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ARTICLE INFO ABSTRACT

Keywords: Endothelin-1/endothelin A receptor (ET-1/ETAR) pathway plays an important role in the progression of liver
Endothelin A receptor fibrosis by activating hepatic stellate cells (HSCs) - a key cell type involved in the pathogenesis of liver fibrosis.
SPIONs

Inactivating HSCs by blocking the ET-1/ETAR pathway using a selective ETAR antagonist (ERA) represents a
promising therapeutic approach for liver fibrosis. Unfortunately, small-molecule ERAs possess limited clinical
potential due to poor bioavailability, short half-life, and rapid renal clearance. To improve the clinical appli-
cability, we conjugated ERA to superparamagnetic iron-oxide nanoparticles (SPIONs) and investigated the
therapeutic efficacy of ERA and ERA-SPIONS in vitro and in vivo and analyzed liver uptake by in vivo and ex vivo
magnetic resonance imaging (MRI), HSCs-specific localization, and ET-1/ETAR-pathway antagonism in vivo. In
murine and human liver fibrosis/cirrhosis, we observed overexpression of ET-1 and ETAR that correlated with
HSC activation, and HSC-specific localization of ETAR. ERA and successfully synthesized ERA-SPIONs demon-
strated significant attenuation in TGFf-induced HSC activation, ECM production, migration, and contractility. In
an acute CClg-induced liver fibrosis mouse model, ERA-SPIONs exhibited higher liver uptake, HSC-specific
localization, and ET-1/ETAR pathway antagonism. This resulted in significantly reduced liver-to-body weight
ratio, plasma ALT levels, and a-SMA and collagen-I expression, indicating attenuation of liver fibrosis. In
conclusion, our study demonstrates that the delivery of ERA using SPIONs enhances the therapeutic efficacy of
ERA in vivo. This approach holds promise as a theranostic strategy for the MRI-based diagnosis and treatment of
liver fibrosis.

Hepatic stellate cells
Liver fibrosis

1. Introduction

Liver injuries due to metabolic disorders, excessive alcohol con-
sumption, and/or hepatitis viral infections can lead to the development
of liver fibrosis [1-3]. Hepatic stellate cells (HSCs) play a pivotal role in
the progression of liver fibrosis [4-8]. Upon activation, HSCs proliferate
and transdifferentiate into myofibroblasts, and secrete excessive
amounts of extracellular matrix (ECM) components causing structural
alterations in the liver, and gradual loss of liver function [4-7]. Fibrosis,
at an early stage, can be reversed when the underlying cause is elimi-
nated, if left untreated, fibrosis progresses to cirrhosis, end-stage liver
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failure, or hepatocellular carcinoma (HCC, primary liver cancer). Liver
fibrosis is a leading and growing cause of mortality worldwide, yet
currently, there are no FDA-approved anti-fibrotic therapies available
[9,10].

One of the pathways involved in fibrosis is the endothelin-1 (ET-1)
pathway. ET-1, a 21-amino acid peptide produced by endothelial cells, is
a potent vasoconstrictor with proliferative, pro-fibrotic, and pro-
inflammatory properties, and is involved in the pathophysiology of
several diseases including fibrosis and cancer [11-19]. ET-1 mediates its
effects by interacting with two G-coupled protein receptors, endothelin
A receptor (ETAR) and endothelin B receptor (ETBR), which are widely

* Corresponding author. Carre 4419, Drienerlolaan 5, 7522NB, Enschede, the Netherlands.

E-mail address: r.bansal@utwente.nl (R. Bansal).

https://doi.org/10.1016/j.bioactmat.2024.05.034

Received 16 November 2023; Received in revised form 16 May 2024; Accepted 17 May 2024
2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:r.bansal@utwente.nl
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.05.034
https://doi.org/10.1016/j.bioactmat.2024.05.034
https://doi.org/10.1016/j.bioactmat.2024.05.034
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.05.034&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. ten Hove et al.

expressed in different tissues. ET-1 exhibits a 100-fold higher affinity for
ETAR compared to ETBR, and its biological effects are highly diverse
depending on the receptor expression [14,15]. In the liver, ETAR is
specifically localized on HSCs while ETBR is present on various liver cell
types [13-15,20,21]. ETAR (and sometimes ETBR) activation triggers
the recruitment of one or more G-protein families and scaffold proteins
e.g., B-arrestins, that stimulate diverse downstream signal-transduction
pathways including extracellular-signal-regulated kinase (ERK)
signaling, resulting in a range of pleiotropic responses [22].

During liver diseases, circulating levels of ET-1 are increased, which
positively correlates with disease severity [20,21,23-26]. Transforming
growth factor-beta (TGFp), the key regulator of fibrosis, induces ET-1
production by regulating the post-transcriptional processing of ET-1
[23,27]. Subsequently, ET-1 promotes HSC activation via ETAR [28].
Conversely, activated HSCs upregulate the expression and affinity of
ET-1 and ETAR, resulting in an autocrine and paracrine loop of HSC
activation mediated by ET-1 [26,29]. ET-1 also induces HSC contrac-
tion, chemotaxis, proliferation, and synthesis of collagen-I, -III, and
fibronectin, while downregulating the activity of matrix
metalloproteinase-1 (MMP-1) [27]. Collectively, the ET-1/ETAR
pathway contributes to the progression of liver fibrosis via HSC activa-
tion suggesting antagonism of the ET-1/ETAR pathway could inhibit
HSC activation and consequently liver fibrosis.

Previously, Rockey et al. showed that Bosentan, an ETAR/ETBR
antagonist, reduced HSC activation and fibrosis in carbon tetrachloride
(CCly) and bile-duct ligation (BDL) models of liver fibrosis [27].
Furthermore, Thirunavukkarasu et al. reported that treatment with
TAK-044, another ETAR/ETBR antagonist, reduced collagen synthesis
and expression of tissue inhibitors of matrix metalloproteinases
(TIMPs)-1, 2, and TGFp, attenuating liver fibrosis in CCl4/phenobarbital
model [30]. Feng et al. investigated selective ETAR and ETBR antago-
nists and found that ETAR antagonism reduced portal pressure whereas
ETBR antagonism increased portal pressure. However, chronic admin-
istration of both antagonists inhibited CCls-induced liver fibrosis [31].
Lastly, Cho et al. showed that LU-135252, a selective and oral ETAR
antagonist, decreased collagen, TIMP-1, and TIMP-2 expression in the
BDL model [32]. Altogether, these results indicate that antagonism of
endothelin receptors is a promising therapeutic approach to target he-
patic fibrosis. Notably, selective ETAR antagonism is preferred over
ETBR or dual receptor antagonism since ETBR functions as a clearance
receptor for ET-1 [29,33]. ETBR antagonism may compromise ET-1
clearance resulting in increased ET-1 levels [25,33,34], suggesting se-
lective ETAR antagonism is preferable for targeting the ET-1 pathway
during liver fibrosis [32].

The clinical application of ETAR antagonists is unfortunately hin-
dered due to their poor bioavailability, short half-life, and rapid renal
clearance [34]. These limitations necessitate the administration of
multiple doses, increasing the risk of adverse effects. Alternative stra-
tegies are hence required to improve the stability (and half-life),
bioavailability, and (hepatic) selective organ-cellular uptake of ETAR
antagonists. The use of nanoparticles as a delivery strategy holds great
promise here [35-37]. Among nanoparticles, superparamagnetic
iron-oxide nanoparticles (SPIONs) present an attractive option due to
their biocompatibility, colloidal stability, and large surface area for
functionalization [38-41]. Dextran-polyethylene glycol (PEG)-coated
SPIONSs possess functional groups that allow for easy functionalization
with therapeutic agents. Besides, dextran-PEG coating improves
biocompatibility and blood circulation [38-41]. Furthermore, SPIONs
possess magnetic properties enabling their detection using magnetic
resonance imaging (MRI), making them suitable for theranostic (thera-
peutic and diagnostic) applications. We have previously shown the po-
tential of SPIONSs for the delivery of biologicals (relaxin and fibroblast
growth factor-2) to inhibit fibrosis and fibrotic-rich tumor stroma in
CCly-induced liver fibrosis model and pancreatic tumor models respec-
tively [42-45]. Engineered SPIONs have been previously utilized for
biomedical applications, for example, SPIONs mediated mitochondrial
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transfer from human mesenchymal stem cells selectively to diseased
cells, which mitigated pulmonary fibrosis in vivo [46]; bone-targeted
SPIONs positively regulated bone metabolism and attenuated post-
menopausal osteoporosis [47]; and TRPV1 antibodies conjugated to
SPIONs (in combination with alternating magnetic field stimulation)
effectively impeded macrophagic inflammation and chondrocyte fer-
roptosis in osteoarthritis [48]. Moreover, SPIONs have been introduced
for MRI-based tracking of immune cells e.g., for immunotherapy
monitoring [49,50]. These examples emphasize the versatile utilization
of engineered SPIONSs.

In this study, we investigated the potential of HSC-specific delivery
of CH948, a selective ETAR antagonist (ERA), using SPIONs to inhibit
HSC activation and attenuate liver fibrosis. CH948 is based on PD-
156707, a potent and highly selective ETAR antagonist [51,52], where
one methoxy group is replaced by an amino group via a PEG-spacer to
enable coupling reactions [53]. Previous studies showed that
CH948-fluorescent probes can be used for in vivo imaging of ETAR in
mouse models of cancer or myocardial infarction [53-56]. Here, we first
examined the expression of ET-1 and ETAR in liver fibrosis and then
investigated the therapeutic effects of CH948 (ERA) on TGFp-activated
HSCs in vitro. Next, we conjugated ERA to the surface of
dextran-PEG-coated SPIONS, using carbodiimide chemistry, to synthe-
size ERA-SPIONSs, followed by extensive characterization of the nano-
particles. We then evaluated the therapeutic effects of ERA-SPIONs
compared to ERA and SPIONs on TGFf-activated HSCs in vitro. There-
after, ERA and ERA-SPIONs were fluorescently labeled to monitor their
biodistribution in an acute CCly-induced liver fibrosis mouse model
using in vivo imaging and liver uptake was confirmed using MRI. We
also investigated the HSC-specific localization of ERA-SPIONs and ETAR
antagonism in vivo. Finally, we assessed the therapeutic effects of
ERA-SPIONSs versus ERA in the liver fibrosis mouse model. Altogether,
we have developed a versatile HSC-targeted nano-theranostic enabling
(multimodal) diagnostic imaging and treatment of liver fibrosis.

2. Materials and methods
2.1. Gene expression analysis

2.1.1. Transcriptomic profiles of human liver tissue

To analyze the endothelin gene expression, a human liver tissue
transcriptome dataset (GSE14323) was selected from the Gene Expres-
sion Omnibus (GEO) database (National Center for Biotechnology In-
formation, US). GSE14323 comprises the transcriptomic profiles from
19 normal healthy individuals and 41 cirrhotic patients [57]. GEO2R
was used to assess the expression of endothelin-1, endothelin A receptor,
and collagen-I in normal and cirrhotic human livers, and correlation
analysis was performed to correlate collagen-I expression with endo-
thelin A receptor.

2.1.2. Single cell transcriptomic profiles of human and mouse livers

To analyze the endothelin A receptor gene expression at single cell
level, the human and mouse Liver Cell Atlas databases [58] were used.
Gene expression for ‘EDNRA’ was used to obtain UMAP plots of the
single cell expression in the CD45™ liver cell types.

