imaging kits according to the manufacturer’s in-
structions and imaged by an inverted fluorescence microscope with an 
excitation wavelength of 646 nm and a maximum emission wavelength 
of 662 nm at 48 h. The relative proliferating cells with positive signals 
were measured by Image J. HUVECs proliferation rate (%) = EdU-pos-
itive cells/total cells × 100%. EdU-positive cells were quantified in three 
randomly selected areas of each well. 

2.10. Hepatic differentiation of hADMSCs in vitro 

hADMSCs were induced differentiation toward the hepatic lineage 
with cytokine cocktails as previously described [35,49,50]. Briefly, 
hADMSCs were first serum-deprived in the low glucose DMEM (Gibco, 
USA) with supplements of 20 ng mL− 1 epidermal growth factor (EGF, 
PeproTech, USA) and 10 ng mL− 1 basic fibroblast growth factor (bFGF, 
PeproTech, USA) for two days. The cells were subsequently differenti-
ated in the low glucose DMEM supplemented with 20 ng mL− 1 hepa-
tocyte growth factor (HGF, PeproTech, USA), 10 ng mL− 1 bFGF, and 
0.61 mg mL− 1 nicotinamide (Sigma-Aldrich, USA) for one week and 
maintained in the mature medium containing low glucose DMEM with 
supplements of 20 ng mL− 1 oncostatin M (OSM, PeproTech, USA), 1 mM 
dexamethasone, and 1 × ITS for another two weeks. The media were 
changed twice per week. 

The produced albumin (ALB) and urea in the supernatant media 
were measured by an ALB assay kit (CH0101002, Maccura, China) and a 
urea assay kit (CH0101051, Maccura, China) on day 7 and 21, respec-
tively. After cells were fixed in 4% PFA for 15 min and washed with 1 ×
PBS twice, the accumulated lipids and glycogen were respectively 
stained by Oil Red O (Sigma-Aldrich, USA) and periodic acid-Schiff 
(PAS, Sigma-Aldrich, USA) following the manufacturer’s instructions. 
The supernatant media of hADMSCs and HLCs were collected to measure 
the secreted HGF by an ELISA kit (EK1H01-48, MultiSciences, China) 
following the manufacturer’s protocols. 

2.11. Quantitative real time PCR 

Total RNA was extracted from cells or mouse liver tissues by a TRI-
zon reagent (CW0580S, Cwbiotech, China) and used for reverse tran-
scription with a HiFiScript cDNA synthesis kit (CW2569 M, Cwbiotech, 
China) following the manufacturer’s protocols. Real-time fluorescent 
quantitative PCR was performed using UltraSYBR mixture (CW2601, 
Cwbiotech, China) by a QuantStudio™ 5 system (Applied Biosystems) 
with the primer pairs listed in Supplementary Table S1. All data were 
normalized to the values of ACTB or GAPDH and relative expression was 
calculated using the delta-delta Ct method. 
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2.12. Immunofluorescence staining 

Cells were fixed in 4% PFA at RT for 15 min and washed with 1 × PBS 
twice, before blocking with 5% goat serum for 1 h. Thereafter, cells were 
incubated with primary antibody overnight at 4 ◦C. The rabbit-anti- 
human primary antibodies were diluted in 1 × PBS/0.3% Triton X- 
100 (Biosharp, China) as follows: ALB (16475-1-AP, Proteintech, China) 
(1 : 500), E-cadherin (710161, Invitrogen, USA) (1 : 200), dipeptidyl 
peptidase 4 (DPP4, PAB32046, Bioswamp, China) (1 : 200) and hepa-
tocyte nuclear receptor 4 α (human) (HNF-4α, 61189, Active Motif, 
USA) (1 : 2000), ATP-binding cassette sub-family C member 2 (ABCC2, 
PAB35870, Bioswamp, China) (1 : 200). The rabbit-anti-mouse primary 
antibodies were diluted in 1 × PBS/0.3% Triton X-100 (Biosharp, China) 
as follows: tumor necrosis factor alpha (TNF-α) (EPR19147, Abcam, 
USA) (1 : 5000), interleukin 1 beta (IL-1β) (16806-1-AP, Proteintech, 
China) (1 : 500), inducible nitric oxide synthases (iNOS) (18985-1-AP, 
Proteintech, China) (1 : 500), interleukin 10 (IL-10) (20850-1-AP, Pro-
teintech, China) (1 : 1000). The cells were subsequently incubated with 
the secondary antibody conjugated to Alexa Fluor 488 goat-anti-rabbit 
with a dilution rate of 1 : 500 in 1 × PBS/0.3% Triton X-100 at RT for 
2 h in dark and washed by 1 × PBS twice. After staining of cell nuclei by 
0.2 μg mL− 1 DAPI at RT for 15 min, cells were imaged with an inverted 
fluorescence microscope. 

2.13. Anti-inflammatory ability of HLCs 

THP-1 cells were seeded on the 6-well plate at a density of 8 × 105 

per well and treated with culture medium containing 100 ng mL− 1 12- 
myristate 13-acetate (PMA) (Sigma-Aldrich, USA) for 48 h to induce 
activation of THP-1 cells (M0). Then, PMA-containing medium was 
removed. THP-1 cells (M0) were cultured with fresh medium and HLCs 
supernatant (1:1) for 24 or 48 h. 

Activated THP-1 (M0) and Raw264.7 cells were stimulated with 
lipopolysaccharide (LPS, 100 ng mL− 1) (Sigma-Aldrich, USA) for 24 h to 
induce M1 polarization. Then, the LPS-containing medium was 
removed. Polarized THP-1 and Raw264.7 cells were treated with fresh 
medium and HLCs supernatant (1 : 1) for 24 h. 

After incubation in HLC supernatant media for 24 h, RAW264.7 cells 
were harvested to detect the expression level of the M2 macrophage 
marker (CD206, Rat monoclonal, 141704) (1 : 500) by flow cytometry 
following the manufacturer’s instructions. The expressions of TNF-α and 
iNOS in RAW264.7 cells were also detected by Western blot. The rabbit- 
anti-mouse primary antibodies were diluted as follows: TNF-α 
(EPR19147, Abcam, USA) (1 : 1000), iNOS (18985-1-AP, Proteintech, 
China) (1 : 1000). 

The expression of pro-inflammatory cytokines IL-1β, TNF-α, iNOS, 
and transforming growth factor beta 1 (TGF-β1) [20,51,52] as well as 
the anti-inflammatory cytokine and M2 macrophage marker IL-10 [52, 
53] and mannose receptor C type 1 (MRC1) [51,54], respectively, in 
THP-1 and RAW264.7 cells were detected by RT-qPCR. 

2.14. Decellularization of liver tissues 

Approximately 200 g of porcine liver from a market was gently 
minced after removal of connected tissues. The liver tissues were frozen 
at − 80 ◦C and thawed at RT for 3 cycles, during the intervals deionized 
water wash was performed. The liver tissues were decellularized in the 
deionized water containing 1% Triton X-100, 0.1% NH3⋅H2O, 1% 
penicillin/streptomycin, and 0.01 mM phenylmethylsulfonyl fluoride 
(PMSF) for 3 days with solution change 3 times per day. Before freeze- 
drying, the decellularized liver tissues were washed in sterile water for 
1 h. All procedures were performed in agitation at 150 rpm. To prepare 
dECM stock solution, the decellularized liver tissues were further 
digested by 10% pepsin (Sigma-Aldrich, USA) with a dECM: pepsin 
weight ratio of 10 : 1 in 0.1 M HCl and agitated at RT for 48 h. The 
morphology of dECM hydrogels was characterized by SEM. 

To investigate the stability of dECM hydrogels in vitro, 500 μL 5 mg 
mL− 1 dECM hydrogels were incubated with 500 μL 1 × PBS that con-
tained 20 μg mL− 1 collagenase type II at 37 ◦C. After incubation for 0, 
24, 48, 72, and 96 h, the supernatant liquids were discarded, and the 
remaining hydrogels were lyophilized for measurement of weight 
change. The degradation was calculated using the formula: degradation 
rate (%) = (W0-Wi)/W0 × 100%, where W0 is the initial weight of dECM 
hydrogels and Wi is the weight of remaining hydrogels. 

