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Multicompartment Polyion Complex Micelles Based on
Triblock Polypept(o)ides Mediate Efficient siRNA Delivery to
Cancer-Associated Fibroblasts for Antistromal Therapy of
Hepatocellular Carcinoma

Paul Schneider, Heyang Zhang,* Leon Simic, Zhuqing Dai, Barbara Schrörs,
Özlem Akilli-Öztürk, Jian Lin, Feyza Durak, Jenny Schunke, Vanessa Bolduan,
Bram Bogaert, David Schwiertz, Gabriela Schäfer, Matthias Bros, Stephan Grabbe,
Jörn Markus Schattenberg, Koen Raemdonck, Kaloian Koynov, Mustafa Diken,
Leonard Kaps,* and Matthias Barz*

Hepatocellular carcinoma (HCC) is the most frequent type of primary liver can-
cer and the third leading cause for cancer-related death worldwide. The tumor
is difficult-to-treat due to its inherent resistance to chemotherapy. Antistromal
therapy is a novel therapeutic approach, targeting cancer-associated fibroblasts
(CAF) in the tumor microenvironment. CAF-derived microfibrillar-associated
protein 5 (MFAP-5) is identified as a novel target for antistromal therapy
of HCC with high translational relevance. Biocompatible polypept(o)ide-based
polyion complex micelles (PICMs) constructed with a triblock copolymer
composed of a cationic poly(l-lysine) complexing anti-MFAP-5 siRNA
(siMFAP-5) via electrostatic interaction, a poly(𝜸-benzyl-l-glutamate) block
loading cationic amphiphilic drug desloratatine (DES) via 𝝅–𝝅 interaction
as endosomal escape enhancer and polysarcosine poly(N-methylglycine) for
introducing stealth properties, are generated for siRNA delivery. Intravenous
injection of siMFAP-5/DES PICMs significantly reduces the hepatic tumor
burden in a syngeneic implantation model of HCC, with a superior MFAP-5
knockdown effect over siMFAP-5 PICMs or lipid nanoparticles. Transcriptome
and histological analysis reveal that MFAP-5 knockdown inhibited CAF-related
tumor vascularization, suggesting the anti-angiogenic effect of RNA
interference therapy. In conclusion, multicompartment PICMs combining
siMFAP-5 and DES in a single polypept(o)ide micelle induce a specific
knockdown of MFAP-5 and demonstrate a potent antitumor efficacy (80%
reduced tumor burden vs untreated control) in a clinically relevant HCC model.
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1. Introduction

Hepatocellular carcinoma (HCC) is the
most frequent type of primary liver cancer
and is the third leading cause of cancer-
related deaths in the world. Only in Eu-
rope, HCC accounts for more than 745 000
deaths annually. Liver cirrhosis caused by
chronic liver inflammation (e.g., due to
chronic viral hepatitis or steatotic liver dis-
ease) is the strongest risk factor for this
type of cancer and such patients have a
yearly risk of ≈6% to develop HCC.[1–3] Con-
ventional chemotherapy is futile and for a
long time sorafenib, a tyrosine-kinase in-
hibitor (TKI), was the only approved drug
for HCC patients in an advanced stage.
Nowadays, combinatorial biologic therapies
(e.g., Atezolizumab (anti-PD-L1) with Beva-
cizumab (anti-VEGF)) and novel TKI im-
proved the therapeutic situation,[4,5] but sur-
vival prognosis remain modest and novel
drugs are urgently needed. Novel therapeu-
tic strategies take advantage of a deeper
understanding of the mutational landscape
of HCC, which has been gained in the
recent decade. In this process, the tu-
mor microenvironment (TME) has gained

P. Schneider, L. Simic, J. Schunke, V. Bolduan, D. Schwiertz, G. Schäfer,
M. Bros, S. Grabbe, L. Kaps, M. Barz
Department of Dermatology
University Medical Center of the Johannes Gutenberg-University
55128 Mainz, Germany
E-mail: leonard.kaps@uks.eu; m.barz@lacdr.leidenuniv.nl