2.2. Synthesis of ERA-SPIONs

The selective endothelin A receptor antagonist CH948 (referred to as
ERA) used in this study is based on a-[2-(4-Methoxyphenyl)-2-oxo-1-
[(3,4,5-trimethoxyphenyl)methyl]ethylidene]-1,3-benzodioxole-5-ace-
tic acid sodium salt (PD-156707) [51,52,59]. In CH948 one methoxy
group is modified with an amino group using a PEG-spacer enabling
coupling reactions at this site [54]. The preparation, characterization,
and use of CH948 have been previously described elsewhere by Holtke
et al. [54]. The conjugation of ERA (CH948) to dextran-coated PEG--
COOH functionalized superparamagnetic iron oxide nanoparticles,
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(SPIONs, nanomag®-D-spio, 20 nm core size, Micromod Parti-
keltechnologie, GmbH, Rostock, Germany) was chemically performed
with carbodiimide chemistry as described previously [42-45]. 100 pL of
SPIONSs (5 mg/mL) were activated with 10 pmol 1-ethyl-3-(3-dimethyla-
minopropyl) carbodiimide hydrochloride (EDC, Sigma, St. Louis, MO,
USA) and 35 pmol N-hydroxysuccinimide (NHS, Sigma) prepared in 125
pL of 2(-N-morpholino) ethanesulfonic acid (MES, Sigma) buffer (pH
6.3). After 45 min of reaction with gentle shaking at room temperature,
SPIONs were washed thrice with 300 pL of phosphate-buffered saline
(PBS) and purified using 30 kDa Amicon™ Ultra Centrifugal Filters
(Merck Millipore, Darmstadt, Germany) by centrifugation at 5000xg.
Eventually, the activated SPIONs were reacted with 0.1 mM ERA--
PEG-NH; overnight at 4 °C with gentle shaking. Samples were then
purified using 30 kDa Amicon™ Ultra Centrifugal Filters by three
washing steps with 300 pL PBS each. Wash solutions were collected for
analysis by HPLC to determine the coupling efficiency of ERA to SPIONs
by calculating starting ERA concentrations minus ERA in wash solutions.
SPIONs were reacted with 10 pg glycine (Sigma) for 30 min at RT to
deactivate the remaining activated COOH groups. Similarly, a batch
(glycine-SPIONs) without ERA modification was synthesized as a con-
trol. SPIONs were again purified using 30 kDa Amicon™ Ultra Centrif-
ugal Filters, resuspended in PBS, and stored at 4 °C.

For biodistribution studies, 100 pL SPIONs (5 mg/mL) were reacted
with 10 pL of 1 mM Cy5.5-NH; (Lumiprobe, Hannover, Germany) with
and without 2 pL of 5 mM ERA-PEG-NH,; overnight at 4 °C with gentle
shaking to obtain SPIONs-Cy5.5 and ERA-SPIONs-Cy5.5 followed by
extensive washing steps with PBS to remove free unconjugated ERA-
PEG-NH; and Cy5.5. Samples were stored at 4 °C protected from light.

2.3. Characterization of ERA-SPIONs

2.3.1. Size and zeta potential measurements

The hydrodynamic size and zeta potential of the (unmodified)
SPIONS, glycine-SPIONSs, ERA-SPIONSs, and respective Cy5.5 constructs
were measured using a Nano ZS Zetasizer (Malvern Instruments Ltd.,
Malvern, UK). To evaluate the hydrodynamic size and the polydispersity
index (PdI), 5 pL of SPIONSs, Glycine-SPIONs, ERA-SPIONs, SPIONSs-
Cy5.5 or ERA-SPIONs-Cy5.5 were diluted in 1 mL MilliQ or PBS and
loaded in a 1 mL polystyrene cuvette. To evaluate the zeta potential, 5 pL
of SPIONs, Glycine-SPIONs, ERA-SPIONs, SPIONs-Cy5.5, or ERA-
SPIONs-Cy5.5 were diluted in 1 mL 10 mM KCl and loaded (Malvern
Instruments, UK). To evaluate the stability, the SPIONs and ERA-SPIONs
were stored at 4 °C for 4 months after which the hydrodynamic size and
zeta potential were measured using a Nano ZS Zetasizer (Malvern In-
struments Ltd).

To access the stability of nanoparticles in different physiological
media, we measured the hydrodynamic size of the unmodified SPIONs
and ERA-SPIONs. 5 pL of SPIONs or ERA-SPIONs were diluted in 1 mL
MilliQ, PBS, Dulbecco’s Modified Eagle’s Medium (DMEM) or RPMI
1640 medium (RPMI). DMEM, high glucose, with GlutaMAX (Thermo
Fisher) was supplemented with 1 % Penicillin/Streptomycin (Capricorn
Scientific). RMPI with 1-Glutamine (Capricorn Scientific) was supple-
mented with 1 % Penicillin/Streptomycin. Samples were also prepared
containing 10 % fetal bovine serum (FBS, Lonza, Verviers, Belgium) and
additionally MilliQ samples containing 50 % FBS. 5 min after supple-
mentation of the nanoparticles to the media the hydrodynamic diameter
of all individual peaks within a sample, together with corresponding
area percentages, and the polydispersity index was measured in a 1 mL
polystyrene cuvette at 37 °C. Medium was also measured without
SPIONs or ERA-SPIONS as controls.

2.3.2. Transmission and scanning electron microscopy

For Transmission Electron Microscopy (TEM), small aliquots of the
nanoparticles were absorbed to Formvar/carbon-coated copper grids for
10 min. After washing with distilled water, grids with absorbed material
were negatively stained with 2 % (w/v) uranyl acetate for 15 min.
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Transmission electron micrographs were taken at 60 kV with a Phillips
EM-410 electron microscope using imaging plates (Ditabis, Pforzheim,
Germany).

For High-Resolution Scanning Electron Microscopy (HRSEM), sam-
ples were prepared by drop-casting of each suspension onto a clean SiO,
substrate. Within 2 h, the liquid has completely evaporated, leaving a
coffee-stain ring of nanoparticles. No further sample conditioning was
necessary for subsequent SEM imaging. HRSEM measurements were
performed using a Merlin Field Emission SEM (FE-SEM) from Zeiss. The
microscope is equipped with an on-axis in-lens secondary electron de-
tector as well as a high efficiency off-axis secondary electron detector.
The in-lens detector is a high efficiency detector for SE1 and SE2 and
owes its superb imaging results to the geometric position in the beam
path and the combination with the electrostatic/electromagnetic lens.
This detector is in particular powerful at low voltages provided a small
working distance can be reached.

For High-Resolution TEM and Energy Dispersive X-Ray spectroscopy
(EDX), the samples were prepared by drop-casting on a honey-carbon
grid. TEM measurements were performed with a Spectra 300 from
Thermo Fisher Scientific with a high tension of 300 kV. Images of the
particles were made in a parallel-beam TEM mode, as well as in a
convergent-beam scanning mode (STEM). In scanning mode, the images
were done with a High Angle Annular Dark Field (HAADF) detector.
EDX was performed in STEM configuration with a beam current of about
60 pA and a convergence angle of 28 mrad.

2.3.3. MALDI-TOF mass spectrometry

SPIONs and ERA-SPIONs were analyzed with matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF
MS) using the MALDI-TOF/TOF smartfleX (Bruker Daltonics GmbH &
Co. KG, Bremen, Germany). Samples were prepared using the matrix of
a-Cyano-4-hydroxycinnamic acid (HCCA) which was dissolved to satu-
ration in a mixture of 30 % acetonitrile and 70 % water with trifluoro-
acetic acid (0.1 % v/v) (TA30). SPIONs were diluted 1:20 with TA30, of
which 0.5 pL was spotted onto a stainless-steel target and was air-dried
before insertion into the vacuum.

2.3.4. Iron content measurement

A colorimetric Prussian blue assay was used to assess the iron con-
centration of SPIONs based on the method described by Ozdemir et al.
[60]. In the assay, a calibration curve was plotted by preparing serially
diluted SPIONSs solution (iron concentrations ranging from 0.3 to 1.2
mg/mL) in PBS. Samples were also prepared by serially diluting in PBS
(1:1 and 1:2). All samples (5 pL), including standards, together with 75
pL 1.2 N hydrochloric acid solution (Sigma) was digested at 65 °C for 1 h
for the conversion of iron from nanoparticle form to ionic form. 80 pL
1.2 N hydrochloric acid solution and 20 pL 4 % w/v potassium ferro-
cyanide solution (Sigma) was then added to the samples. Three inde-
pendent repeats of each sample were prepared for the measurement, and
5 pL of PBS was used as blank. Samples were incubated for 25 min at
room temperature, and the absorbance was measured at 690 nm using
the i-control microplate reader (Tecan, Mannedorf, Switzerland). The
iron concentration of the samples was determined using a standard
curve prepared using the known iron concentrations of SPIONs.

2.3.5. High-performance liquid chromatography measurements
High-performance liquid chromatography (HPLC) was used to indi-
rectly quantify the conjugation efficiency of ERA to the SPIONs by
measuring the unconjugated CH948 (ERA) molecules before and after
conjugation. HPLC was performed on a Reversed Phase-HPLC (RP-
HPLC) Shimadzu Prominence system (Shimadzu Deutschland GmbH,
Duisburg, Germany) using a Aeris Peptide XB-C18 HPLC column (Phe-
nomenex, Torrance, CA) and a mobile phase containing water (H>O) and
acetonitrile (ACN) with 0.1 % trifluoroacetic acid (TFA) using a gradient
from 80:20 (H,0:ACN) to 30:70 (H>0:ACN) at a flowrate of 1.5 mL/min.
The protocol for HPLC is as follows: 1 min 80:20 (H20:ACN); 19 min
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80:20-30:70 (H30:ACN) gradient; 8 min 30:70-80:20 (H30:ACN)
gradient; 1 min 80:20 (H20:ACN). CH948 (ERA) was detected at 254 nm
and eluted at 12.6 min. The concentration of ERA (CH948) was deter-
mined by analyzing peak areas using calibration curves and ERA
coupling efficiency (%) was calculated by analyzing the starting ERA
concentration minus ERA concentration found in the wash solutions.

2.3.6. FTIR analysis of SPIONs

To confirm the modification of SPIONs with ERA, Fourier trans-
formation infrared (FTIR) spectroscopy was performed on SPIONSs,
Glycine-SPIONSs, and ERA-SPIONSs. These measurements were conducted
using a Shimadzu IRSpirit FTIR-spectrophotometer in the 4000-600
cm ! spectral range. Data were collected and the water background was
eliminated.

2.3.7. VSM measurements

The magnetic properties of ERA-SPIONs and SPIONs were analyzed
using the Quantum Design Physical Property Measurement System
(PPMS, Quantum Design Inc., San Diego, CA, USA) at the University of
Twente at room temperature. For VSM measurements, 15 pL of PBS
(used for the sample holder control), SPIONs, or ERA-SPIONs was added
in a small glass container. The iron content of SPIONs and ERA-SPIONs
corresponded to 36 pg of iron per sample. Magnetic moment versus
magnetic field was calculated for ERA-SPIONs and SPIONs and visual-
ized in an M — H curve.

2.3.8. Relaxation measurements

Longitudinal (T1) and transverse (T2) relaxation times were ob-
tained using 0.5 T MRI (FOV: 15 x 15 x 15 mm) at 37 °C using SPIONs
and ERA-SPIONs phantoms, where SPIONs or ERA-SPIONs were diluted
in PBS to concentrations of 0.2, 0.1, 0.05, and 0.025 mM Fe. Data for all
phantoms were acquired in five-fold. T1 was determined using an
inversion recovery sequence with Ty = 5 * T1 estimated and 12 loga-
rithmically increasing inversion times starting from 3 ms to Tg. A
monoexponentially fitted signal was used to assess the T1 value. T2 was
determined using a multi-spin echo sequence with Tg = 5 * T1 estimated
and 32 echoes with starting TE from 0.5 ms to TR. A monoexponentially
fitted signal was used to assess the T2 value. For all five individual ac-
quisitions per phantom, the R1 =1/T1 and R2 = 1/T2 (1/s) were plotted
against the contrast agent concentration (mM Fe) and were fitted with a
simple linear regression. The slopes of these lines represent the corre-
sponding longitudinal (r;) and transverse (rp) relaxivities in L/mmol-s.