2.15. Biocompatibility of dECM hydrogel and its effects on hepatic 
functions 

The dECM stock solution was diluted by basic medium to a final 
concentration of 5 mg mL− 1 and adjusted pH to 7.4 by 1 M NaOH. HLCs 
or hADMSCs were homogeneously dispersed in the as-prepared dECM 
solution (HLCs/hADMSCs-laden dECM) at a density of 1 × 106 cells 
mL− 1 in 96-well plates and incubated at 37 ◦C for 1 h to induce gelation. 
After the formation of stable dECM hydrogels, complete cell media were 
added. The cell viability was characterized by Live/Dead assay with 1 
μM calcein AM (Beyotime, China) and 1 μM propidium iodide (PI, MP 
Biomedicals, France) in 24 h. The supernatant media were harvested on 
day 3 to measure the produced ALB and urea by HLCs, while the cell- 
laden dECM hydrogels were prepared for frozen section and immuno-
fluorescence staining of hepatocyte-related markers, including ALB, 
HNF-4α, ABCC2, and E-cadherin. hADMSCs cultured in dECM hydrogels 
were used as the control. 

2.16. ROS scavenging ability of Cu NZs@PLGA nanofiber-reinforced 
dECM hydrogels 

The cytoprotection of Cu NZs@PLGA nanofibers from oxidative 
stress was further assessed for HLCs cultured in dECM hydrogels. Briefly, 
HLCs were embedded in the dECM hydrogels at a density of 1 × 106 cells 
mL− 1 in 96-well plates and pre-incubated with Cu NZs@PLGA nano-
fibers (equivalent Cu NZs concentration of 150 ng mL− 1) at 37 ◦C 
overnight. The cells were subsequently challenged with 500 μM H2O2 
for 24 h, after which the cell viability of HLCs was assessed by Live/Dead 
assay, and the intracellular ROS were stained using DCFH-DA. The mean 
fluorescent intensities were measured by a microplate reader for ROS 
quantification. 

2.17. Delivery of HLCs using Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogels to ALF mice 

All the animal studies were performed following the protocol 
approved by the Institutional Animal Care and Use Committee of Sun 
Yat-Sen University (SYSU-IACUC-2022-001799). The ALF mouse model 
was established by intraperitoneal infusion of 30 (v/v) % CCl4 in corn oil 
at a dose of 5 μL g− 1 for 24 h before treatment. Male C57BL/6 mice (6-8 
week-old, 18–22 g) were randomly divided into six groups, including (1) 
Blank (n = 5): health mice; (2) Control (n = 5): ALF mice with sham 
operation; (3) fiber/dECM (n = 5): ALF mice implanted with PLGA 
nanofiber-reinforced dECM hydrogels; (4) Cu NZs@fiber/dECM (n = 5): 
ALF mice implanted with Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogels; (5) hADMSCs/Cu NZs@fiber/dECM (n = 5): ALF mice 
implanted with hADMSCs in the Cu NZs@PLGA nanofiber-reinforced 
dECM hydrogels; (6) HLCs/Cu NZs@fiber/dECM (n = 5): ALF mice 
implanted with HLCs in Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogels. The materials with/without cells were implanted in situ on 
the liver surface. 

Hydrophilization of the electrospun PLGA nanofiber meshes, with a 
size of 1 cm × 1 cm, was performed by plasma treatment (plasma 
cleaner, CPC-A, CIF International Group Co., Ltd, China) before homo-
geneous distribution of 50 μL dECM precursor solution. The composites 
were left for 5–10 min before sandwiched implantation between the left 
liver lobe and the median liver lobe of ALF-challenged mice so that the 

Y. Jin et al.                                                                                                                                                                                                                                       



Bioactive Materials 28 (2023) 112–131

117

internal pores of the electrospun nanofiber meshes could be fulfilled 
with the dECM hydrogel. Once gelation in situ at 37 ◦C, the surface 
tension of dECM hydrogel and the sandwich structure allowed the entire 
composite firmly attach to the liver tissues. The equivalent Cu NZs 
dosage in Cu NZs@PLGA fiber was 6 μg kg− 1, while the number of 
implanted hADMSCs or HLCs in dECM hydrogels was approximately 1 
× 106 cells. 

1-day or 3-day post-transplantation, mice were intraperitoneally 
injected with 0.6% pentobarbital sodium solution (Aladdin, China) at a 
dose of 10 μL per gram of mouse weight and sacrificed to collect blood 
and organs. The ALB, aspartate aminotransferase (AST) and alanine 
aminotransferase (ALT) levels in blood serum were quantified by ALB 
assay kit (CH0101002, Maccura, China), AST assay kit (CH0101202, 
Maccura, China) and ALT assay kit (CH0101201, Maccura, China), 
respectively, following the manufacturer’s protocols. The harvested 
hearts, livers, spleens, lungs, and kidneys were fixed in 4% PFA and 
prepared for hematoxylin and eosin staining (G1005, Servicebio, China) 
after the paraffin section. The left liver lobes were used for histology 
analysis, immunofluorescence staining, RT-qPCR, and RNA-sequencing 
unless specified. The terminal deoxynucleotidyl transferase dUTP nick- 
end labeling (TUNEL) apoptosis assay kit (G1501, Servicebio, China) 
was used to determine cell apoptosis in the livers. Ki67 staining 
(GB11141, Servicebio, China) was performed to show proliferating cells 
in the livers. In addition, immunofluorescent staining of TNF-α 
(GB11188, Servicebio, China) and IL-6 (GB11141, Servicebio, China) in 
liver sections were performed to evaluate the degree of inflammation. 
Dihydroethidium (DHE, GDP1018, Servicebio, China) staining in frozen 
liver sections was applied to evaluate the ROS levels in the livers. 
Immunofluorescent stainings of iNOS (GB11119, Servicebio, China) and 
CD206 (60143-1-Ig, Proteintech, China) in liver sections were per-
formed to evaluate the inflammatory modulating effects of HLCs. The 
mean fluorescence intensity was quantified using Image J. 

CD31/HNF-4α immunofluorescence staining (anti-CD31 antibody, 
GB11063-1, Servicebio, China) of the liver tissues surrounding the 
composite transplantation areas was performed to illustrate the angio-
genesis and vascularization of the implants. 

2.18. RNA-Sequencing 

Liver tissues from the control and the HLCs/Cu NZs@fiber/dECM 
groups were isolated (n = 2) and ground in the TRIzon reagent to extract 
mRNA. High-quality RNA samples were used to construct a sequencing 
library. The 2 × 150 bp paired-end sequencing (PE150) was conducted 
using Illumina Novaseq™ 6000 (Illumina, USA) according to the ven-
dor’s recommended protocol. All data were processed using R-packages 
provided by Lc-Bio Technology (Hangzhou, China). 

2.19. Statistical analysis 

The statistical software GraphPad Prism 9 (GraphPad Software, USA) 
was used for all statistical assessments. Data were presented as mean ±
standard deviation (SD) and were compared by Student’s t-test or one- 
way ANOVA analysis. The difference was determined as significant 
when *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, or #P <
0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. ns means no 
significance. 