Adv. Mater. 2024, 36, 2404784 2404784 (1 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

http://www.advmat.de
https://doi.org/10.1002/adma.202404784
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:leonard.kaps@uks.eu
mailto:m.barz@lacdr.leidenuniv.nl
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202404784&domain=pdf&date_stamp=2024-07-03


www.advancedsciencenews.com www.advmat.de

the attention of oncologists.[6,7] HCC modulates adjacent im-
mune cells, stromal cells, blood vessels, and extracellular ma-
trix to form an immunosuppressive TME.[8] Cancer-associated
fibroblasts (CAF) are the predominant cell type in the stromal
compartment of the TME. They play critical roles in HCC pro-
gression, such as guiding tumor cells for invasion and migra-
tion or modulating the extracellular matrix, thereby facilitating
new vessels, and suppressing antitumor immunity.[9] Due to
the manifold tumor-promoting roles, CAF have emerged as an
interesting target for antistromal therapies.[10–12] Microfibrillar-
associated protein 5 (MFAP-5) is an interesting CAF-specific tar-
get in solid tumors. It is a key component of elastic microfibers
in the extracellular matrix, promoting neoangiogenesis due to the
regulation of endothelial cell (EC) behaviors.[13–15] This is vital for
solid tumors as they rely on new established vascular beds to sat-
isfy their increasing metabolic demand of nutrients and oxygen
to facilitate progressive growth and metastasis.[16] In addition,
it was reported that CAF-derived MFAP-5 can directly interact
with carcinoma cells to drive tumor invasion and migration.[14,17]

Therefore, CAF-derived MFAP-5 is a promising target for hyper-
vascularized solid tumors like HCC.[18]

Small interfering RNA (siRNA) has demonstrated an enor-
mous therapeutic potential by suppressing disease-associated
protein production via RNA interference (RNAi) for a wide vari-
ety of diseases.[19] However, some obstacles including poor phar-
macokinetics, rapid excretion of siRNA via the urinary tract, and
fast degradation by RNases in the body limit its application.[20] To
overcome these limitations, extensive research has been devoted
to the development of nano-formulations (e.g., lipid nanoparti-
cles (LNPs), polymers) or conjugates (e.g., N-acetylgalactosamine
(GalNAc)-conjugates) to achieve efficient gene knockdown.[21–23]

Nevertheless, entrapment of nano-formulations in the endo-
somal compartments after cell uptake remains a hurdle in
siRNA delivery. Several strategies have been explored to en-
hance the endosomal escape via endosomal membrane fusion or
disruption.[24,25] Cationic amphiphilic drugs (CADs), such as nor-
triptyline, lofepramine, and ebastine, have been previously used
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to boost endosomal escape via transient induction of lysosomal
membrane permeabilization.[26–28]

In our previous work, polypept(o)ide-based ABC-triblock
copolymers with different combinations of blocks have been
demonstrated to form biocompatible polyion complex micelles
(PICMs) for siRNA delivery.[29] Polypept(o)ides, polypeptoid-
block-polypeptide copolymers, are synthetic polymers, which are
based on endogenous amino acids and combine the diversity
of polypeptides with the stealth properties of the polypeptoid
polysarcosine (pSar) in a block copolymer.[30,31] They are syntheti-
cally accessible by sequential nucleophilic ring-opening polymer-
ization (ROP) of N-carboxyanhydrides (NCAs), which enables
control over block sequence, block length as well as a side chain
and end group functionality.[30,32–35] It is worth noting that, as a
most promising PEG alternative, pSar provides comparable so-
lution properties and stealth capability, but displays improved
immunogenicity in rodents reducing accelerated blood clear-
ance, cytokine release, and complement activation.[36–45] How-
ever, these PICMs achieve limited RNAi efficiency, which is likely
due to insufficient endosomal escape.[29,46] This limitation may
be abolished by the incorporation of CADs within the PICMs.
But exactly such an application of CADs to foster enhanced en-
dosomal escape in vivo was limited to LNPs (moderately im-
proved protein expression levels) or required separate adminis-
tration of CAD and nucleic acid delivery systems until now.[26]