Additionally, longitudinal (T1) and transversal (T2) relaxation times
of ERA SPIO and free SPIO phantoms with concentrations of 0.2, 0.1,
0.05, and 0.025 mM Fe diluted in PBS were measured at 9.4 T at 23 °C
(three dilution series each). T1 was determined using a RARE sequence
with TRs of 5500, 3000, 1500, 800, 400, 200 ms, TE 7 ms, FOV 2.5 cm,
128 matrices, 1 slice, 1,5 mm slice thickness. T2 was determined using
an MSME sequence with TR 7500 ms and 64 echo times, min TE 7.4 ms,
echo spacing 7.4 ms, and the same geometry parameters. We used mono-
exponential fitting as implemented in PV6.01. The values of R1 = 1/T1
and R2 = 1/T2 in s were plotted versus contrast agent concentration in
mM Fe and were fitted with a simple linear regression. The slopes
represent the respective longitudinal (r;) and transversal (r3) relaxivities
in L/mmol-s.

2.3.9. Fluorescent intensity measurements

Serial dilutions of SPIONs-Cy5.5, ERA-SPIONs-Cy5.5, ERA-Cy5.5,
and Cy5.5 were prepared in PBS (1, 1:1, 1:2 dilutions), and 5 pL of
each sample was spotted on a Petri dish. Near-infrared fluorescence was
measured using the Pearl Trilogy Small Animal Imaging System (LI-COR
Biosciences, Lincoln, NE) at 255 pm resolution using the 700-channel
laser source (excitation: 685 nm; emission: 720 nm).
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2.4. Invitro effect of ERA and ERA-SPIONS on TGFp-activated HSCs

2.4.1. LX-2 cells

LX-2 cells, an immortalized cell line of human HSCs, provided by
Prof. Scott Friedman (Mount Sinai Hospital, New York, NY, USA) were
cultured in DMEM-Glutamax supplemented with 10 % FBS, 50 U/mL
penicillin and 50 pg/mL streptomycin at 37°C in a humidified atmo-
sphere (37 °C with 5 % CO5).

2.4.2. Binding studies

Cells were seeded in 24-well plates (2"‘104 cells/well) and cultured
for 24 h. Cells were starved overnight with serum-free medium and
subsequently incubated with TGFp (5 ng/mL, Roche, Mannheim, Ger-
many) for 24 h. For binding studies, cells (£TGFf) were incubated with
ERA, SPIONs, or ERA-SPIONs (equivalent to 100 nM ERA) for 2 h at
room temperature. Cells were washed thrice with PBS and were fixed
with 4 % formalin. Iron oxide was detected using the Prussian Blue
staining kit (Sigma) containing potassium ferrocyanide and hydrochlo-
ric acid in a 1:1 ratio for 30 min at room temperature. Images were
captured using a Nikon E400 microscope (Nikon, Tokyo, Japan).

2.4.3. Metabolic activity

To examine the effect of ERA and ERA-SPIONs on the metabolic
activity of the LX-2 cells, Alamar blue assays were performed. Cells were
seeded in 96-well plates (5%10° cells/well) and cultured for 24 h. Cells
were serum-starved for 24 h and incubated with different concentrations
of ERA (50 nM, 100 nM), 100 nM SPIONs, or ERA-SPIONSs (equivalent to
100 nM ERA), together with TGFp (5 ng/mL) for 24 h. Metabolic activity
assay was performed using Alamar Blue reagent (Invitrogen) as per
manufacturer’s instructions. The cells were incubated with Alamar Blue
reagent for 4 h and fluorescent signals were measured using a VIKTOR™
plate reader (Perkin Elmer, Waltham, MA). The results were represented
as % cell viability normalized to TGFp-activated control cells (at 100 %).

2.4.4. Gene and protein expression

The effect of ERA and ERA-SPIONs on gene expression was investi-
gated in LX-2 cells using quantitative real-time PCR. The effect of ERA
and ERA-SPIONs on protein expression was investigated in LX-2 cells
using western blot analysis and immunohistochemistry. Cells were
seeded in 12-well plates (1*10° cells/well) for quantitative real-time
PCR, in 12-well plates (8*10* cells/well) for western blot, or in 24-
well plates (5%10* cells/well) for immunohistochemistry and subse-
quently cultured overnight. Cells were serum-starved for 24 h and
incubated with TGFp (5 ng/mL) and different concentrations (50 nM,
100 nM) of ERA, 100 nM SPIONS, or ERA-SPIONs (equivalent to 100 nM
ERA) for 24 h. Cells were lysed with RNA lysis buffer to perform
quantitative real-time PCR analyses, with protein lysis buffer for western
blot analyses, or fixed with acetone:methanol (1:1) for
immunohistochemistry.

2.4.5. Migration

The effect of ERA and ERA-SPIONSs on the migration of LX-2 cells was
investigated in a scratch wound healing assay. Cells were seeded in 12-
well plates (5%10* cells/well) and incubated overnight followed by
overnight starvation with serum-free medium. Standardized scratches
were made with a 10 pL pipette tip fixed in a holder. Subsequently, cells
were washed and incubated with 1 mL of serum-free medium with or
without TGFp (5 pL/mL) in combination with ERA (50 nM, 100 nM),
100 nM SPIONSs, or ERA-SPIONs (equivalent to 100 nM ERA). Images
were taken at 0 and 24 h after treatment using a Nikon E400 microscope
(Nikon). Images were analyzed using ImageJ to quantify the area of
scratch represented as the percentage of wound closure relative to the
control wells.

2.4.6. Contractility
The effect of ERA and ERA-SPIONs on the contractility of LX-2 cells
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was analyzed using 3D collagen gel matrix contraction assays. A
collagen suspension (9 mL) containing 4.5 mL collagen G1 (5 mg/mL,
Matrix biosciences, Morlenbach, Germany), 0.75 mL 10x M199 medium
(Sigma), 127.5 pL 1 N NaOH (Sigma) and 2.1225 mL sterile water was
prepared and then mixed with 1 mL (2*10%) of LX-2 cells. Collagen gel-
cell suspension (600 pL/well) was plated in a 24-well culture plate and
allowed to polymerize for 1 h at 37 °C. Polymerized gels were incubated
with 1 mL of serum-free medium with or without TGFf (5 ng/mL)
together with ERA (50 nM, 100 nM), 100 nM SPIONs, or ERA-SPIONs
(equivalent to 100 nM ERA), followed by detachment of the gels from
the culture wells. Digital images were taken after 72 h of treatment using
a digital camera. The diameter of the gels was digitally measured using
ImageJ and was normalized with their respective well size in each image
and presented as relative gel contraction versus TGFp-treated LX-2 cells.

2.5. In vivo biodistribution and therapeutic effect of ERA and ERA-
SPION s in an acute CCly-induced liver fibrosis mouse model

2.5.1. Biodistribution in an acute CCly-induced liver fibrosis mouse model

The in vivo biodistribution of ERA and ERA-SPIONs was investigated
in an acute CCls-induced liver fibrosis mouse model. All the animal
experiments were conducted strictly according to the ethical guidelines
and regulations for the Care and Use of Laboratory Animals, Utrecht
University, The Netherlands. The protocols were approved by the
Institutional Animal Ethics Committee of the University of Twente, The
Netherlands. All the animals received ad libitum non-fluorescent diet
and normal water and were housed with a 12 h-light/12 h-dark cycle.
10-week-old male C57BL/6 mice (Janvier Labs) received a single
intraperitoneal injection of 0.2 mL/kg carbon tetrachloride (CCly,
Sigma), dissolved in olive oil, on day 1. CCls-treated mice were
administered with one intravenous administration of ERA-Cy5.5 (n = 5),
ERA-SPIONs-Cy5.5 (n = 5), or SPIONs-Cy5.5 (n = 5), with equivalent
fluorescent intensity, 24 h after CCl4 administration. The animals’ ab-
domens were shaved, and near-infrared fluorescence was measured
using the Pearl Trilogy Small Animal Imaging System (LI-COR Bio-
sciences, Lincoln, NE) at 1, 4, and 24 h after intravenous administration,
at ventral orientation and 255 pm resolution using the 700-channel laser
source (excitation: 685 nm; emission: 720 nm) while the animals were
anesthetized with isoflurane (2 %). Fluorescent signals were quantified
using the Small Animal Image Analysis provided by Image Studio soft-
ware (LI-COR Biosciences). Analysis exclusion criteria were incorrect
shaving of the abdominal area, interfering with fluorescent signal (n = 1
in ERA-SPIONs-Cy5.5, n = 1 in SPIONs-Cy5.5). Animals were sacrificed
after the 24-h imaging, and the harvested organs (liver, kidneys, spleen,
lungs, and heart) were imaged to measure the fluorescent signal. Pre-
viously excluded animals (excluded due to incorrect shaving) were
included since exclusion criteria did not impact organ fluorescent
measurements. The liver and other organs were retrieved for further
analyses.

2.5.2. In vivo therapeutic efficacy in an acute CCly-induced liver fibrosis
mouse model

The in vivo therapeutic effect of ERA and ERA-SPIONs was investi-
gated in an acute CCly-induced liver fibrosis mouse model. These animal
experiments were performed in strict accordance with the guidelines
and regulations for the Care and Use of Laboratory Animals, Utrecht
University, The Netherlands. The protocols were approved by the
Institutional Animal Ethics Committee of the University of Twente, The
Netherlands. All the animals received ad libitum normal chow diet and
normal water and were housed with a 12 h-light/12 h-dark cycle. Male
C57BL/6 mice (8-10 weeks old, Janvier Labs) received a single intra-
peritoneal injection of 0.5 mL/kg CCl (Sigma), dissolved in olive oil, on
day 1. Healthy controls (n = 5) received olive oil, as a control for CCly.
CCly-treated mice were treated with two intravenous (i.v.) administra-
tions of PBS (n = 5), ERA (50 pg/kg, n = 5), or ERA-SPIONSs (equivalent
ERA dose 50 pg/kg, n = 5) on days 2 and 3. All the animals were
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euthanized on day 4 b y cervical dislocation. Blood (obtained via cardiac
puncture) and liver tissues were retrieved for further analyses. All the
animals were weighed before sacrificing, and the respective organs were
weighed directly after sacrificing.

The frequency of administration was based on our previous study
where we administered FGF2 or FGF2-SPIONs after 24 and 48 h
following CCl4 administration [42]. For dosing, we referred to the pre-
vious reports where Tanaka et al. compared different routes of admin-
istration (i.v. versus intraportal) of a mixed endothelin receptor
antagonist (TAK-044) and found the liver concentration of TAK-044
(injected intravenously at the dose of 10 mg/kg) was highest in the i.
v. group [61], while another study reported 1 mg/kg bolus i. v. injection
of ABT-627 (ERA) [62]. In this study, we used a very low dosing
consistent with another study, where the authors performed
dose-finding analysis using 2 nM to 2 mM different ERAs [31].