3. Results 

3.1. Characterization of Cu NZs@PLGA nanofibers 

The devastating ALF is often accompanied by high oxidative stress 
and severe inflammation, which is challenging for effective treatment 
through conventional hepatocyte transplantation. Hence, we developed 
a Cu NZs@PLGA nanofiber-reinforced dECM hydrogel for regulation of 
the local harsh microenvironment. Cu NZs were first characterized by 

TEM and showed uniform distribution with an average particle size of 
approximately 4.0 nm in diameter (Fig. 1A, Fig. S1A). The zeta potential 
of Cu NZs was about − 14.4 mV (Fig. S1B). Referred to the standard XRD 
patterns, Cu NZs were the compound of Cu2O and Cu, suggesting the 
successful synthesis of Cu NZs (Fig. 1B). Cu NZs were then loaded into 
implantable PLGA electrospun nanofibers. The SEM imaging indicated 
that Cu NZs did not significantly change the smooth surface and long 
fibrous morphology of PLGA nanofibers, with the average diameter of 
382.5 ± 74.5 nm (Fig. 1C, Fig. S2). The EDS element mapping imaging 
identified that C, O, and Cu were homogeneously distributed throughout 
the PLGA nanofibers (Fig. 1D), further confirming the successful loading 
of Cu NZs in the nanofibers. The stretching tests of plain PLGA fibers and 
Cu NZs@PLGA fibers showed that electrospun PLGA fibers had a high 
stretching strength up to 6.5 MPa, indicating the flexibility of PLGA fi-
bers as a liver patch (Fig. S2D). Meanwhile, the embedment of Cu NZs in 
PLGA fibers did not obviously affect the stretching ability of the scaffold. 
As shown in Fig. S3, Cu NZs were released from the PLGA fibers in a 
more sustained manner compared to that from dECM hydrogels, which 
was a premium to maintain the minimal working dosage in situ for the 
effective elimination of ROS and advancing liver regeneration. 

To evaluate multiple enzyme activities of Cu NZs and Cu NZs@PLGA 
nanofibers, their scavenging efficiencies against H2O2, ⋅OH, and O2⋅−

were investigated (Fig. 1E and F). To investigate the H2O2 clearance 
rate, the remaining H2O2 was detected in the presence of horseradish 
peroxidase by employing Amplex Red as the probe, producing the red 
resorufin with the absorbance peak at 571 nm (Fig. 1G). The increased 
amount of Cu NZs addition could gradually induce the UV absorption 
intensity at 571 nm attenuation and colorimetric fading, suggesting that 
H2O2 clearance efficiency of Cu NZs was in a concentration-dependent 
manner (Fig. S4). Of note, the addition of Cu NZs at the ultralow con-
centration of 200 ng mL− 1 could eliminate up to 83.4% of H2O2 
(Fig. S4C). When Cu NZs were encapsulated in the PLGA nanofibers, the 
H2O2 scavenging efficiency was not compromised and showed a time 
and concentration-dependent manner (Fig. S3B). Cu NZs@PLGA nano-
fibers containing equivalent Cu NZs concentrations of 150 ng mL− 1 and 
200 ng mL− 1 could clear about 68.1% and 75.0% of H2O2 at 10 h, 
respectively (Fig. 1H–I, Fig. S3B). In addition, during the removal of 
H2O2, air bubbles were generated as shown on the tube walls, indicating 
that H2O2 was converted into O2 by Cu NZs (Fig. S5). Moreover, taking 
the Cu NZs@PLGA nanofibers containing equivalent Cu NZs concen-
tration of 150 ng mL− 1 as an example, the ⋅OH and O2⋅− scavenging 
capabilities of Cu NZs@PLGA nanofibers were explored. Cu NZs@PLGA 
nanofibers were able to eliminate the ⋅OH generated by Fenton reagents. 
The UV absorption spectra of oxTMB gradually decreased as the incu-
bation prolonged, indicating that ⋅OH generated from Fe2+ and H2O2 
was effectively eliminated by Cu NZs in Cu NZs@PLGA nanofibers. In 
particular, the scavenging efficiency of ⋅OH by Cu NZs@PLGA nano-
fibers was near 100% after incubation for 12 h (Fig. 1J-L). Additionally, 
the descending UV absorbance of converted NBT at 560 nm also 
revealed the successful elimination of O2⋅− by Cu NZs@PLGA nano-
fibers, with about 48.5% of O2⋅− clearance rate at 12 h (Fig. 1M − O). 
Taken together, all these results strongly proved that Cu NZs@PLGA 
nanofibers enabled the effective elimination of H2O2, ⋅OH, and O2⋅− . 

3.2. ROS scavenging activities of Cu NZs@PLGA nanofibers in vitro 

The biocompatibility of Cu NZs@PLGA nanofibers was firstly studied 
in multiple cell types, including AML12 cells, hADMSCs, and HLCs. The 
cells were incubated with Cu NZs@PLGA nanofibers containing equiv-
alent Cu NZs concentrations ranging from 0 ng mL− 1 to 200 ng mL− 1 for 
24 h. The CCK-8 assay showed that the cell viabilities varied from 95.0 
to 107.9% compared with the blank group without treatment, suggest-
ing the good biocompatibility of Cu NZs@PLGA nanofibers (Fig. S6). 
Afterwards, inspired by the excellent ROS scavenging ability of Cu 
NZs@PLGA nanofibers, we continued to investigate the cytoprotective 
capacity of Cu NZs@PLGA nanofibers against intracellular ROS. 
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Fig. 1. The characterizations of Cu NZs and Cu NZs@PLGA nanofibers. (A) TEM image of Cu NZs (scale bar: 20 nm). (B) X-ray diffraction (XRD) pattern of the Cu 
NZs. (C) SEM image (scale bar: 2 μm) and (D) elemental mapping images of Cu NZs@PLGA nanofibers (scale bar: 200 nm). (E) Scheme of Cu NZs@PLGA nanofibers 
scavenging H2O2, ⋅OH and O2⋅− . (F) Multiple enzyme activities of Cu NZs@PLGA nanofibers. (G) H2O2 detection mechanism. (H) UV–Vis absorption spectrum of 
resorufin products after incubation with Cu NZs@PLGA nanofibers for 0–10 h. (I) H2O2 clearance rate of Cu NZs@PLGA nanofibers at 0, 2, 6, 10 h. (J) ⋅OH detection 
mechanism. (K) UV–Vis absorption spectrum of oxTMB after incubation with Cu NZs@PLGA nanofibers for 0–12 h. (L) ⋅OH clearance rate of Cu NZs@PLGA 
nanofibers at 0, 2, 6, 12 h. (M) O2⋅− detection mechanism. (N) UV–Vis absorption spectrum of formazan after incubation with Cu NZs@PLGA nanofibers for 0–12 h. 
(O) O2⋅− clearance rate of Cu NZs@PLGA nanofibers at 0, 2, 6, 12 h (Cu NZs@PLGA nanofibers containing equivalent Cu NZs concentration of 150 ng mL− 1 were 
applied in G-O). All data are presented as mean ± SD, n = 3. 
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According to the flow cytometry analysis of intracellular ROS generation 
after DCFH-DA staining, when the equivalent concentration of Cu NZs in 
Cu NZs@PLGA nanofibers reached 150 ng mL− 1, the fluorescence in-
tensity decreased 1.8 times after the Cu NZs@PLGA nanofibers treat-
ment compared with the control group. The results suggested that the 
intracellular ROS could be significantly eliminated (Fig. 2B and C), 
which were consistent with the DCFH-DA staining images (Fig. 2E). 
Likewise, the CCK-8 assay (Fig. 2D) also confirmed that in comparison 
with the control (cell viability 53.0%), Cu NZs@PLGA nanofibers 
distinctly enhanced the cell viability of H2O2-treated cells to 82.2% and 
88.3%, respectively, at the equivalent Cu NZs concentrations of 100 ng 
mL− 1 and 150 ng mL− 1. Therefore, Cu NZs@PLGA nanofibers were able 
to evidently alleviate cell damage caused by oxidative stress, thereby 
promoting the survival of hepatocytes under the high ROS condition. 
Notably, Cu NZs@PLGA nanofibers with an equivalent concentration of 
200 ng mL− 1 Cu NZs did not distinctly exhibit increased ROS elimination 
efficiency and improved cell viability (Fig. S7A and B), which might be 
because that the increased fiber surface area affected the release of Cu 
NZs and herein compromise their ROS clearing efficiency (Fig. S3). 
Therefore, Cu NZs@PLGA nanofibers with equivalent 150 ng mL− 1 Cu 
NZs were set as the maximum concentration for subsequent 
experiments. 