Multicompartment PICMs, which are able to encapsulate, and
co-deliver siRNA and CADs at adjustable ratios have not been re-
ported yet. Although the combination of stability and cargo pro-
tection within PICM in the blood stream as well combined with
enhanced endosomal escape properties seems most promising
for targeted nucleic acid delivery. In addition, such an approach
reduces CAD-related systemic toxicity and allow for higher drug
dosing.

In this study we introduce such systems by designing ABC-
triblock polypept(o)ides namely polysarcosine-b-poly(𝛾-benzyl-
l-glutamate)-b-poly(l-lysine) (pSar-b-pGlu(OBn)-b-pLys) copoly-
mer, which combine a pLys block for siRNA complexation, a
pGlu(OBn) block for stabilization as well as drug encapsulation
by 𝜋–𝜋 interactions and a shielding pSar block for providing
stealth-like properties. We use these polymers to prepare siRNA-
based PICMs by dual centrifugation (DC) and evaluate the ther-
apeutic efficiency of this novel nucleic acid delivery system in a
clinically relevant HCC mouse model by targeting MFAP-5 with
RNAi (Figure 1).[47]

2. Results and Discussion

2.1. From the pSar-b-pGlu(OBn)-b-pLys ABC-Triblock Copolymer
Synthesis to siRNA PICMs

Polypept(o)ides are synthetically accessible by nucleophilic ring-
opening polymerization (ROP) of N-carboxyanhydrides (NCAs),
allowing for precise control over block length, sequence, and end
group integrity under optimized conditions.[30,32,34,35,48] Herein,
a simple aliphatic amine, neopentylamine, was utilized as an
initiator for sequential polymerization of Sar-, Glu(OBn)- and
Lys(Boc)-NCA, respectively. The successful chain extension upon
sequential monomer addition is visualized in Gel Permeation
Chromatography (GPC, in HFIP) elugrams by shifts of the peak
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Figure 1. Schematic overview of the study – identification of MFAP-5 as a novel target in hepatocellular carcinoma (HCC) and a novel delivery system,
namely PICMs for co-encapsulation of cationic amphiphilic drug desloratatine (DES) and siRNA, for the in vivo knockdown of MFAP-5 as antistromal
therapy in HCC.

maximum toward lower elution volumes (Figure 2B), which in-
dicates an increase in the hydrodynamic volume corresponding
to an increase in molecular weight. Further, steady Poisson-like
molecular weight distributions confirm controlled polymeriza-
tion and the absenced of side reactions. The slight peak broad-
ening in the final triblock copolymers is, in all probability, at-
tributed to the presence of secondary structures in the peptide
segments, which is known to determine hydrodynamic volume
and solution properties.[49] Indeed, the observed shifts in elu-
tion volume due to chain ectension are rather small, which is
attributed to the minor chain length of pGlu(OBn) and pLys(Boc)
in comparison to the first block of pSar. The structural integrity of
the ABC-triblock copolymers was demonstrated by 1H diffusion-
ordered spectroscopy (DOSY) NMR, assigning all proton species
of the different blocks to a single diffusing species (Figure 2C).
The chain length of different blocks was determined by end-
group analysis in 1H NMR (Figure S1A, Supporting Informa-
tion). Normalized on the integral of distinct initiator end group
signal at 0.84 ppm, the chain length of pGlu(OBn) was deter-
mined by the integrals of the benzyl signal at 4.92–5.07 ppm
and 7.36–7.19 ppm (Xn,pGlu = 12). Chain length of pLys(Boc) was
determined by the integral of Lys-N𝜖HCO-signal at 6.66 ppm
(Xn,pLys = 8) and pSar length by integrals of CH2- and CH3-
related signals (2.72–2.96 ppm and 3.89–4.38 ppm; Xn,pSar = 190),
subtracting underlying values of previous analyzed blocks. Fur-
ther, the chain length of pSar as the first block was verified
by HFIP GPC and external calibration with pSar standards.[50]