2.5.3. Alanine aminotransferase activity

Heparinized whole blood samples of animals were centrifuged at
2300xg for 10 min at 4 °C. Plasma was transferred in new Eppendorf’s
and stored at —80 °C until further analysis. The alanine aminotrans-
ferase (ALT) activity was determined in the plasma samples using a
colorimetric ALT activity assay kit (MAKO052, Sigma) according to the
manufacturer’s instructions.

2.5.4. Sample preparation for gene and protein expression

The effect of ERA and ERA-SPIONs on gene expression was investi-
gated in mouse liver tissues using quantitative real-time PCR. Tissues
were grinded and lysed with RNA lysis buffer to perform quantitative
real-time PCR analyses. The effect of ERA and ERA-SPIONs on protein
expression was investigated histologically in liver tissues using (co)
immuno (fluorescent) staining. Collected liver tissues were transferred
to Tissue-Tek OCT embedding medium (Sakura Finetek, Torrance, CA,
USA) and were snap-frozen in 2-methyl butane on dry ice. Cryosections
(6 pm) were cut using a Leica CM 3050 cryostat (Leica Microsystems,
Nussloch, Germany). The cryosections were air-dried and fixed with
acetone for 20 min for immunohistochemical and immunofluorescent
staining.

2.5.5. Ex vivo MRI

SPIONSs provide a possibility for MRI-based diagnosis, therefore, we
used MRI to detect ERA-SPIONS in liver tissues derived from the bio-
distribution study (refer to 2.5.1). Ex vivo MRI was performed on the
formalin-fixed liver segments of the liver tissues from the in vivo bio-
distribution study (with a sample size of n = 15, comprising 5 mice per
group) using a portable low-field MRI scanner system (Pure Devices,
Rimpar, Germany) with a bore of 15 mm diameter at a field strength of
0.5 T [63]. This procedure was conducted while the tissue samples were
immersed in formalin. The following 3D spin-echo images were acquired
with a field-of-view 14 x 14 x 14 mm? and an isotropic resolution of
125 pm: (i) T1-weighted (T;w): A non-quantitative MRI sequence less
sensitive to SPIONs content; (ii) T2-weighted (Tow): A non-quantitative
MRI sequence sensitive to SPIONs content allowing for low detection
limits; (iii) T2 map: To measure the multi-echo transverse relaxation
time: An echo sequence was acquired with echo times ranging from 6.5
ms to 318.5 ms in 6.5 ms steps. The transverse relaxation time was
evaluated voxel by voxel using mono-exponential decay [64,65]. The
MRI results were compared across the three experimental groups: ERA,
ERA-SPIONs, and SPIONs. MRI acquisition and processing was done
using in-house developed software using MATLAB (2021a, MathWorks,
Natick, MA, USA). Average signal intensity was calculated using the
region of interest (ROI) for all three MRI sequences.

2.5.6. In vivo MRI

In vivo MRI was performed using a 9.4 T small animal magnetic
resonance scanner with 20 cm bore size (BioSpec 94/20; Bruker BioSpin,
Ettlingen, Germany) equipped with a 1 T/m gradient system and 35 mm
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volume coil (Rapid Biomedical, Rimpar, Germany). The system was
operated using ParaVision 6.0.1. software (Bruker BioSpin, Ettlingen
Germany), which provided a pulse program for 2D UTE (ultrashort echo
time) MRI. The T2*map was recorded with a 2D UTE sequence. Scan
parameters: repetition time (TR), 1800 ms; echo time (TE), 329-40000
ps; number of echos, 14; averages, 1; number of slices, 1 (coronal); slice
thickness, 1.5 mm; matrix, 80 x 80 pm; field of view, 30 x 30 mm;
respiration trigger, total scan time, 56 min. Analysis with custom script
MATLAB R2023b for mono-exponential fitting of T2*. The gradient
trajectory distortion was measured in a preceding scan and was used for
reconstruction of all scans with identical geometry. Also, a dynamic scan
(2D UTE at TE 3 ms) confirmed complete distribution of the nano-
particles after 30 min. A total of n = 6 animals (wild-type Balb/C mice,
female, age 10-14 weeks under the animal ethics approval no.
81-02.04.2020. A194) was used for this study. Mice were anesthetized
by isoflurane inhalation throughout the experiments (1-1.2 % in 1 L/
min Oy) and respiration and body temperature were monitored and kept
in the physiological range (37 & 0.5 °C, respiration rate 80-90 breath per
minute). T2* mapping was performed before and 30 min post injection
of SPIONs (n = 3) or ERA-SPIONs (n = 3) (@150 pmol/kg Fe in 100 pL
PBS, tail vein catheter 30G, 50 pmol/min).

2.6. Quantitative real-time PCR

Total RNA was extracted using GenElute Total RNA Miniprep Kit
(Sigma) for LX-2 cells or SV total RNA isolation system (Promega Cor-
poration, Fitchburg, WI, USA) for mouse liver tissues according to the
manufacturer’s instructions. The RNA concentration was quantified
using NanoDrop® ND-1000 Spectrophotometer (Thermo Scientific,
Waltham, USA). Total RNA (1 pg) was reverse transcribed using iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s instructions. For quantitative real-time PCR, 20 ng cDNA
was used for each PCR reaction and was performed with 2x SensiMix
SYBR and Fluorescein Kit (Bioline GmbH, QT615-05, Luckenwalde,
Germany) and pre-tested and gene-specific primers (see Supplementary
Table 1), using a BioRad CXF-384 Real-Time PCR detection system
(BioRad). Gene expression levels were determined and normalized
against that of the housekeeping gene GAPDH.

2.7. Western blot analysis

Cells were lysed using 1x lysis buffer prepared from 3x blue loading
buffer and 30x reducing agent (1.25 M dithiothreitol, DTT) (Cell
Signaling Technology, Massachusetts, MA, USA) as per manufacturer’s
instructions. Protein lysates were loaded on 10 % Tris-Glycine gel
(Thermo Scientific) followed by transfer onto a PVDF membrane
(Roche). The membranes were developed according to the standard
protocols by incubation with the primary antibodies and secondary
antibodies (see Supplementary Table 2). The protein bands were visu-
alized using Pierce™ ECL Plus Western Blotting substrate (Thermo
Scientific) and images were taken with FluorChem Imaging System.
Intensities of individual bands were quantified using the NIH ImageJ
software and the target protein expression levels were normalized to
B-actin.

2.8. Immunohistochemistry

The cryosections (6 pm) were air-dried and fixed with acetone for 20
min for immunohistochemical and immunofluorescent staining. LX-2
cells were fixed with acetone:methanol (1:1) for 30 min at —20 °C, and
air-dried for 30 min at room temperature. Tissue sections or cells were
rehydrated with PBS and incubated with the primary antibody (a-SMA
or Collagen-I, see Supplementary Table 2) overnight at 4 °C, followed by
incubation with horseradish peroxidase (HRP)-conjugated secondary
antibody for 1 h at room temperature. Endogenous peroxidase activity
was blocked by 3 % Hy0; prepared in methanol. Subsequently, the tissue
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sections or cells were incubated with HRP-conjugated tertiary antibody
for 1 h at room temperature. Peroxidase activity was obtained using 3-
amino-9-ethyl carbazole (AEC, Thermo Scientific) for 20 min as per
the manufacturer’s instructions. Thereafter, the tissue sections or cells
were washed with MilliQ and counterstained with hematoxylin (Fluka
Chemie, Buchs, Switzerland). Finally, the tissue sections and cells were
mounted with Aquatex mounting medium (Merck). Images of tissue
sections were made using the NanoZoomer (Hamamatsu, Japan),
analyzed using ImageJ, and presented as relative expression versus CCly-
treated tissue slides. Images of LX-2 cells were made using light micro-
scopy (Nikon eclipse E600 microscope, Nikon), analyzed using ImageJ,
and presented as relative expression versus TGFp-treated LX-2 cells.

For co-immunohistochemical staining, the cryosections (6 pm) were
air-dried and fixed with acetone for 10 min and air-dried for 30 min at
room temperature. Tissue sections were rehydrated with PBS and
endogenous peroxidase activity was blocked by 3 % H205 prepared in
methanol. Subsequently, the tissue sections were washed with PBS and
endogenous biotin was blocked with DAKO biotin blocking system
(BioLegend, San Diego, CA), followed by incubation of Mouse on Mouse
(M.O.M.) Mouse IgG blocking reagent (Vector Laboratories, Burlingame,
CA) for 1 h. Sections were incubated with M.O.M. Diluent (Vector
Laboratories), followed by incubation with the first primary antibodies
(anti-PEG and anti-p-ERK, see Supplementary Table 2) prepared in M.O.
M. diluent for 1 h at room temperature, followed by incubation with the
second primary antibody (anti-a-SMA, Supplementary Table 2) pre-
pared in M.O.M. diluent for 30 min at room temperature. This was
subsequently followed by incubation with M.O.M. Biotinylated Anti-
Mouse IgG reagent (Vector Laboratories) for 10 min at room tempera-
ture, followed by incubation with VECTASTAIN Elite ABC reagent
(Vector Laboratories) for 5 min at room temperature. Sections were
incubated with alkaline phosphatase-conjugated secondary antibody for
30 min at room temperature, followed by alkaline phosphatase-
conjugated tertiary antibody for 30 min at room temperature, after
which the sections were washed with tris-buffered saline (TBS). Alkaline
phosphatase reaction was obtained using BCIP/NBT substrate (Sigma
Aldrich) for 15 min at 37 °C. Peroxidase activity was obtained using AEC
substrate for 20 min as per the manufacturer’s instructions. Thereafter,
sections were extensively washed with tap water and finally, tissue
sections were mounted with Aquatex mounting medium. Images of tis-
sue sections were made using the NanoZoomer (Hamamatsu, Japan),
analyzed using ImageJ, and presented as relative expression versus CCly-
treated liver-sections.

2.9. Co-immunofluorescent staining

The cryosections (6 pm) were air-dried and fixed with acetone for 20
min. Tissue sections were rehydrated with PBS and incubated with the
primary antibodies (anti-Collagen-I and anti-PEG, see Supplementary
Table 2) overnight at 4 °C, followed by incubation with Alexa Fluor-
conjugated secondary antibodies (AF-594 and AF-488, see Supplemen-
tary Table 2) for 1 h at room temperature. Finally, sections were
mounted using a mounting medium with DAPI (Sigma). Slides were
stored at 4 °C in the dark until imaging. Fluorescent images were made
using a Nikon E400 microscope (Nikon). ImageJ was used to make the
overlay images and to quantitate the fluorescent signal.