3.3. Pro-angiogenic effects of Cu NZs@PLGA nanofibers 

Studies suggested that biomaterials containing copper promoted cell 
proliferation, playing an important role in angiogenesis and tissue 
regeneration [15,16,55]. Therefore, the effects of Cu NZs@PLGA 
nanofibers on HUVECs migration and proliferation were further 
explored by scratch assay and EdU imaging assay, respectively. As 
shown in Fig. 2F and G, after incubation with Cu NZs@PLGA nanofibers, 
more cells migrated towards the central scratch in a 
concentration-dependent manner compared to the control without 
treatment. Particularly, full recovery of the scratch was achieved after 
the addition of Cu NZs@PLGA nanofibers with equivalent Cu NZs con-
centration of 150 ng mL− 1 at 24 h and other concentrations at 48 h 
(Fig. 2F–G, S7C-D). Furthermore, there were more EdU-positive cells 
after treatment by Cu NZs@PLGA nanofibers for 48 h (Fig. 2H and I). 
The number of proliferating HUVECs treated with the Cu NZs@PLGA 
nanofibers containing an equivalent Cu NZs concentration of 150 ng 
mL− 1 increased 21.1% compared to the control group without treatment 
(Fig. S7E). The pro-angiogenic effects of Cu NZs@PLGA nanofibers 
might accelerate the integration and functioning of the transplanted 
HLCs and herein promote liver regeneration. 

3.4. Induction and characteristics of HLCs 

The multipotent MSCs can be induced towards hepatic lineage by 
different methods [35,36,49,56,57]. Here, a two-step differentiation 
protocol using cytokine cocktails was applied (Fig. 3A). After differen-
tiation, spindle-like hADMSCs changed to polygonal shapes (Fig. 3B, 
Fig. S8). Compared to hADMSCs, the induced HLCs showed distinct 
glycogen production and lipid accumulation as evidenced by PAS 
staining and Oil Red O staining, respectively (Fig. 3B). Furthermore, the 
hepatocyte-related proteins, such as ALB, HNF-4α, ABCC2, E-cadherin 
and DPP4, were also highly expressed in HLCs (Fig. 3C–E, Fig. S9). The 
mRNA expression of hepatocyte-specific genes was tracked from the 
beginning of cell differentiation to the end. The ALB and CYP3A4 genes 
in HLCs showed over 10.0 times higher mRNA expression on day 21 than 
that on day 0 (Fig. 3F). In contrast, a much lower level of immature 
hepatocytes marker AFP was observed on day 21 as compared to day 7 
(Fig. 3F). In addition, the secretion levels of ALB and urea in the medium 
supernatants of HLCs at the mature stage (day 21) were 5.3-fold and 
2.1-fold higher than those in the first induction phase (day 7), respec-
tively (Fig. 3G). 

The HGF level in the supernatant media of HLCs was also 

significantly higher than that of hADMSCs, which demonstrated that the 
superior therapeutic efficacy of HLCs/Cu NZs@fiber/dECM than 
hADMSCs/Cu NZs@fiber/dECM might be attributed to the enhanced 
HGF secretion from HLCs in addition to their hepatocyte-related func-
tions (Fig. S10). Taken together, these results suggested that the 
hADMSCs were successfully induced into HLCs with typical hepatocyte- 
related morphology and functions, which was favorable to improving 
liver biofunctions in ALF. 

In addition to possessing hepatocyte-related functions, HLCs have 
been reported to exert inflammatory regulatory effects [37]. Therefore, 
we investigated the impact of HLCs supernatant on macrophage polar-
ization. First, HLCs supernatant was incubated with THP-1 (M0) for 24 
or 48 h. Gene expressions were analyzed by qPCR to assess the polari-
zation of macrophages. Compared with THP-1 (M0), the expression of IL 
1β, iNOS, and TGF β1 obviously decreased in THP-1 treated with HLCs 
supernatant with increasing treatment time, while the levels of IL 10 and 
MRC 1 increased 3.3-fold and 33.9-fold at 48 h, respectively (Fig. 4A and 
B). These suggested that HLCs supernatant might predispose macro-
phages to M2 polarization (anti-inflammatory phenotype). Next, 
whether HLCs supernatant reversed macrophage polarization in the 
inflammatory state was further explored. Results showed THP-1 
exhibited the up-regulated expressions of IL 1β, TNFA, and TGF β1 
after LPS treatment, indicating that THP-1 (M0) was successfully 
induced to M1 phenotype (pro-inflammatory phenotype). Notably, in 
comparison with the LPS-treated group, the expressions of IL 1β, TNFA, 
and TGF β1 significantly declined in HLCs supernatant-treated THP-1, 
approaching the level of THP-1 (M0). In contrast, the levels of IL 10 and 
MRC 1 markedly upregulated to 23.6-fold and 21.1-fold after the HLCs 
supernatant treatment (Fig. 4C and D). Meanwhile, we also obtained 
similar results in RAW264.7 cells (Fig. S11). Furthermore, we measured 
the expression levels of TNF-α, IL-1β, iNOS, and IL-10 in RAW264.7 cells 
after different treatments by immunofluorescence staining or Western 
blot. Fig. S12 illustrated that RAW264.7 cells treated with LPS alone 
showed remarkable high expression of pro-inflammation-related 
markers (TNF-α, IL-1β, and iNOS). After incubation in HLCs superna-
tant media for 24 h, the level of anti-inflammatory IL-10 was distinctly 
increased. Western blot analysis also revealed that HLCs supernatant 
media downregulated the protein expression of TNF-α and iNOS in 
LPS-stimulated RAW264.7 cells. According to the flow cytometry anal-
ysis (Fig. S12 E-F), the percentage of CD206-positive cells in HLCs su-
pernatant treated group was 80.1%, while only 18.1% in LPS treated 
group. These results demonstrated the paracrine effects of HLCs on 
macrophage polarization. Additionally, we also investigated whether 
HLCs possessed the protective effect on hepatocytes under high oxida-
tive stress. After H2O2 challenging, a large population of floating dead 
cells and debris were observed for the monoculture of AML12 cells 
(control), but not for the cells co-cultured with HLCs or hADMSCs 
(Fig. S13A). The AML12 cells cocultured with HLCs showed superior cell 
viability compared with monocultured AML12 cells and cocultured 
AML12 with hADMSCs (Fig. S13B). By characterization of antioxidant 
genes expression in the AML12 cells, we found that the mRNA expres-
sions of SOD2, NQO1, and KEAP1 genes were significantly up-regulated 
by 2.2–3.8 times when the cells were cocultured with HLCs (Fig. S13C). 
Hence, the induced HLCs might advance liver regeneration by 
improving antioxidation and cell viability of host hepatocytes in ALF 
therapy. 