Subsequently, the Boc-protective groups on the pLys segment
were removed by TFA/H2O (v/v 1:1), as displayed in Figure 2A,
yielding free primary amine groups that can complex anionic
nucleic acids (e.g., siRNA) by electrostatic interaction upon
protonation.[51] The deprotection was confirmed by 1H NMR
(Figure S1B, Supporting Information), displaying complete loss
of the Boc-signal at 1.35 ppm and N𝜖HCO-signal at 6.66 ppm as
well as gain of a broad amine signal. Resistance of the polymeric
backbone against deprotection conditions is ensured by HFIP
GPC (Figure S1C, Supporting Information). The observed minor
alteration in the elugram derives from interactions of liberated
amine functional groups with the column material. Moreover,
we synthesized a similar ABC-triblock copolymer with an inverse
synthetic route, demonstrating the versatility of the chemical

approach to design such type of material (Figure S2A, Supporting
Information). NMR analysis confirmed the polymeric structure
and chain lengths of (Neo)pLys12-b-pGlu(OBn)17-b-pSar239(N3)
(Figure S2B,C, Supporting Information).[59] Notably, this syn-
thetic approach provides the possibility to functionalize the pSar
chain end and thus modify the outside of resulting PICMs by
reactive-ester chemistry with an azide functionality to open the
window for bioconjugation by click-chemistry, either targeting
moieties for active targeting or markers for visualization and
tracking of particles.[52–56]

Both triblock copolymers displayed the best compromise be-
tween solubility in aqueous solution, and encapsulation effi-
ciency (drug and siRNA), while longer pGlu(OBn) blocks caused
aggregation in aqueous solution and longer pLys blocks did not
improve encapsulation efficacy nor serums stability while shorter
ones failed to encapsulate siRNA efficiently. Thus, those sys-
tems were discarded for further studies. With the optimal tri-
block copolymer of (Neo)pSar190-b-pGlu(OBn)12-b-pLys8, a full
complexation of siRNA was observed at N/P ratio 3 (Figure S3B,
Supporting Information), before siRNA containing PICM have
been fabricated by dual centrifugation to enable drug and siRNA
loading in a single step.

The previous work and additional screening in this project
have demonstrated that lysine-based PICMs are not efficient in
delivering siRNA into the cytosol of target cells, underlining that
endosomal escape remains the major obstacle for such systems
(Figure 3A).[29] We screened various CADs, including deslorata-
dine (DES), nortriptyline (NOR), and loperamide (LOP) to foster
endosomal escape (Figure S3C, Supporting Information). Those
different CADs were incorporated into PICMs to cause lysoso-
mal membrane permeabilization and therefore enable entrance
of siRNA into the cytosol of cells.[58–61] First, we screened vary-
ing concentrations (20, 40, and 60 μM per well) using H1299
epithelial-like cells that stably express green fluorescent protein
(GFP) (H1299_GFP) with respect to silencing efficiency (dis-
played as relative mean fluorescence intensity of GFP based on
non-treated cells, GFP rMFI), according to the protocol from
previous report (Figure S3D, Supporting Information).[62] How-
ever, there was limited improvement in GFP silencing, regard-
less of concentration and CAD type. Extending the exposure time
of cells to siRNA PICMs from 4 to 24 h, however, increased
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Figure 2. ABC-triblock polypept(o)ide synthesis, characterization and formulation. A) Synthetic route to derive (Neo)pSar-b-pGlu(OBn)-b-pLys synthesis
by amine-initiated sequential ROP of respective NCAs and subsequent Boc-deprotection. Characterization of (Neo)pSar-b-pGlu(OBn)-b-pLys(Boc) by
B) GPC in HFIP and C) 1H DOSY NMR in DMSO displaying chain growth, monomodal size distribution in each polymerization step and structural
integrity. D) Scheme of siRNA/DES PICMs formation by DC and siRNA/DES arrangement within the PICM compartments by electrostatic (siRNA) and
hydrophobic/𝜋-𝜋 (DES) interaction. E–G) Size, size distribution, and 𝜁 -potential of siRNA PICMs and siRNA/DES PICMs in HEPES buffer (10 mM,
pH7.4) measured by dynamic light scattering (DLS). H) Loading efficiency of DES within siRNA/DES PICMs was quantified by ultra-performance liquid
chromatography (UPLC).