2.10. Statistical analyses

The graphs and statistical analyses were performed using GraphPad
Prism (version 10.0.0, GraphPad Prism, La Jolla, CA, USA). Comparisons
between two groups were performed using the unpaired students’ t-test
and multiple comparisons between multiple groups were performed
using one-way analysis of variance (ANOVA) with a Bonferroni post hoc
test. The differences were considered significant when *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001, respectively.
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3. Results

3.1. ETAR expression is upregulated in cirrhotic human livers, fibrotic
mouse livers, and TGFf-activated hepatic stellate cells

We first examined the expression of endothelin-1 (ET-1; EDNI),
endothelin A receptor (ETAR; EDNRA), and collagen-], a fibrotic marker,
in human cirrhotic livers using the publicly available human dataset
GSE14323. Transcriptomic data analysis revealed a significant increase
in the expression levels of ET-1 (p < 0.001) and ETAR (p < 0.01) in
cirrhotic livers compared to healthy controls, as can be seen in Fig. 1A.
In addition, a significant positive correlation (p < 0.0001) has been
found between the expression of ET-1 and ETAR with collagen-I, a
fibrosis marker (Fig. 1A). These results indicate that ET-1 and ETAR are
upregulated in the liver of cirrhosis patients and that the expression of
ET-1 and ETAR correlates with fibrosis progression.
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Next, we examined the expression level of ET-1, ETAR, and different
fibrosis-related genes in normal and acute CCls-induced fibrotic mouse
livers and TGFp-activated human HSCs (LX-2 cells). The gene expression
levels of ET-1 (Edn), ETAR (Ednra), collagen type I al (Collal), smooth
muscle actin alpha 2 (Acta2), desmin (Des), vimentin (Vim), tissue in-
hibitor of metalloproteinases 1 (Timpl), and platelet-derived growth
factor receptor beta (Pdgfrb) were examined in acute CCly mouse livers
versus normal livers and in TGFp-activated LX-2 cells versus control LX-
2 cells. COL1A1, ACTA2, DES, VIM, TIMP1, and PDGFRB are HSCs-
activation markers that are upregulated upon HSCs activation during
fibrosis. The expression of ET-1 and ETAR was significantly upregulated
in mice with acute CCls-induced liver fibrosis and in LX-2 cells (Fig. 1B
and C). Correspondingly, the expression of activated HSC markers was
significantly upregulated in acute CCly-treated livers and in TGFp-acti-
vated LX-2 cells compared to healthy and non-activated controls
respectively (Fig. 1B and C). Additionally, we examined the expression
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Fig. 1. Expression of endothelin-1 and endothelin A receptor in healthy and fibrotic human and mouse livers, and in activated hepatic stellate cells
(HSCs). (A) Endothelin-1, endothelin A receptor, and collagen-I mRNA expression levels from publicly available human microarray dataset (GSE14323). Healthy
livers (n = 19) and cirrhosis livers (n = 41). Correlation was made between mRNA data of endothelin-1 and collagen-1, and endothelin A receptor and collagen-1. (B)
Relative mRNA expression of endothelin-1, endothelin A receptor, collagen type I al (Collal), actin alpha 2 (Acta2), desmin (Des), vimentin (Vim), tissue inhibitor of
metalloproteinase 1 (Timp1), and platelet-derived growth factor receptor beta (Pdgfrb) in CCl4 mouse livers (n = 5) versus healthy livers (n = 5). (C) Relative mRNA
expression of endothelin-1, endothelin A receptor, COL1A1, ACTA2, DES, VIM, TIMP1, and PDGRFB in TGFp-activated HSCs (LX-2 cells) (n = 4) versus unstimulated
cells (n = 4). (D) Expression of endothelin A receptor on CD45liver cells of human and mouse livers at the single cell level using the Liver Cell Atlas. Zoomed inserts
are the single cells categorized as fibroblasts. Orange and red dots indicate enhanced expression. The information about the different clusters is provided in Sup-
plementary Fig. S1. The data of all graphs are represented as mean + SEM. Comparisons with control groups were analyzed using unpaired students’ t-test. The
differences were considered significant for a p-value of *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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of ETAR on (CD457) liver cells of humans and mice at a single cell level
using the Liver Cell Atlas (Fig. 1D, Supplementary Fig. S1) [58]. We
found that ETAR is solely expressed by the HSC/fibroblast population in
humans as well as mice, indicated by the high-expression red/orange
dots (Fig. 1D). Altogether, these results indicate that ET-1 and ETAR are
upregulated in acute CCls-induced liver fibrosis and in TGFf-activated
LX-2 cells and correlate with liver fibrosis and HSC activation. More-
over, ETAR is specifically expressed on HSCs highlighting ETAR antag-
onism as an attractive approach to inhibit HSC activation and to
ameliorate liver fibrosis.

3.2. ERA inhibited TGFf-induced collagen-I and a-SMA expression,
contractility, and migration in human HSCs (LX-2 cells) in vitro

In our study, we used an ETAR antagonist (CH948) derived from PD-
156707, a potent and orally active nonpeptide ETAR-selective antago-
nist initially designed by Parke-Davis [51,52,59]. As mentioned previ-
ously, in CH948 one methoxy group is modified with an amino group
using a PEG-spacer to enable coupling reactions [54]. The chemical
structure of CH948 (ERA) is presented in Fig. 2A. We first investigated
the therapeutic effect of ERA on TGFf-induced HSC activation i.e., on
the protein and gene expression of collagen-I (COL1A1) and a-SMA
(ACTA2). LX-2 cells were activated using 5 ng/mL TGFp and simulta-
neously incubated with 50 nM and 100 nM ERA. TGFp-induced upre-
gulation in COL1A1 (3.6-fold increase, p < 0.0001), ACTA2 (2.4-fold
increase, p < 0.001), and TIMP1 (2.5-fold increase, p < 0.0001) mRNA
expression compared to control LX-2 cells. After treatment with ERA, the
TGFp-induced expression of COL1A1, ACTA2, and TIMP1 was signifi-
cantly inhibited in a concentration-dependent manner (Fig. 2B). More-
over, at the protein level, immunohistochemical staining and western
blot confirmed that ERA dose-dependently attenuated TGFp-induced
collagen-I and a-SMA protein expression in LX-2 cells (Fig. 2C and D).

Activated HSCs, upon TGFp activation, become highly migratory and
contractile cells driving fibrogenesis [4,6]. We examined the effect of
ERA on TGFp-induced HSC contraction and migration using a
3D-collagen matrix contraction assay and a scratch assay, respectively.
We found that TGFp potentiated contraction of HSCs (1.5-fold increase,
p < 0.0001) while ERA (at 100 nM) significantly inhibited TGFp-induced
contraction (1.3-fold decrease, p < 0.01) (Fig. 2E and F). Furthermore,
we observed that ERA dose-dependently hampered TGFf-induced HSC
migration (Fig. 2G and Supplementary Fig. S2). Finally, we analyzed the
effect of increasing concentrations of ERA on cell metabolic activity
(Fig. 2H). TGFp enhances HSC proliferation, explaining the significant
difference in metabolic activity between control and TGFf-activated
HSCs (1.4-fold increase, p < 0.0001). Cell metabolic activity was not
affected upon treatment with ERA, suggesting that ERA has no cytotoxic
effects at 50 and 100 nM concentrations.

These results together indicate the ERA (CH948) inhibits TGFp-
induced HSC activation most likely by antagonizing ETAR, specifically
expressed on HSCs.

3.3. Successful conjugation of ERA to SPIONs

Antagonism of the ETAR pathway using small-molecule ERAs can
result in limited therapeutic effects due to poor pharmacokinetics and
rapid clearance [34]. High or frequent dosing will be required to achieve
desired therapeutic effects, which might result in adverse (off-target)
effects. In this study, we conjugated ERA to SPIONs to improve the
pharmacokinetic profile of ERA and to increase hepatic uptake thereby
eliminating the need for high or frequent dosing, while increasing the
therapeutic efficacy by increasing the effective concentration of ERA in
the liver.

ERA was conjugated to dextran-coated PEG-COOH functionalized
SPIONSs via COOH groups using carbodiimide chemistry, as illustrated in
Fig. 3A. The successful conjugation of the ERA to SPIONs was confirmed
by HPLC, FTIR spectroscopy, and MALDI-TOF mass spectrometry.
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Physicochemical properties (size and zeta potential) of ERA-SPIONs and
SPIONs were determined using DLS, and the magnetic properties of
ERA-SPIONSs versus SPIONs were examined by VSM.

HPLC analysis of starting concentrations of ERA and unreacted ERA
in the wash solutions collected during purification while conjugating
ERA to SPIONs revealed a conjugation efficacy of approx. 94 %
(Table 2). FTIR spectra were analyzed for specific ERA signals by
comparing the ERA-SPIONs spectrum with the spectra of unmodified
SPIONs and glycine-SPIONs (Supplementary Fig. S3). Although all
spectra were dominated by dextran and PEG coating contributions,
distinct peaks were visible between 1900 cm ™! and 2200 cm™! of ERA-
SPIONSs (region indicated with a box) which could be attributed to the
y-hydroxy-butenolide core of CH948 [66]. Furthermore, MALDI spectra
were obtained for SPIONs with and without ERA conjugation. Based on
the molecular weight of the individual peaks of the spectrum, the
identity of conjugated molecules could be confirmed. As shown in
Fig. 3B, ERA-SPIONSs revealed peaks in the spectra 500-900 m/z i.e.,
peaks at 650 and 666/667 m/z that correspond to the fragments of
CH948, of which the chemical structures are depicted in Supplementary
Fig. S4. Collectively, HPLC, FTIR, and MALDI-TOF measurements sug-
gest the successful conjugation of ERA (CH948) to the SPIONs.

Next, we performed DLS measurements of (unmodified) SPIONs and
ERA-SPIONs, which revealed an increase in the hydrodynamic size of
SPIONS after ERA conjugation (approx. 9 nm in MilliQ water and 35 nm
in PBS) and a change in the zeta-potential (from —0.42 to —6.49 mV).
We compared the DLS measurements of ERA-SPIONs with glycine-
SPIONs which showed an increase in the hydrodynamic size of
approx. 4 nm in MilliQ water and 24 nm in PBS, while no major change
in the zeta-potential (—6.49 to —6.86 mV) was observed (Fig. 3C and
Table 1). Both glycine-SPIONs and ERA-SPIONs showed a low-to-
acceptable polydispersity index (PdI) (though higher than SPIONs)
suggest relatively monodisperse particles. These results showing the
increase in the hydrodynamic size and decrease in the zeta potential
compared to SPIONs further confirm the conjugation of ERA (and/
glycine) to SPIONs. Glycine-SPIONs were used as a control to confirm
the DLS results of ERA-SPIONSs versus (unmodified) SPIONs. Addition-
ally, the monodispersity, core size, and morphology of the ERA-SPIONs
were visualized using transmission electron microscopy (TEM) and
scanning (transmission) electron microscopy [S(t)EM] (Fig. 3D and
Supplementary Figs. S5A and B). We performed compositional analysis
and elemental mapping of SPIONs and ERA-SPIONs using Energy
Dispersive X-ray spectroscopy (EDX). STEM-EDX maps confirm the
presence and homogenous distribution of iron and oxygen (iron oxide
core) in the particles (Fig. 3E and Supplementary Fig. S5C).

We also evaluated the stability of the ERA-SPIONSs by re-measuring
the hydrodynamic size and zeta potential of the ERA-SPIONs after 4
months of storage at 4 °C. We observed an increase in the hydrodynamic
size (approx. 31 nm in MilliQ and 61 nm in PBS with a low-to-acceptable
PdI) indicating a low degree of aggregation of the ERA-SPIONs after 4
months of storage, while no significant change in the zeta potential was
found (Supplementary Table 3) suggesting that the ERA-SPIONs are
relatively stable after 4 months of storage at 4 °C.

Additionally, we evaluated the stability of the nanoparticles by
measuring the hydrodynamic size of SPIONs and ERA-SPIONs in
different physiological media with and without FBS at 37 °C (Supple-
mentary Table 4). The results showed higher PdI in the FBS-containing
media due to the presence of additional peaks in these samples. This
most likely is caused by the particles present in the FBS as can be also
seen in the DLS measurements in the only medium controls. These data
suggest that SPIONs and ERA-SPIONs are stable in different physiolog-
ical media during physiological temperatures.