3.5. Characterization of the Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogel 

For efficient delivery of HLCs in situ, liver dECM hydrogels were used 
in this study (Fig. 5A) due to the retaining of hepatic bioactive compo-
nents and the 3D culture environment that promote the maturity of 
HLCs [58–60]. After incubation at 37 ◦C for 1 h, the dECM hydrogel was 
formed with a relatively larger storage modulus (G′) than loss modulus 
(G′ ′) (Fig. 5B, Fig. S14A). The SEM image illustrated that there were no 
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Fig. 2. Intracellular ROS scavenging capability of Cu NZs@PLGA nanofibers. (A) Schematic illustration of investigation about ROS scavenging activity of Cu 
NZs@PLGA nanofibers in vitro. (B, C) Flow cytometry analysis and fluorescence intensity quantification of DCFH-DA staining in AML12 cells treated with Cu 
NZs@PLGA nanofibers containing equivalent Cu NZs concentration ranging from 0 ng mL− 1 to 150 ng mL− 1 after incubation with H2O2. (D) Cell viability of AML12 
cells (CCK-8). (E) Representative fluorescence images of AML12 cells (DCFH-DA staining). Scale bar: 50 μm. (B–E: Blank: AML12 cells without any treatment, 
Control: H2O2-challenged cells without incubation with nanofibers, 0 ng mL− 1: The cells challenged by H2O2 and incubated with plain PLGA nanofibers in the 
absence of Cu NZs). (F) Schematic illustration of Cu NZs@PLGA nanofibers promoting HUVECs migration. (G) HUVECs migration images after Cu NZs@PLGA 
nanofibers incubation at 24 h and 48 h. Scale bar: 400 μm. (H) Schematic illustration of Cu NZs@PLGA nanofibers promoting HUVECs proliferation. (I) EdU staining 
images of HUVECs at 48 h. Scale bar: 100 μm. (F–I: Control: HUVECs without any treatment, 0 ng mL− 1: HUVECs incubated with plain PLGA nanofibers in the 
absence of Cu NZs). All data are presented as mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control, ns means no significance versus 
control. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001 for 25 ng mL− 1, 50 ng mL− 1, and 100 ng mL− 1 versus 150 ng mL− 1. 
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residual cells in the porous dECM hydrogel after decellularization 
(Fig. 5C). To investigate the stability of dECM hydrogels in vitro, we 
performed a degradation experiment by immersion of the hydrogels in 1 
× PBS containing 20 μg mL− 1 collagenase type II at 37 ◦C. With the 
extension of incubation time in the digesting collagenase type II solu-
tion, dECM hydrogels gradually degraded (Fig. S15A). The degradation 

rate was up to 91.5% in 96 h (Fig. S15B). Only minor dECM hydrogel 
was seen remaining on the left liver lobe 3-day post-implantation 
(Fig. S15C). However, the weak hydrogel, with an elastic modulus of 
less than 100.0 Pa, might not be convenient for transplantation opera-
tion. Therefore, we used Cu NZs@PLGA nanofibers as the mechanical 
support of the dECM hydrogel (Fig. S14B). After cell embedment, HLCs 

Fig. 3. The characterization of hADMSCs-derived HLCs. (A) Schematic diagram of hepatic differentiation schedule. (B) The light field image, PAS staining, and Oil 
red O staining of HLCs and hADMSCs. (C–E) The ALB, HNF-4α, and ABCC2 immunofluorescence staining of HLCs and hADMSCs. Blue: DAPI-labelled cell nuclei; 
Green: Alexa Fluor 488-labelled ALB, HNF-4α, and ABCC2. (F) The hepatic gene expression levels (fold) of ALB, CYP3A4, and AFP (all data are normalized to the 
value of day 0) (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus day 0. ##P < 0.01 versus group of day 7). (G) The ALB and urea levels of culture 
supernatants in HLCs on days 7 and 21 (all data are normalized to the value of day 7) (***P < 0.001, ****P < 0.0001 versus day 7). All data are presented as mean ±
SD, n = 3. Scale bar: 100 μm. 
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were homogenously distributed within the Cu NZs@PLGA 
nanofiber-reinforced dECM hydrogel (Fig. 5D). 

The dECM hydrogel possesses the excellent biocompatibility. When 
cultured in the dECM hydrogel for up to three days, HLCs showed good 
cell viability (Fig. S14C). In addition, after 3D culture of HLCs in the 
dECM hydrogel, hepatocyte-related markers were maintained, including 
ALB, HNF-4α, E-cadherin, and ABCC2 (Fig. 5E–H). The mRNA expres-
sions of ALB and CK18 genes were over 8.0 times higher for HLCs 
cultured in the 3D dECM hydrogel than those on 2D plates. Meanwhile, 
the drug metabolism-related gene CYP3A4 was also significantly upre-
gulated for the HLCs embedded in the dECM hydrogel (Fig. 5I). More-
over, the secreted ALB and urea in the medium supernatants of HLCs 
were improved as well (Fig. 5J). Particularly, the urea derived from 3D- 
cultured HLCs showed a 2.3-fold increase compared to that from 2D- 
cultured HLCs. Therefore, dECM hydrogel is beneficial for the mainte-
nance of HLC phenotypes and the enhancement of hepatocyte-related 
functions. 

In addition to mechanical support, the cytoprotective effect of the Cu 
NZs@PLGA nanofibers for the embedded HLCs in the dECM hydrogel 
was further explored. After H2O2 challenging, there were more dead 
HLCs in the system without Cu NZs@PLGA nanofibers (control) than 
that with an equivalent Cu NZs concentration of 150 ng mL− 1 

(Fig. S16A). This was because the high intracellular ROS level was 
distinctly mitigated by the multifaceted Cu NZs (Fig. S16B). 

3.6. Delivery of HLCs by Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogel for ALF treatment 

Inspired by the powerful ROS scavenging efficiency and pro- 
angiogenic effects of Cu NZs@PLGA nanofibers, enhanced hepatic 
functions of HLCs by dECM hydrogels, as well as convenient operation of 
PLGA nanofibers, we further investigated the therapeutic potential of 
the synergic effects brought by HLCs/Cu NZs@fiber/dECM in the 
treatment of CCl4-induced ALF (Fig. 6A). After administration of CCl4, 
livers became pale with hard texture and a large amount of necrosis near 
the portal area (Fig. S17). The implantation of Cu NZs@PLGA nanofibers 
significantly reduced necrotic areas by 17.9%–29.9% on day 1 according 
to the HE-stained images (Fig. 6B, E). Similarly, TUNEL and Ki67 
staining also showed that fewer apoptotic cells and more proliferating 
cells in the livers of ALF-challenged mice from the “Cu NZs@fiber/ 
dECM” group were found as compared to the “control” and “fiber/ 
dECM” groups, suggesting the cytoprotective effects of Cu NZs against 
oxidative stress in vivo at the initial stage of ALF. Of note, mice implanted 
with HLCs/Cu NZs@fiber/dECM showed less tissue necrosis and more 
obvious cell proliferation compared with that treated with hADMSCs/Cu 
NZs@fiber/dECM, which indicated the importance of the implanted 
HLCs with alternative hepatic functions and premium protective effects 
on the host hepatocytes (Fig. 6C–D, F-G). These acquired results were 
consistent with the in vitro findings [38,61–63]. The superior therapeutic 
effects of HLCs were also evidenced by the reduced serum levels of AST 
and ALT and the recovery of the serum ALB level in the mice treated 

Fig. 4. The anti-inflammatory effect of HLCs. (A) Schematic representation of HLCs supernatant predisposing macrophages to M2 polarization. (B) IL 1β, INOS, TGF 
β1, IL 10, and MRC 1 expression levels of THP-1 after HLCs supernatants cultured for 24 or 48 h (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus THP-1 
(M0), ##P < 0.01, ###P < 0.001 versus HLCs supernatant 24 h). (C) Schematic representation of HLCs supernatant promoting conversion of macrophages phenotype 
in inflammatory status. (D) IL 1β, TNFA, TGF β1, IL 10, and MRC 1 expression levels of LPS-stimulated THP-1 (**P < 0.01, ***P < 0.001, ****P < 0.0001 versus THP- 
1 (M0), ns means no significance versus THP-1 (M0), ###P < 0.001, ####P < 0.0001 versus 100 ng mL− 1 LPS). All data are normalized to the value of THP-1 (M0) 
and presented as mean ± SD, n = 3. 