Adv. Mater. 2024, 36, 2404784 2404784 (4 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. In vitro biological performance of siRNA PICMs and siRNA/DES PICMs. A1) In vitro evaluation of siRNA PICMs and siRNA/DES PICMs
on H1299 cells that stably express green fluorescence protein (H1299_GFP cells). A2) H1299_GFP cells were exposed to AF647-labeled scrambled
siRNA (siAF647) PICMs or siAF647/DES PICMs for 24 h before flow cytometry measurements. A3) In vitro knockdown of GFP in H1299_GFP cells.
Cells were exposed to anti-GFP siRNA (siGFP) PICMs or siGFP/DES PICMs for 48 h before flow cytometry measurements, as represented by GFP rMFI
compared to non-treated cells (NTC). B) Representative confocal images of GFP knockdown in H1299_GFP cells after being exposed to siGFP PICMs
and siGFP/DES PICMs for 48 h at varying doses of siGFP (scale bar: 10 μM). C) Evaluation of increased endosomal escape by confocal microscopy
images of H1299_GFP cells (green: GFP, blue: nuclei by hoechst staining) upon 24 hours’ incubation with AF647-labeled oligonucleotides (AF647-
ON) PICMs or AF647-ON/DES PICMs (red) with final concentrations of 50 nM AF647-ON/40 μM DES in each well by confocal microscopy (scale bar:
10 μM). D) Schematic illustration of the co-culture activation of CAF precursor cells (hepatic stellate cells (HSC), 3T3-fibroblasts) with hepatocellular
carcinoma (HCC) cells (Dt81Hepa1-6). D1) RT-qPCR analysis of activated HSC or 3T3-fibroblasts following co-culture activation. MFAP-5 was highly
upregulated. D2) When incubated with increasing concentrations of recombinant MFAP-5, HCC cells, HSC, and EC showed dosage-dependent increase
of proliferation as determined by 3H-Thymidine counts per minute (CPM). D3) siMFAP-5/DES PICMs were able to efficiently knockdown MFAP-5 in
co-culture activated HSC, while siMFAP-5 PICMs were not effective. Gene expression was normalized to non-treated cells (NTC). E) Cell viability of
scrambled siRNA (siSCR) PICMs and siSCR/DES PICMs was assessed on HSC (MHSC-SV40) by an MTT assay. Statistical analysis was performed by
2-way ANOVA with the software GraphPad Prism 10 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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GFP silencing in a dose-dependent pattern for LOP (up to 10%),
and even more dominant for DES, ranging from 21% to 54%,
whereas no enhancement of siRNA-mediated GFP suppression
was observed for NOR at all tested doses (Figure S3E, Support-
ing Information). Further, we simultaneously applied DES (with
final concentration of 20 and 40 μM per well) and anti-GFP siRNA
(siGFP) PICMs (with final concentration of 50 nM siGFP per
well) to the cells for 24 h and observed modest GFP suppression,
≈12% and 28% at DES of 20 and 40 μM, respectively (Figure S3,
F1, Supporting Information), indicating the importance of co-
administration of siRNA and DES. After 48 hours’ exposure, a
notable decrease in GFP rMFI was found at all doses applied
(*p = 0.0220 for 25 nM; ***p = 0.0002 for 50 nM; ****p < 0.0001
for 100 nM). The silencing effect is siGFP dose-dependent, where
a reduction of 22%, 37%, and 62% in GFP rMFI was detected at a
dose of siGFP 25, 50, and 100 nM, respectively. It is clear that the
combination with DES enhances the GFP knockdown effect on
H1299_GFP cells (Figure 3, A3; Figure S3, F2, Supporting Infor-
mation). In summary, the GFP silencing efficiency was improved
when DES was combined with siGFP PICMs. Moreover, increas-
ing either the exposure time, DES dose, or siGFP dose, led to a
more robust GFP knockdown.