Besides estimating the ERA concentration, we also determined the
iron concentration of the SPIONs in ERA-SPIONs using calorimetric
Prussian blue assay (Supplementary Fig. S6A). Using the standard curve
prepared from the known concentrations of iron, we found that the
concentration of ERA-SPIONSs after conjugation was 1.75 + 0.05 mg/
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Fig. 2. Effect of different concentrations of ERA on TGFf-induced collagen-I and a-SMA expression, contractility, and migration in human HSCs versus
control (unstimulated) cells. (A) Chemical structure of ERA (CH948). (B) Relative mRNA expression (normalized to GAPDH) of COL1A1, ACTA2, and TIMPI
(relative to TGFp). (C) Representative images (scalebar = 100 pm) and zoom-ins (scalebar = 200 pm) showing immunohistochemical staining of collagen-I and
a-SMA. (D) Western blot depicting bands for collagen-I, a-SMA, and -actin and relative quantified protein expression (relative to TGFp) of collagen-I and a-SMA
(normalized by p-actin) obtained by western blot. (E) Representative images of 3D-collagen contraction assay (after 72 h) with the diameters of collagen gels (in cm).
(F) Quantitative analysis of 3D-collagen contraction assay expressed in percentages (relative to TGFf). (G) Quantitative analysis (after 24 h) of wound healing assay
(relative to TGFp). Representative images are provided in Supplementary Fig. S2. (H) Metabolic activity (relative to TGFp). The data are represented as mean + SEM.
All experiments were conducted at least three times to be able to make statistical comparisons. Multiple comparisons between different groups were performed by
one-way analysis of variance (ANOVA) with a Bonferroni post hoc test. The differences were considered significant for a p-value of *p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001.

mL. The lower iron concentration in ERA-SPIONs (about 27 %) than the
starting SPIONs concentration is attributed to the loss of SPIONs during
several purification steps in the conjugation reactions. No Prussian blue/
iron was detected in ERA alone.

The magnetic properties of the ERA-SPIONs versus SPIONs were
analyzed using VSM at room temperature. The magnetization (M — H)
curves denoted by magnetization (M) versus magnetic field (H) of ERA-
SPIONs and SPIONSs affirm the superparamagnetic properties of ERA-
SPIONs and SPIONs (Supplementary Fig. S6B). The saturation magne-
tization (Ms) of ERA-SPIONs was measured as 62 emu/g iron which is
slightly lower than unmodified SPIONs (66 emu/g iron). The lower Ms
values of ERA-SPIONs can be ascribed to the size and surface modifi-
cation of SPIONs with non-magnetic ERA.

Lastly, we determined the relaxivity constants (r; and rp) of both
SPIONs and ERA-SPIONSs in the 0.5 T MRI system and the 9.4 T MRI
system (Supplementary Fig. S6C), since relaxivity measurements are
strongly field dependent [67]. At 0.5 T, the longitudinal (26.08 vs 26.18
L/mmol-s) and transverse (193.1 vs 191.4 L/mmol-s) relaxation con-
stants were comparable between SPIONs and ERA-SPIONs. At 9.4 T, the
longitudinal (0.6988 vs 0.5559 L/mmol-s) and transverse (153.6 vs
122.8 L/mmol-s) relaxivities were higher for SPIONs compared to
ERA-SPIONSs. These results indicate that both SPIONs and ERA-SPIONs
are MRI-detectable, at different magnetic field strengths, especially
using T2* mapping.

Altogether, these results suggest the successful synthesis of ERA-
SPIONs with favorable size, charge, and magnetic properties.

3.4. ERA-SPIONSs inhibited TGFp-induced HSCs activation in vitro

For the in vitro studies, 100 nM concentration of ERA and ERA-
SPIONs (equivalent concentration of ERA based on ERA-conjugation
efficiency) was used as ERA (100 nM showed the most significant ef-
fects in inhibiting HSC activation (Fig. 2).

We first investigated the binding ability of ERA-SPIONs to HSCs
using Prussian blue staining. ERA-SPIONs showed a weak binding to
non-activated HSCs and strong binding to TGFf-activated HSCs while
SPIONSs alone did not bind to non-activated HSCs, however had a weak
binding to activated HSCs (Supplementary Fig. S7). These data suggest
that ERA-SPIONS interact with HSCs via TGFf-induced ETAR, indicating
that the conjugation of ERA to SPIONs retained its receptor binding
activity.

After confirming the binding of ERA-SPIONSs to activated HSCs, we
focused on the pharmacological effects of ERA-SPIONs versus ERA and
SPIONS. First, we examined the effects of ERA-SPIONs on the protein
expression of collagen-I and a-SMA on TGFp-activated LX-2 cells using
immunohistochemical staining and western blots. We observed that ERA
and ERA-SPIONSs significantly inhibited TGFf-induced collagen-I (2.3-
fold decrease, p < 0.01 and 4.3-fold decrease, p < 0.001 respectively)
and a-SMA (1.7-fold decrease, p < 0.05 and 2.5-fold decrease, p < 0.01
respectively) protein expression (Fig. 4A-C). Thereafter, we investigated
the effects of ERA-SPIONSs on gene expression of major HSC-activation
markers i.e., COL1A1, ACTA2, and TIMPI1. Treatment with ERA and
ERA-SPIONs strongly reduced the expression of COLIAI (1.7-fold
decrease, p < 0.05 and 3.2-fold decrease, p < 0.001 respectively),
ACTA2 (1.9-fold decrease, p < 0.05 and 3.4-fold decrease, p < 0.001
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respectively), and TIMP1 (1.6-fold decrease, p < 0.05 and 1.9-fold
decrease, p < 0.01 respectively) (Fig. 4D).

Next, we investigated the effect of ERA-SPIONs on functional assays
i.e., TGFp-induced HSC migration and contraction. We found that ERA
and ERA-SPIONS significantly decreased TGFp-induced HSC migration
(1.5-fold decrease, p < 0.05 and 2.0-fold decrease, p < 0.01 respec-
tively) (Fig. 4E and Supplementary Fig. S8). Furthermore, we observed
that the TGFp-induced HSC contractility was significantly inhibited by
ERA and ERA-SPIONSs (1.4-fold decrease, p < 0.05 and 1.5-fold decrease,
p < 0.01 respectively) (Fig. 4F and Supplementary Fig. S9). ERA-SPIONs
showed higher therapeutic efficacy compared to ERA while SPION
treatment did not affect TGFf-induced HSC activation parameters. These
results together indicate that the conjugation of ERA to SPIONSs retained
its pharmacological activity.

Finally, we also analyzed the effect of ERA, ERA-SPIONs, and SPIONs
on the metabolic activity of LX-2 cells. As can be seen in Supplementary
Fig. S9, TGFp increased the metabolic activity of the cells due to
increased LX-2 cell proliferation while ERA, ERA-SPIONs, or SPIONs
evidenced no change in the metabolic activity, indicating that ERA,
ERA-SPIONS, or SPIONs do not induce any cytotoxicity (Supplementary
Fig. S9).

3.5. Increased liver uptake of ERA-SPIONs versus ERA in an acute CCly-
induced liver injury mouse model

To investigate the hepatic uptake of ERA-SPIONs, we performed a
biodistribution study in an acute CCly-induced liver injury/early fibrosis
mouse model. To visualize ERA, SPIONs, and ERA-SPIONs during in vivo
biodistribution, ERA-Cy5.5, SPIONs-Cy5.5, and ERA-SPIONs-Cy5.5
were prepared as per the methods described previously (refer to the
methods section 2.2). The chemical structures of ERA-Cy5.5, ERA-PEG-
NH,, and Cy5.5-NH; used for the preparation of ERA-SPIONs and/or
ERA-SPIONs-Cy5.5 are presented in Supplementary Fig. SI0A. Size and
zeta potential measurements of the SPIONs-Cy5.5 and ERA-SPIONs-
Cy5.5 were performed to confirm the successful conjugation of Cy5.5
or/and ERA to the SPIONs (Table 3 and Supplementary Fig. S10B). DLS
measurements (Table 3) depict an increase in the hydrodynamic size of
SPIONs-Cy5.5 (approx. 15 nm in MilliQ water and 27 nm in PBS) and
ERA-SPIONs-Cy5.5 (approx. 26 nm in PBS) compared to glycine-SPIONs
(Table 1). The change in the zeta potential, compared to the glycine-
SPIONs, was observed for SPIONs-Cy5.5 (from —6.9 to —3.0 mV)
following Cy5.5 conjugation and for ERA-SPIONs-Cy5.5 showed (from
—6.9 to —7.4 mV) after ERA and Cy5.5 conjugation (Supplementary
Fig. S10B and Tables 1 and 2). SPIONs-Cy5.5 and ERA-SPIONs-Cy5.5
showed low-to-acceptable PdI suggesting monodisperse particles.
Additionally, the monodispersity, core size, and morphology of the ERA-
SPIONs were visualized using SEM (Supplementary Fig. S10C).

Finally, we measured the fluorescence intensity of SPIONs-Cy5.5,
ERA-SPIONs-Cy5.5, ERA-Cy5.5, and Cy5.5 (following serial dilutions)
using the NIR imager to confirm the successful conjugation of Cy5.5
(with and without ERA) to the SPIONs, to compare the fluorescence
intensities of SPIONs-Cy5.5, ERA-SPIONs-Cy5.5 and ERA-Cy5.5, and to
ascertain no loss in fluorescence intensity due to quenching (Supple-
mentary Fig. S10D). These results indicate the successful synthesis of
SPIONs-Cy5.5 and ERA-SPIONs-Cy5.5 with comparable fluorescence
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Table 1
The physicochemical properties of SPIONs and ERA-SPIONS.
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Nanoparticles Size by number in MilliQ water (d. Polydispersity index (PdI Size by number in PBS (d.nm  Polydispersity index (PdI ¢ potential in KCl (mV
nm + SD) + SD) + SD) + SD) + SD)

SPIONs 79.9 £0.1 0.187 + 0.013 79.4 £ 0.8 0.210 + 0.006 —0.42 £+ 0.47
ERA-SPIONs 88.6 £ 0.5 0.289 + 0.032 1143+ 1.3 0.392 + 0.004 —6.49 £ 0.07

Glycine- 85.1 £5.4 0.288 +0.013 90.0 + 2.33 0.308 + 0.040 —6.86 + 0.53

SPIONs
Table 2 3.6. MRI-detectable ERA-SPIONSs in an acute CCly-induced liver fibrosis

able

The coupling efficiency of ERA to the SPIONSs.

Sample ERA Percentage of total ERA
(nmol) (%)
ERA concentration (starting) 10.66 100
ERA concentration in washing 0.67 6.24
solution
ERA concentration in ERA-SPIONs 9.99 93.76

intensities of ERA-Cy5.5.

The schematic overview of the biodistribution study is depicted in
Fig. 5A. Briefly, 24 h after CCl4 administration, mice were intravenously
injected with equivalent near-infrared fluorescence units of ERA-Cy5.5,
SPIONs-Cy5.5, or ERA-SPIONs-Cy5.5. Animals were imaged 1, 4, and 24
h after administration of the Cy5.5-conjugates (Fig. 5B and Supple-
mentary Fig. S11). The quantified fluorescent signal of ERA-SPIONSs-
Cy5.5 showed a high fluorescent signal 1 h after administration (880.5
+ 175.7 a. u.) with a slow decrease of the signal at 4 h (724.8 + 97.66 a.
u.) and 24 h (675.0 £+ 144.6 a. u.), which was at all three time points
significantly higher than ERA-Cy5.5 (62.98 + 42.38 a. u.,, p < 0.01;
129.2 +82.97 a.u.,p < 0.01; 16.43 +16.14 a. u., p < 0.05 respectively)
(Fig. 5B and Supplementary Fig. S11). Directly after the last imaging
time point (24 h), the animals were sacrificed and the fluorescent signal
of the liver, kidneys, spleen, lungs, and heart was measured (Fig. 5C and
D and Supplementary Fig. S11). The quantified signal showed a signif-
icantly higher uptake of ERA-SPIONs-Cy5.5 in the liver (4.3-fold, p <
0.001) compared to ERA-Cy5.5 (Fig. 5D and Supplementary Fig. S11).
Additionally, we detected ERA-SPIONs-Cy5.5 uptake in kidneys (983.0
+ 78.8 a. u.) and spleen (332.8 + 56.7 a. u.), however, compared to the
signal of the liver (7666 + 816.2 a. u.), the uptake in other organs was
limited. The fluorescent signal over time as well as in the different or-
gans of SPIONs-Cy5.5 was comparable to ERA-SPIONs-Cy5.5 (Fig. 5B-D
and Supplementary Fig. S11), indicating that conjugation to the SPIONs
facilitated increased hepatic uptake of ERA. Next, we analyzed cell-
specific localization of ERA-SPIONs-Cy5.5 using co-immunostainings
where ERA-SPIONs-Cy5.5 were detected using PEG staining. Results
show the colocalization of ERA-SPIONs with a-SMA (a HSC marker) and
collagen-I (a major ECM protein) (Supplementary Figs. S12 and S13),
indicating selective binding of ERA-SPIONS to fibrotic areas specifically
to (activated) HSCs. These results together suggest that the conjugation
of ERA to SPIONs increases the hepatic uptake of ERA, which colocalizes
to HSC-rich fibrotic areas in vivo.