Y. Jin et al.                                                                                                                                                                                                                                       



Bioactive Materials 28 (2023) 112–131

123

Fig. 5. The characterization and function of HLCs/dECM hydrogel. (A) Schematic illustration of dECM preparation and HLCs embedment. (B) Rheological behaviors 
of dECM (storage modulus (G′), loss modulus (G′′)). (C) SEM of dECM hydrogels. Scale bar: 50 μm. (D) SEM of cells/Cu NZs@fiber/dECM. Yellow arrows point to cells 
in dECM. Scale bar: 30 μm. (E–H) The ALB, HNF-4α, E-Cadherin, and ABCC2 immunofluorescence staining images of HLCs or hADMSCs cultured in the dECM 
hydrogel for 3 days. Scale bar: 100 μm. (I) The hepatic gene expression levels of ALB, CYP3A4, and CK18. (J) The ALB and urea levels in the culture supernatant of 
HLCs cultured on 2D or embedded in 3D on day 3. Blue: DAPI-labelled cell nuclei; Green: Alexa Fluor 488-labelled ALB, HNF-4α, E-Cadherin, and ABCC2. All data are 
presented as mean ± SD, n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus 2D. 
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Fig. 6. Therapeutic efficacy of HLCs/Cu NZs@fiber/dECM on CCl4-induced ALF after 1 day of treatment. (A) Schematic illustration of treatment schedule for in vivo 
CCl4-induced ALF therapy. (B) The HE staining images of the livers. Scale bar: 400 μm. (C) The TUNEL staining images of the livers. Scale bar: 200 μm. (D) The Ki67 
staining images of the livers. Scale bar: 200 μm. (E) Quantitative analysis of the necrosis area according to HE staining images (n = 5). (F–G) Quantitative analysis of 
the TUNEL and Ki67 staining images (n = 3). (H–J) The serum levels of ALB, AST, and ALT. Blue: DAPI-labelled cell nuclei; Red: TUNEL-positive dead cells, Ki67- 
positive proliferating cells. All data are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus control, ns means no significance versus 
control. #P < 0.05, ##P < 0.01, ###P < 0.001 for Cu NZs@fiber/dECM and hADMSCs/Cu NZs@fiber/dECM versus HLCs/Cu NZs@fiber/dECM. 
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with HLCs/Cu NZs@fiber/dECM (Fig. 6H–J). In terms of inflammation 
and oxidative stress, the implantation of Cu NZs@PLGA nanofibers 
distinctly reduced the accumulation of inflammatory factors, such as 
TNF-α and IL-6, and intracellular ROS compared with the control 
without treatment on day 1 (Fig. 7A–C). In addition, the mRNA 
expression of TNFA, IL-6, and COX2 genes in the liver cells of the control 
group without treatment was over 10.0 times higher than that in normal 
mice, which largely decreased after treatment by Cu NZs@PLGA nano-
fibers (Fig. 7D–F). In particular, the mRNA expression of IL1 and INOS 
genes was in the normal range (Fig. 7G–I), while the anti-inflammatory 
IL10 gene highly increased by more than 5.0 times for the “Cu 
NZs@fiber” group compared to the control without treatment (Fig. 7I). 
Furthermore, the implantation of HLCs further ameliorated the mRNA 
expression of pro-inflammatory TNFA and IL1 genes and upregulated 
anti-inflammatory IL10 gene in the ALF-challenged liver cells. The TNFA 
and IL1 gene expressions of the HLCs/Cu NZs@fiber/dECM group 
significantly decreased by 2.6 and 2.0 times, respectively, compared 
with the control group, and the IL10 expressions markedly upregulated 
to 9.3-fold after the HLCs/Cu NZs@fiber/dECM treatment, suggesting 
the premium benefits of HLCs/Cu NZs@fiber/dECM for the regulation of 
local harsh microenvironment. Meanwhile, to track macrophage polar-
ization in vivo, immunofluorescence staining of iNOS (M1 macrophage 
marker) and CD206 (M2 macrophage marker) in the liver tissue sections 
was performed. As shown in Fig. S18, the iNOS-positive cells in 
“HLCs/Cu NZs@fiber/dECM” group were the fewest after 1 day of 
treatment. In contrast, CD206-positive cells were significantly more 
than that in the other groups on day 1 and 3, indicating the inflamma-
tory modulation of HLCs. We also evaluated the pro-angiogenic effects 
of Cu NZs in vivo. As shown in Fig. 7J, there was no CD31-positive signal 
in the implant of “fiber/dECM” group 1-day post-implantation. How-
ever, CD31-positive cells were observed in the grafts of “Cu NZs@fi-
ber/dECM” and “HLCs/Cu NZs@fiber/dECM” groups. In addition, the 
number of CD31-positive cells in the “HLCs/Cu NZs@fiber/dECM” 
group further increased on day 3 (Fig. 7K). These results demonstrated 
the pro-angiogenic effects of Cu NZs in vivo. 

As shown in Fig. S19 and Fig. S20, the livers of “HLCs/fiber/dECM” 
group had similar size of necrotic area, inflammation, and ROS level 
compared to that of Cu NZs@fiber/dECM group. Notably, the number of 
proliferating cells in the “HLCs/fiber/dECM” group was obviously larger 
than that of “Cu NZs@fiber/dECM” group, which might be due to the 
paracrine effects of HLCs as evidenced in vitro (Fig. S10). The ALB level 
was much higher in “HLCs/fiber/dECM” group compared to “Cu 
NZs@fiber/dECM” group, indicating the functioning of HLCs. However, 
inflammation and oxidative stress (Fig. S19 D-F) were more serious in 
the “HLCs/fiber/dECM” group than that in the “HLCs/Cu NZs@fiber/ 
dECM” group, revealing the important antioxidative role of Cu NZs. 

3-day post-treatment, livers were shown with obviously reduced 
necrosis, whereas infiltration of inflammatory cells predominated 
(Fig. S21A and B). There were few TUNEL-positive cells, while Ki67- 
positive cells were widely distributed throughout the liver tissues in 
all the groups (Fig. S21C and D). The serum levels of AST and ALT in the 
HLCs/Cu NZs@fiber/dECM group were similar to normal values but 
remarkably lower than the other counterparts (Fig. S21E and F). In the 
meantime, the mice treated with HLCs/Cu NZs@fiber/dECM showed 
full recovery of serum ALB (Fig. S21G). The HLCs/Cu NZs@fiber/dECM 
also slowed the weight loss of ALF-challenged mice at the initial stage 
and accelerated weight recovery from day 3 onward (Fig. S21H). 
Moreover, the relief of inflammation storm and excessive intracellular 
ROS by Cu NZs@PLGA nanofibers were still evidenced with TNF-α, IL-6, 
and DHE staining on day 3 (Fig. S22A–C). Compared with the 
hADMSCs/Cu NZs@fiber/dECM group, liver cells of the mice in the 
HLCs/Cu NZs@fiber/dECM group showed significantly lower mRNA 
expression of TNFA, COX2, and NLRP3 genes (Fig. S22D–F). Therefore, 
HLCs embedded in Cu NZs@PLGA nanofiber-reinforced dECM hydro-
gels could consistently and effectively alleviate inflammation storm and 
suppress oxidative stress, establishing a desired microenvironment for 

the host liver cells, herein advancing liver regeneration. In addition, the 
pro-angiogenic Cu NZs also enhanced migration of host CD31-positive 
endothelial cells towards the HNF-4α-positive cell-laden dECM hydro-
gels and formation of blood vessels throughout the implants, indicating 
the promising therapeutic efficacy of HLCs/Cu NZs@fiber/dECM might 
be partially attributed to the sufficient vascularization for the func-
tioning of HLCs (Fig. S23). The systemic toxicity of HLCs/Cu NZs@fiber/ 
dECM was also evaluated by H&E staining of major organs. There was 
no obvious change in heart, spleen, lung, and kidney in mice at day 3 
after implantation, indicating the excellent biocompatibility of HLCs/Cu 
NZs@fiber/dECM in vivo (Fig. S24). Taken together, all these results of 
anti-inflammatory, hepatic functions, proliferation, and apoptotic ana-
lyses based on blood and liver tissue confirmed the excellent synergistic 
therapeutic performance of HLCs/Cu NZs@fiber/dECM against ALF by 
combining the anti-oxidation and pro-angiogenesis activities of Cu NZs, 
as well as the anti-inflammation and hepatic function enhancement of 
HLCs. 