2.2. Co-Administration of Desloratadine to Enhance In Vitro
Silencing Efficiency of siRNA PICM

Due to the hydrophobic nature and aromatic moieties of both
pGlu(OBn) and DES for 𝜋–𝜋 interaction, co-encapsulation of
DES and siRNA is feasible and can be easily achieved by utiliz-
ing the DAC approach for kinetically enforced phase separation
and PICMs formation (i.e., siRNA/DES PICMs), as displayed
in Figure 2D. As stated before, compared to siRNA PICMs,
siRNA/DES PICMs displayed a comparable size ≈120.6± 6.1 nm
(PDI 0.103 ± 0.0311) (Figure 2E). Alteration of hydrodynamic
radii toward bigger values can be expected upon DES loading due
to the swelling of hydrophobic domains in the core of PICMs.
The monomodal size distribution and the PICMs-mediated sol-
ubility of DES in aqueous solution indicate the formation of
PICMs co-loaded with DES and siRNA (Figure 2F). The sur-
face charge (𝜁 -potential) of PICMs remained neutral when
DES was co-loaded. The value is comparable to siRNA PICMs
(3.8 ± 0.38 mV vs 8.0 ± 0.57 mV) (Figure 2G). A drug loading
efficiency of 85.4% was determined using ultra-performance liq-
uid chromatography (UPLC) (Figure 2H). Moreover, the presence
of DES did not affect siRNA complexation and quantification
(Figure S3G,H, Supporting Information). Further, both siRNA
PICMs and siRNA/DES PICMs did not show any siRNA leakage
nor aggregation in full human serum in fluorescence correlation
spectroscopy studies, which is in line with our previous findings
on PICMs employing pSar for shielding of PICMs (Figure S4,
Supporting Information).[57]

Besides studying RNAi alone, cellular internalization was in-
vestigated first (Figure 3A). AF647-labeled non-targeting siRNA
(siAF647)/DES PICMs were endocytosed into over 95% of cells
at all siRNA concentrations. In general, the cellular internaliza-
tion is not affected by co-encapsulation of DES, except at a low
dose of 25 nM (**p = 0.0071) (Figure 3, A2). When H1299_GFP
cells were exposed to siGFP/DES PICMs at final siGFP concen-