Additionally, to confirm the ETAR antagonism by ERA-SPIONs, we
analyzed ET-1/ETAR downstream signaling pathway (p-ERK) in the
liver sections by co-immunostainings with p-ERK and a-SMA antibodies
followed by p-ERK staining quantification (Supplementary Fig. S14). We
observed decrease in total p-ERK expression (2.3-2.5-fold decrease) in
the liver sections of ERA-SPIONs-Cy5.5 treated mice compared to the
liver sections of SPIONs-Cy5.5 treated mice and ERA-Cy5.5 treated
mice, indicative of ETAR antagonism by ERA-SPIONs (and not by ERA
and SPIONs) treatment during liver injury.
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mouse model

SPIONs have been proved to accumulate easily in the liver and can be
used as contrast agents in magnetic resonance imaging. To show the
applicability of our engineered ERA-SPIONSs for in vivo liver magnetic
resonance imaging (MRI), a feasibility study in wild type mice was
performed (Fig. 6). Briefly balb/c mice were anesthetized and were
placed in the MRI scanner. SPIONs and ERA-SPIONs were intravenously
administered via catheter and were immediately imaged after admin-
istration as per the methods detailed in the materials and methods sec-
tion (Fig. 6A). Representation of the abdominal region with organ
positioning (lung, gall bladder, and liver) and the imaging slice for T2*
mapping and dynamic scanning is depicted in Fig. 6B. T2*-mapping of
liver tissue showed a reduction in the values after injection of SPIONs
(1.41 £ 0.19 ms vs. 6.24 + 0.73 ms) and ERA-SPIONs (1.31 4+ 0.27 ms
vs. 5.20 + 1.52 ms) (Fig. 6C and D and Supplementary Fig. S15). Signal
intensity loss observed by dynamic imaging (Fig. 6E and Supplementary
Fig. S16), further confirmed liver uptake. These results indicating im-
mediate accumulation of the nanoparticles in the liver thereby con-
firming in vivo MRI detectability. In pursuit of our ultimate goal to
develop a versatile targeted theranostic nanomedicine for multimodal
imaging (optical/photoacoustic/MRI) and therapy (targeted therapeu-
tic) for liver fibrosis, we assessed the MRI to detect the ERA-SPIONs in
liver tissues of a CCly-induced acute liver injury-early liver fibrosis
mouse model. Formalin-fixed liver tissue samples, obtained from the
biodistribution study, were imaged using a portable low-field MRI
scanner system (Fig. 7A). The results demonstrated the qualitative
presence of SPIONs (visible as the low-intensity conglomerations of
pixels observed in three different MRI sequences) resulting in less-bright
(T1w) or dark-appearing (Tow and T, map) areas within the MRI. In
contrast, ERA-treated tissue did not exhibit such dark areas (Fig. 7B).
Quantitative analysis of the T;w, Tow, and To map images indicated that
both ERA-SPIONs and SPIONSs displayed significantly low-MRI signals,
with the intensity range appearing to be saturated due to the presence of
high amounts of SPIONSs in the livers (Fig. 7C). These findings together
clearly demonstrate the MRI detectability of (ERA)-SPIONS in vivo.

3.7. ERA-SPIONs improved acute CCls-induced liver fibrosis in a mouse
model

After confirming higher hepatic and HSCs-specific uptake of ERA-
SPIONSs, and confirming previous in vitro therapeutic findings, we sub-
sequently investigated the therapeutic effects of ERA-SPIONS in vivo in
an acute CCly-induced liver injury-early liver fibrosis mouse model. The
schematic overview of the in vivo study can be visualized in Fig. 8A.
Following CCl4 administration, mice were treated with free ERA or ERA-
SPIONSs. Free SPIONs were not included in our in vivo studies since we
have previously demonstrated that multiple intravenous administra-
tions of SPIONs showed no therapeutic effect in vivo in CCly-treated
mice, in accordance with our in vitro results [45]. Here, we first inves-
tigated the effect of ERA-SPIONs on organ weights normalized to body
weight (Fig. 8B and Supplementary Fig. S17). Acute CCl4 administration
resulted in significantly increased liver weight respective to body weight
(1.3-fold increase, p < 0.0001) (Fig. 8B). CCls mice treated with free
ERA (1.1-fold decrease, p < 0.05) and ERA-SPIONSs (1.3-fold decrease, p
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(normalized to TGFp control). Refer to the representative images provided in Supplementary Fig. S8. (F) Representative images of 3D-collagen contraction assay
(after 72 h) with diameters of collagen gels (in cm). Refer to the quantitative analysis of the 3D-collagen contraction assay provided in Supplementary Fig. S9. The
data are represented as mean + SEM. All experiments were conducted at least three times to be able to make statistical comparisons. Multiple comparisons between
different groups were performed by one-way analysis of variance (ANOVA) with a Bonferroni post hoc test. The differences were considered significant for a p-value
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Table 3

The physicochemical properties of SPIONs-Cy5.5 and ERA-SPIONs-Cy5.5

Bioactive Materials 39 (2024) 406426

Nanoparticles

Size by number in MilliQ water (d.

Polydispersity index (PdI

Size by number in PBS (d.nm

Polydispersity index (PdI

¢ potential in KCl (mV

nm + SD) + SD) + SD) + SD) + SD)
SPIONs-Cy5.5 100.0 + 0.8 0.285 + 0.026 117.0 £ 1.1 0.306 + 0.045 ~3.0+1.9
ERA-SPIONs- 84.8 + 2.0 0.208 + 0.009 115.7 + 8.5 0.296 + 0.041 ~7.4+15
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Fig. 5. Biodistribution of ERA-Cy5.5, ERA-SPIONs-Cy5.5, and SPIONs-Cy5.5 in CCls-induced acute liver injury mouse model. (A) Schematic of the regimen of
biodistribution study. Refer to the data provided in Supplementary Fig. S10 and Table 3 showing the successful synthesis of SPIONs-Cy5.5, and ERA-SPIONs-Cy5.5.
(B) Representative images of fluorescent signals after 1, 4, and 24 h of administration. Refer to the complete set of images provided in Supplementary Fig. S11. (C)
Representative images of fluorescent signals in the liver, kidneys, spleen, lungs, and heart. (D) Quantified fluorescent signals in different organs. Refer to the
complete set of images and quantitative image analysis provided in Supplementary Fig. S11. The data are represented as mean + SEM. Multiple comparisons between

different groups (n = 5 per group) were performed by one-way analysis of varian
significant for a p-value of **p < 0.01, ***p < 0.001, ****p < 0.0001.

< 0.0001) showed a significant decrease in normalized liver weight
when compared to CCl4 mice. Furthermore, we examined liver function
by measuring alanine aminotransferase (ALT) levels in the plasma
samples. Acute CCl4 administration resulted in significantly increased
plasma ALT levels (3.7-fold increase, p < 0.001) and ERA-SPIONs
showed a significant decrease in plasma ALT levels (1.8-fold decrease,
p < 0.05) compared to CCly; mice, which was not observed in free
ERA-treated CCl4 mice (Fig. 8C). Additionally, a single CCl4 injection in
mice led to a significant increase in collagen-I (2.7-fold increase, p <
0.0001) and a-SMA (5.6-fold increase, p < 0.01) protein expression
compared to healthy mice (Fig. 8D and E). ERA-SPIONSs significantly
decreased collagen-I (1.6-fold decrease, p < 0.001) and a-SMA expres-
sion (3.3-fold decrease, p < 0.05) compared to CCl4 mice and 1.5-fold
and 1.8-fold decrease respectively compared to ERA-treated CCl4 mice
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ce (ANOVA) with a Bonferroni post hoc test. The differences were considered

(Fig. 8D and E). Finally, we investigated the effects of ERA-SPIONs on
gene expression of major fibrotic parameters and HSC activation
markers (Collal, Acta2, Timpl, and Pdgfrb) in acute CCly-induced liver
fibrosis (Fig. 8F). Acute CCly administration caused upregulation of
mRNA expression of Collal, Acta2, Timp1l, and Pdgfrb. After treatment
with ERA-SPIONSs, a decreasing trend (modest inhibition) in Collal,
Acta2, Timp1, and Pdgfrb expression was observed (Fig. 8F).

Since ETAR is specifically localized on HSCs (as also depicted in
Fig. 1D), we do not expect any off-target effects of ERA-SPIONs on other
liver cells. To rule out this possibility, we investigated the mRNA
expression of genes Cyp (Cyp450), Alb (albumin), and Ccnd1 (Cyclin D1)
associated with hepatocytes functionality and viability, and Adgrel (F4/
80) associated with the hepatic macrophages (Supplementary Fig. S18).
No significant changes were observed in albumin, Cyp450, and F4/80
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Supplementary Fig. S15. (D) A graph showing the mean and range of the quantified T2* (relaxation time) in ms pre and post administration of the SPIONs and ERA-
SPIONSs. (E) A graph showing % signal intensity versus pre-administration derived from the dynamic scanning analysis showing the accumulation of the SPIONs and
ERA-SPIONSs over time (min). Exemplary corresponding images are provided in Supplementary Fig. S16. The data are represented as mean + SEM. Multiple com-
parisons between different groups (n = 5 per group) were performed by one-way analysis of variance (ANOVA) with a Bonferroni post hoc test. The differences were

considered significant for a p-value of **p < 0.01, ***p < 0.001.
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expression levels suggesting that ERA and/or ERA-SPIONSs have no effect proliferation or hepatocyte damage represses Cyclin D1 as can be seen in
on the hepatocyte functionality and hepatic macrophages. Cyclin D1 is a CCly-mice compared to control healthy mice (1.9-fold decrease, p <
gatekeeper for the cell cycle, and the signaling pathways that trigger 0.01), while ERA-SPIONs showed a modest (non-significant) increase in
hepatocyte proliferation converge upon Cyclin D1. Impaired hepatocyte the Cyclin D1 (1.3-fold increase) indicating improved hepatocyte
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regeneration/proliferation possibly due to HSC deactivation and/or
decreased collagen deposition.

Altogether, these results indicate that ERA-SPIONs improved acute
CCly-induced fibrotic liver injury in mice by inhibiting HSC activation.