Additionally, the therapeutic efficacy of HLCs/Cu NZs@fiber/dECM 
composite on ALF was also studied 1-week post-implantation. After 
treatment by the HLCs/Cu NZs@fiber/dECM composite for one week, 
the serum levels of ALB, AST, and ALT recovered to the normal range 
(Fig. S25A). The liver of “HLCs/Cu NZs@fiber/dECM” group was similar 
to that of normal mice in the absence of tissue necrosis, cell apoptosis, 
inflammation, and oxidative stress, but more proliferating cells 
(Fig. S25B). In addition, as shown in Fig. S25C, Ki67/human leukocyte 
antigen (HLA)-positive cells distributed within the graft and integrated 
into the host liver, indicating survival of the implanted HLCs and their 
migration. 

3.7. Transcriptome analysis to reveal the therapeutic mechanism of 
HLCs/Cu NZs@fiber/dECM 

To further investigate the therapeutic mechanism, the synergic ef-
fects of HLCs/Cu NZs@fiber/dECM in the ALF-challenged mice were 
investigated by transcriptome analysis of the attached liver tissues in the 
treated group (HLCs/Cu NZs@fiber/dECM: HLC-1 and HLC-2) in com-
parison with that of the control group without treatment (Control: Ctrl-1 
and Ctrl-2) on day 1. The Volcano plot illustrated 833 upregulated genes 
and 1184 downregulated genes were differentially expressed in the 
livers of HLCs/Cu NZs@fiber/dECM-treated group (fold change (FC) >
2; p < 0.05) (Fig. 8A). Moreover, the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis showed that the top 20 enriched 
pathways of differential genes were involved with cell cycle, liver 
biosynthesis, drug metabolism, apoptosis, and liver regeneration 
(Fig. 8B). Further, system screening of the highly expressed drug 
metabolism-related genes in the HLCs/Cu NZs@fiber/dECM-treated 
group and their gene set enrichment analysis (GSEA) indicated the 
important role of cytochrome P450-involved drug metabolism in the 
treatment of ALF (Fig. 8C, Fig. S26). In addition to the important Hippo 
signaling pathway that participated in liver regeneration, the apoptosis- 
related p53 signaling pathway was of interest. The GSEA showed that 
88% of the key genes in the p53 signalling pathway were differentially 
downregulated after implantation of HLCs/Cu NZs@fiber/dECM 
(Fig. 8C, Fig. S27). Notably, a part of genes related to Wnt signaling 
pathway, a crucial pathway mediated liver regeneration, were signifi-
cantly upregulated (Fig. S28), in which AXIN2 gene as the marker of the 
hepatocyte proliferation/self-renewal was highly expressed in the 
HLCs/Cu NZs@fiber/dECM group [64,65]. These observations were 
consistent with the TUNEL and Ki67 staining results (Fig. 6C and 6D). 
Moreover, transcriptome analysis showed that genes associated with 
inflammation or oxidative stress such as IL33 and HIF1A were signifi-
cantly downregulated in the liver of mice implanted with HLCs/Cu 
NZs@fiber/dECM, while antioxidative genes, such as SOD1, SOD2, 
GPX1, and CAT, as well as angiogenesis-related VEGFA and ANG genes 
were highly expressed (Fig. 8D) [66–68]. More importantly, in the liver 
tissues of mice from the HLCs/Cu NZs@fiber/dECM group, the 
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expression of liver regeneration and hepatocyte-related genes, such as 
ALB, HNF4A, DPP4, ABCC2, TTR, UGT1A1, GSTM1, and SULT1A1, were 
distinctly increased (Fig. 8D) [69,70]. 

4. Discussion 

Excessive ROS, severe inflammation storm, and massive liver ne-
crosis are the main pathological features of ALF [18,71]. Therefore, 
scavenging ROS to reduce hepatocyte necrosis and supplementing he-
patocytes to achieve hepatic function compensation are essential for 
liver regeneration in ALF therapy. In this study, a synergistic therapeutic 
platform consisting of antioxidant nanozyme-loaded nanofibers and 
functional HLCs (HLCs/Cu NZs@fiber/dECM) was fabricated and used 
for ameliorating CCl4-induced ALF. 

Nanozymes that resemble natural enzymes, such as CAT, GPx, and 
SOD, can protect cells from oxidative stress [3,14]. Recent studies re-
ported that copper-based nanoenzyme materials showed considerable 
efficacy in the treatment of wound healing, acute kidney injury, acute 
lung injury, rheumatoid arthritis, and other inflammation-related dis-
eases [14,15,53,72]. Here, Cu NZs with good biocompatibility and high 
ROS scavenging efficiency were successfully synthesized and charac-
terized. Our (Fig. 1G-O, Fig. 2B–E, Fig. S3, and Fig. S5) and other similar 
studies have shown that electrospinning process did not affect ROS 
scavenging activity of nanozymes [27–30]. When embedment of Cu NZs 
in the electrospun fibers, the H2O2 clearance rate gradually increased 
with the extension of incubation time (Fig. S3B), which was in line with 
the releasing profile of Cu NZs (Fig. S3A). Therefore, we believe that the 
incorporation of Cu NZs in the electrospun fibers could effectively pro-
long the antioxidative effects of the nanoenzyme in vitro and in vivo. 
Besides, Cu NZs@PLGA nanofibers also significantly enhanced HUVECs 
migration and proliferation, which was conducive to rapid vasculari-
zation of the implants in vivo. 

Hepatocyte transplantation is one of the effective methods to 
compensate for the loss of hepatic function in ALF patients [31,41]. 
However, limited donor sources, poor cell proliferation in vitro, and 
potential allogenic immune rejection impede the popularity of the 
therapeutic approach [1,31]. Stem cell-derived HLCs are readily avail-
able with low immunogenicity. HLCs exhibit similar hepatic functions as 
primary hepatocytes and possess anti-inflammatory and regenerative 
effects [37–39,41,47]. Studies indicated that after hepatocyte differen-
tiation, MSCs-derived HLCs gained hepatic functions including ALB 
formation, cytochrome P450 enzyme activity, urea secretion, and so on. 
HLCs were able to recover the ammonia and purine metabolism of liver, 
decrease aminotransferase and ammonia levels, and improve serum ALB 
levels, thereby showing more efficient than undifferentiated MSCs in 
liver diseases treatment [38,61–63]. HLCs also reduced the production 
of inflammatory factors IL-1β, IL-6, and TNF-α to alleviate inflammation 
in CCl4-induced ALF mice [39]. Therefore, hADMSCs were induced 
differentiation towards hepatic lineage by cytokine cocktails to obtain 
HLCs for the treatment of ALF. As most cells can be removed by mac-
rophages or phagocytes after intrasplenic transplantation [41,43], and 
an inflammatory environment in the liver also impairs the viability of 
transplanted cells [31,44], Cu NZs@PLGA nanofibers integrated with 
dECM hydrogels were applied for in situ delivery of HLCs. Results indi-
cated that as the vehicle of HLCs, dECM provided a desirable 3D culture 
environment, thereby conspicuously enhancing hepatic functions of 
HLCs, due to its porous structure and natural ingredients (Fig. 5). These 
would be conducive to HLCs achieving hepatic function compensation in 

the injured liver [16,73,74]. Furthermore, Fig. S16 proved that Cu 
NZs@PLGA nanofibers scavenged H2O2 and exhibited a cytoprotection 
effect on the embedded HLCs in dECM hydrogel. Besides, the low me-
chanical strength of dECM hydrogels made it challenging to transplant in 
situ without disruption. Cu NZs@PLGA nanofiber-reinforced dECM 
hydrogels improved the operability during in vivo transplantation. The 
nanofibers also could minimize the implants stuck to neighboring organs 
or tissues, facilitating migration and integration of HLCs with the host 
liver (Fig. S23) [46,75–77]. In this study, we fabricated a multifunc-
tional and synergistic therapeutic platform (HLCs/Cu NZs@fi-
ber/dECM), in which each component is equipped with particular 
functions. 

The synergistic therapeutic efficacy of HLCs/Cu NZs@fiber/dECM 
was evidenced in vivo. On the one hand, the multifaceted antioxidant 
nanozyme Cu NZs scavenged the excessive ROS with high efficiency, 
preventing the deterioration of liver tissue necrosis as shown in Fig. 6 
and Fig. S17. The decreased cell apoptosis resulted in less accumulation 
of inflammatory factors, thereby avoiding severe inflammation storms in 
the liver (Fig. 7, Fig. S18). Meanwhile, the regulated microenvironment 
also could promote the survival of HLCs. Additionally, as indicated in 
Fig. 7J–K and Fig. S23, the pro-angiogenic Cu NZs further improved the 
angiogenesis and vascularization of the implants. On the other hand, 
HLCs possessed the hepatocyte-related features, which were further 
elevated in the dECM hydrogel. Fig. 6 and Fig. S21 revealed that HLCs 
prominently improved the ALB levels of ALF mice. Besides, HLCs 
possessed inherent anti-inflammatory activity [37–39,78], thereby 
synergistically protecting the host liver cells from oxidative stress and 
accelerating liver regeneration. Compared with the HLCs/Cu NZs@fi-
ber/dECM group, the serological measurement showed that there was 
no significant increase in the ALB level of HLCs/fiber/dECM group 
(Fig. S19 and Fig. S20). That’s probably because the excess ROS in the 
liver cannot be effectively cleared, which influenced the survival and 
function of implanted HLCs. Likewise, the serum ALB level of HLCs/Cu 
NZs@fiber group was similar to that of Cu NZs@fiber/dECM group due 
to the absence of dECM, which likely led to the loss of 
hepatocyte-related functions in HLCs (Fig. S29 and Fig. S30). As ex-
pected, HLCs/Cu NZs@fiber/dECM showed superior therapeutic effi-
cacy on CCl4-induced ALF. Taken together, the synergic effects of 
HLCs/Cu NZs@fiber/dECM contributed to the effective liver regenera-
tion in ALF-challenged mice, and facilitated long-term hepatic function 
integration in vivo. 

The no-contact liver lobes in the “HLCs/Cu NZs@fiber/dECM” group 
were also analyzed. There was no significant difference in the necrotic 
areas of livers between different lobes either on day 1 or day 3 (Fig. S31). 
Moreover, TUNEL and Ki67 staining images showed similar number of 
apoptotic cells and proliferating cells in all liver lobes. The ROS level and 
pro-inflammatory factors (TNF-α and IL-6) were also similar. These re-
sults revealed that the HLCs/Cu NZs@fiber/dECM composite had 
considerable therapeutic efficacy for the whole liver. This might be 
because of the released Cu NZs in vivo that could diffuse throughout the 
liver and herein work on other no-contact liver lobes. Furthermore, a 
recent study also showed that cell migration could be observed in other 
liver lobes after cell patch grafting in livers [46]. 

Transcriptome analysis was further conducted to detect the under-
lying mechanism in vivo. From the heatmap of differential gene ex-
pressions, the differential downregulated genes related to oxidative 
stress and inflammation were displayed in Fig. 8D, which corresponded 
to the ROS elimination and anti-inflammatory ability of HLCs/Cu 

Fig. 7. The inflammation level of liver in CCl4-induced ALF mice and the angiogenesis in grafts. (A–C) The TNF-α, IL-6, and DHE staining images of liver tissues and 
quantitative analysis of mean fluorescence intensity (MFI). Scale bar: 200 μm. (D–I) The mRNA expression levels of TNFA, IL-6, COX2, Pro-IL 1, INOS, and IL 10. (J) 
Immunofluorescence staining images of CD31 in the liver tissue sections of “fiber/dECM” and “Cu NZs@fiber/dECM” groups on day 1. (K) The immunofluorescence 
staining images of CD31 and HLA in the liver tissue sections of “HLCs/Cu NZs@fiber/dECM” group on day 1 and 3. Blue: DAPI-labelled cell nuclei; Red: Cy3-labelled 
CD31, ROS-reacted DHE; Green: Alexa Fluor 488-labelled TNF-α, IL-6, HLA. Scale bar: 100 μm. All data are presented as mean ± SD, n = 3. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001 versus control, ns means no significance versus control, #P < 0.05, ##P < 0.01 for Cu NZs@fiber/dECM and hADMSCs/Cu NZs@fiber/ 
dECM versus HLCs/Cu NZs@fiber/dECM. 
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NZs@fiber/dECM. The highly expressed angiogenesis-related genes 
implied the pro-angiogenesis effect of Cu NZs. Similarly, previous 
research confirmed that Cu NZs substantially contributed to the tissue 
repairment in wound healing [15]. The KEGG and GSEA analysis were 
performed to further investigate the pathways influenced by HLCs/Cu 
NZs@fiber/dECM. Studies suggested that massive hepatocyte 

senescence in acute liver injury may break the balance between liver 
regeneration and liver failure [64]. Our results showed that the genes 
enriched in the p53 signaling pathway were differentially down-
regulated, and AXIN2 was significantly upregulated after HLCs/Cu 
NZs@fiber/dECM treatment. Upregulation of AXIN2 in hepatocytes has 
been identified as a surface marker of hepatocyte self-renew, cell cycle 

Fig. 8. Transcriptome analysis of liver tissues for in vivo experiment. (A) Volcano plot of the differentially expressed genes. (≥2-fold difference. red: upregulated 
genes; blue: downregulated genes). (B) The gene enrichment KEGG pathway analysis (The top 20 terms are displayed). (C) The GSEA plot of drug metabolism 
cytochrome P450 (Enrichment Score (ES) = 0.61718786, Normalized Enrichment Score (NES) = 2.2412274; nominal p value < 0.001) and p53 signaling pathway 
(ES = − 0.49999398, NES = − 1.620217; nominal p value < 0.05). (D) The heat maps of differentially expressed genes related to oxidative stress, inflammation, 
antioxidation, angiogenesis, hepatocyte marker, and liver regeneration. 
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reentrance, and regeneration [64,79]. These results implied that 
HLCs/Cu NZs@fiber/dECM could prevent hepatocyte senescence and 
might facilitate liver regeneration by influencing the Wnt signaling 
pathway. Moreover, differential genes are also enriched in pathways 
concerning liver biosynthesis, drugs, and substances metabolism. It’s 
worth noting that cytochrome P450-involved drug metabolism pathway 
differentially upregulated in the liver of HLCs/Cu NZs@fiber/dECM 
group. In addition, hepatocyte-related genes were also highly expressed. 
These observations suggested the potential mechanism of hepatic 
function compensation of HLCs could mainly involve substances 
biosynthesis and drug metabolism. Collectively, the transcriptome 
analysis also confirmed the synergistic effect of anti-oxidation, angio-
genesis promotion, anti-inflammation, and hepatocyte-related functions 
in HLCs/Cu NZs@fiber/dECM-based ALF therapy. 

There are still some shortcomings in the current research. A long- 
term tracking of the implanted HLCs in vivo might be necessary in a 
future study. In addition, although Cu NZs have been evidenced with 
good biocompatibility both in vitro and in vivo, further investigation of 
Cu NZs metabolism and distribution might be a premium in the future, 
which can provide safe guidance for the clinical application of the 
nanoenzymes. Meanwhile, the effective dosage of HLCs might also need 
a comprehensive study. 

5. Conclusion 

In summary, we developed a Cu NZs@PLGA nanofiber-reinforced 
dECM hydrogel for the delivery of functional HLCs and evidenced the 
effectiveness of the strategy for treatment of CCl4-induced ALF in this 
study. Cu NZs possessed high efficiency of ROS scavenging, and herein 
avoided further progression of ALF. The cytoprotective role and pro- 
angiogenic effects of Cu NZs, mechanical support of PLGA nanofibers, 
as well as the functionally enhanced HLCs in the dECM hydrogel syn-
ergically contributed to the final promising therapeutic efficacy, 
including reduced tissue necrosis and inflammation, enhanced liver 
regeneration and function recovery. Hence, we believe our approach 
that delivers functional HLCs using Cu NZs@PLGA nanofiber-reinforced 
dECM hydrogels holds great potential for clinical translation in the 
treatment of ALF. 
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