4. Discussion

In this study, we present a novel theranostic nanomedicine approach
aimed at improving the diagnosis and treatment of liver fibrosis by
targeting endothelin A receptor antagonist (ETAR antagonist, ERA)
using super-paramagnetic iron-oxide nanoparticles (SPIONs) to livers
and more specifically to HSCs. We first confirmed the overexpression of
endothelin-1 (ET-1) and ETAR in human cirrhotic livers, mouse fibrotic
livers, and TGFp-activated HSCs. Using single-cell Liver Cell Atlas, we
observed that ETAR was specifically expressed on HSCs in both murine
and human livers. Our in vitro studies demonstrated that ETAR antag-
onism using ERA and ERA-SPIONs effectively mitigated the TGF-
induced activation of HSCs, inhibited ECM production, reduced
contractility, and impeded cell migration. Additionally, in an in vivo
CCly-induced acute liver fibrosis mouse model, ERA-SPIONs showed
enhanced liver uptake and HSCs-specific localization resulting in
reduced liver weight, improved liver function, and inhibited HSC acti-
vation and fibrosis (collagen deposition).

Hepatic fibrosis is a progressive pathological condition characterized
by a prolonged wound-healing response, leading to the accumulation of
ECM proteins, ultimately resulting in liver distortion and dysfunction
[1-3]. Among various cell types involved, activated HSCs are the key
pathogenic cells of fibrosis driving ECM production and deposition,
making them a crucial therapeutic target for hepatic fibrosis treatment
[4-8]. During liver injury, elevated levels of ET-1 are observed [20,21,
23-26], primarily activating HSCs via the endothelin pathway through
ETAR [13,20,21,28]. In this study, we confirmed the upregulation of
ET-1 and ETAR in human cirrhotic liver tissue, mouse fibrotic liver tis-
sue, and TGFp-activated HSCs. These results are consistent with the
existing literature, where it has been described that TGFp induces the
expression and production of ET-1 in HSCs [23,27]. ET-1, in turn, pro-
motes the activation of HSCs through ETAR, leading to further upre-
gulation of ET-1 and ETAR expression, and stimulating the synthesis of
ECM [26-29]. These findings support the role of the ET-1/ETAR
pathway in the activation and fibrotic responses of HSCs. Subse-
quently, using the single-cell Liver Cell Atlas database [58], we sub-
stantiated that ETAR expression is specifically localized on the
fibroblast/HSC subset of the liver cells in both humans and mice, making
ETAR a promising therapeutic target for fibrosis.

Through the antagonism of the ET-1/ETAR pathway, it is possible to
mitigate the activation, ECM production, contractility, and migration of
HSCs [13,20]. In this study, we have demonstrated that ERA treatment
dose-dependently attenuated the TGFp-induced collagen-I and a-SMA
expression at both gene and protein levels in HSCs. Furthermore, ERA
dose-dependently ameliorated migration and contractility of
TGFp-activated HSCs. These findings suggest a significant attenuation of
TGFp-induced activation, ECM production, contractility, and migration
upon treatment with ERA. Our results align with existing literature
where, using in vivo models of hepatic fibrosis, it was shown that
endothelin pathway antagonism led to reduced HSC activation and ECM
production, ultimately resulting in reduced fibrosis [13,20,30-32].

The role of endothelin receptor antagonists has been investigated in
the treatment of various diseases, including hypertension, diabetic ne-
phropathy, pulmonary diseases, cardiovascular diseases, diabetes, and
cancer [11-19]. For the treatment of pulmonary arterial hypertension,
the FDA and EMA have approved endothelin antagonists such as
Bosentan, Ambrisentan, and Macitentan [68]. Clinical trials using
Bosentan (NCT00391443, NCT00071461), Ambrisentan
(NCT00768300), and Macitentan (NCT00903331) in patients with
pulmonary fibrosis yielded no significant effects [69-72]. These
non-significant results can be attributed to the challenges associated
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with study design, patient selection, drug toxicity, and dosing, sug-
gesting that successful trials utilizing endothelin receptor antagonists
can be achieved with improved approaches [73]. Furthermore, the
clinical potential of most endothelin antagonists is hindered due to the
need for high/frequent dosing for therapeutic efficacy, resulting in a
high incidence of side effects [74]. Most probably, it is due to the small
size of these antagonists which often results in a short half-life (poor
pharmacokinetics) and rapid clearance. In our study, we conjugated
ERA to SPIONs to improve pharmacokinetics and enhance hepatic up-
take, thus enabling reduced frequency of high dosing, minimizing sys-
temic side effects, and maximizing therapeutic efficacy.

To enhance the pharmacokinetics of small molecules, various types
of nanocarriers have been developed [35-37]. These nanocarriers can be
used as carriers for the delivery of drugs to the liver for the treatment of
liver fibrosis and/or for the delivery of contrast agents for the diag-
nosis/staging of liver fibrosis. The criteria for selecting the nanocarrier
in this study included a spherical shape, a size range between 10 and
150 nm, a negative surface charge, and surface modification including
PEG-coating and ERA-conjugation [75]. Compared to other nano-
carriers, SPIONs fulfill all the desired criteria, are FDA-approved, and
offer several advantages, including small size, dextran-PEG coating,
large surface area, ease of ligand/drug conjugation, and detectability
through MRI [38-41]. SPIONs can be used both for therapy and diag-
nosis (theranostic) of liver fibrosis [76]. It has to be noted that the size
and surface properties of SPIONs can influence the liver and cellular
uptake, cytotoxicity, distribution, and clearance of SPIONs [77].
Notably, SPIONs are shown to be not toxic to the liver cells and do not
affect the liver function in different animal models [78]. In this study,
we used SPIONSs for conjugating ERA which were used in our previous
studies [42-45].

It is important to consider that the conjugation of nanoparticles can
potentially diminish the activity of the antagonist due to the blocking of
the interaction site or steric hindrance. To address this concern, Holtke
et al. successfully modified PD-156707, a selective endothelin A recep-
tor antagonist [51,52], by incorporating a PEG-spacer containing an
amino moiety (CH948; ERA). This specific alteration allows for the
conjugation of ERA with other molecules while preserving its biological
activity [54]. Our in vitro studies confirmed that ERA-SPIONs retained
their biological activity, as evidenced by their binding capacity to acti-
vated HSCs, and inhibition of HSC activation, proliferation, migration,
and ECM production. Interestingly, ERA-SPIONs showed superior
inhibitory effects compared to free ERA. This may possibly be attributed
to the PEG-spacer of ERA that might decrease the affinity to ERA, while
multivalent interaction, facilitated by conjugation to the SPIONS,
counterbalances the affinity loss by increased avidity that immensely
increases the interaction between antagonist and receptor [79].

In our study, we examined the hepatic uptake of free ERA, a small
molecule with limited hepatic uptake, and investigated whether conju-
gation to SPIONs could enhance its hepatic uptake. To assess this, we
performed a biodistribution study in an acute CCls-induced liver fibrosis
mouse model using Cy5.5-conjugated ERA and ERA-SPIONSs. The results
demonstrated that ERA-SPIONSs exhibited higher liver uptake compared
to free ERA. This is in accordance with our previous studies [42,45] and
with the literature, where Keselman et al. showed that SPIONs were
cleared out of the blood within hours, however, enhanced SPION ac-
tivity in the liver was observed for multiple days [80]. The increased
hepatic uptake of ERA is most likely due to the passive liver uptake of
SPIONs owing to the physicochemical properties of the nanoparticles,
due to the rich vasculature and unique metabolic capacity of the liver [8,
81-83]. This enhanced liver uptake of ERA-SPIONs suggests the po-
tential of utilizing SPIONSs as a strategy to improve the liver delivery of
ERA for therapeutic applications. Additionally, ERA-SPIONs were
co-localized with the HSCs within the liver, suggesting HSCs-selective
binding of ERA-SPIONs and HSCs-selective ETAR antagonism. Subse-
quently, we assessed the anti-fibrotic effects of ERA and ERA-SPIONs in
an acute CCly-induced liver fibrosis mouse model. Upon administration
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of ERA-SPIONS, a significant reduction in liver weight, improvement in
liver function tests (ALT levels), and collagen-I (and a-SMA expression)
were observed, indicating significant anti-fibrotic activity. Conversely,
the administration of ERA alone, although showing a decreasing trend,
did not lead to a significant decrease in these fibrotic markers. These
findings collectively suggest that conjugation of ERA to SPIONs en-
hances the half-life, avidity, and liver accumulation of ERA and
HSC-specific localization of SPIONs. Consequently, this improvement
contributes to an enhanced therapeutic efficacy of ERA-SPIONSs in vivo.
These results strongly support the notion that the conjugation of ERA to
SPIONS serves as a promising strategy to optimize the therapeutic out-
comes of ERA in the treatment of fibrosis.

The utilization of SPIONs as carriers for ERA allows for the dual
functionality i.e., targeted therapy and MRI-based imaging. The in vivo
and ex vivo MRI results showed that the presence of ERA-SPIONSs in the
liver tissues resulted in low-intensity signals in MRI images and reduced
T2 and T2* values, indicating the successful detection of the nano-
particles in the affected tissues. We have previously emphasized on the
utility of SPIONs as a diagnostic tool via MRI detection and demon-
strated the diagnostic properties of SPIONs in a CCls-induced liver
cirrhosis mouse model [45]. By exploring the imaging capabilities of
MRI in detecting ERA-SPIONS in liver tissues, our study contributes to
the development of an advanced theranostic nanomedicine platform for
liver fibrosis. This may pave the way for future studies investigating the
full potential of multimodal imaging and targeted therapeutic ap-
proaches in liver fibrosis management and other fibrotic diseases.

When considering SPIONs for clinical application, it is important to
understand the fate of these particles in the body. Previously, Ashraf
et al. [84] studied the in vivo fate of free and encapsulated (in capsules)
SPIONs and found that both free and encapsulated SPIONs were
enriched in the liver and were not completely eliminated 2 weeks
post-injection suggesting longer circulation and liver retention of
SPIONs [84]. Kolosnjaj-Tabi et al. analyzed the long-term (one-year)
fate of iron oxide-coated gold nanoparticles in mice, and demonstrated a
progressive decrease in quantities of magnetic iron oxide over time
(faster for PEG-coated compared to polymer-coated), which is attributed
to the dissolution rather than excretion of intact particles [85]. One
hypothesis proposed is the local transfer of released iron to proximal
ferritin proteins, as suggested by TEM observations. We expect that
ERA-SPIONSs enriched in the liver will be gradually degraded in the liver,
releasing different nanoparticle components over time which will be
transferred to proximal proteins and removed via excretion mecha-
nisms. However, more studies are needed in this direction.

To the best of our knowledge, this study represents the first inves-
tigation of the therapeutic effects of nanoparticle-mediated endothelin
antagonism in hepatic fibrosis, addressing the challenge of side effects
associated with traditional approaches. However, it is important to
acknowledge that the in vivo model utilized in our study represents
early-stage liver fibrosis and may not fully replicate the complexity of
the clinical situation. Nonetheless, our findings strongly support the
potential therapeutic application of ERA-SPIONs as a promising
approach for targeting liver fibrosis. Future studies are needed, so we
can advance the development and optimization of ERA-SPIONs as a
potential therapeutic strategy for various fibrotic conditions.

5. Conclusion

Our study provides compelling evidence supporting the potential of
utilizing SPIONs for the delivery of ERA as a promising therapeutic
strategy for liver fibrosis. Our findings demonstrate that this approach
enhances the therapeutic efficacy of ERA both in in vitro and in vivo
settings. Moreover, the utilization of SPIONs allows for MRI-based
diagnosis, enabling a personalized theranostic approach that combines
therapy and diagnosis for tailored disease management. Altogether, this
study presents a novel approach for the delivery of ERA for an effective
treatment of liver fibrosis.
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