trations of 25, 50, and 100 nM, significant and dose-dependent
GFP suppression of 62%, 74%, and 82% was observed respec-
tively, pointing toward functional siRNA-mediated gene silenc-
ing. In a direct comparison with siRNA PICMs, a remarkable
increase in GFP silencing was detected (****p < 0.0001) when
siGFP and DES were co-encapsulated into PICMs, suggesting a
benefit for DES to act in close proximity to PICMs to boost en-
dosomal release of siRNA (Figure 3, A3). Confocal images sup-
ported the silencing effect of siGFP/DES PICMs (Figure 3B, bot-
tom panel). To verify the contribution of DES in endosomal es-
cape events, cells were exposed to PICMs encapsulating AF647-
labeled oligonucleotide (AF647-ON) and DES and then visual-
ized using confocal microscopy, according to the previously re-
ported dequenching assay.[63,64] When PICMs were trapped into
endosomes, AF647 fluorescence is concentrated within the vesi-
cles and quenched, whereas an intense burst and distribution of
AF647 fluorescence was observed once AF647-ON escaped from
endosomal/lysosomal compartments to the cytosol of cells. This
allows to visualize the endosomal escape events (Figure 3C). Es-
pecially the uniform distribution of AF647 fluorescence over the
cytosol of cells taking up PICMs indicates efficient endosomal es-
cape upon administration of AF647-ON/DES PICMs compared
with AF647-ON PICMs. Thus, the increased GFP silencing effi-
ciency, mediated by DES, is attributed to an enhanced endosomal
escape, as reported before for other applications.[62]

With respect to therapeutic RNAi, we explored the antitu-
moral effect of siRNA-loaded PICMs targeting cancer-associated
fibroblasts (CAFs) and the related MFAP-5.[65] As highly secre-
tory cells, CAFs are key players in tumor development and con-
tribute substantially to the nature of the TME. They produce
cytokines, growth factors and promote blood vessel formation,
cancer cell proliferation, migration, invasion, and therapeutic
resistance.[66–68] Therefore, CAFs and CAF-related signaling rep-
resent promising targets for anticancer therapy.[69] Among these,
FAP (fibroblast activation protein), TGF-𝛽 (transforming growth
factor beta), VEGF (vascular endothelial growth factor) and in par-
ticular MFAP-5 are promising as these signaling molecules pro-
mote tumor growth of HCC and other solid tumors (Figure S5,
Supporting Information). For instance, MFAP-5 blockage inhib-
ited fibrosis, neoangiogenesis, and enhanced chemosensitivity
in ovarian and pancreatic cancer.[70] In addition, overexpression
of MFAP-5 in CAFs proved to be predictive for survival in pa-
tients with ovarian cancer.[17] MFAP-5 is also used as a diag-
nostic marker for the early detection of prostate cancer.[71] How-
ever, yet there is a lack of relevant (pre-)clinical data regarding
the relevance of MFAP-5 in HCC (Figure S5A, Supporting In-
formation). Thus, MFAP-5 expression in HCC was tested by an
online available database analysis (TIMER), where survival rates
of patients are estimated based on specific gene mutations.[72,73]

Here, high expression of MFAP-5 is associated (log-rank p= 0.03)
with poor survival in patients with HCC (Figure S5B, Supporting
Information).

To establish a predictive in vitro system, hepatic stellate cells
(HSC, MHSC-SV40) and fibroblasts (NIH/3T3), both reflecting
precursor cells of CAF in vitro, were co-cultured with HCC
cells (Dt81Hepa1-6) to induce an activated CAF-similar pheno-
type (Figure 3D).[47,74] MFAP-5 was highly upregulated in both
activated HSC and fibroblasts (Figure 3, D1). In contrast, MFAP-5
expression was very low in the HCC cells (Figure S6, Supporting

Adv. Mater. 2024, 36, 2404784 2404784 (6 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Information). Further, recombinant MFAP-5 stimulated the cell
proliferation of HCC, HSC, and EC in a dose-dependent man-
ner (0.25 and 0.50 ng μL−1 MFAP-5, *p < 0.05), suggesting a
panmitogenic effect of MFAP-5 (Figure 3, D2). Next, the knock-
down efficacy of siRNA-loaded PICMs was tested in vitro by
examining a sequence-specific knockdown of MFAP-5 medi-
ated by anti-MFAP-5 siRNA (siMFAP-5) in HSC that was ac-
tivated before by co-culturing with HCC cells. PICMs contain-
ing both DES and siMFAP-5, reduced significantly (*p < 0.05)
MFAP-5 transcripts in HSC at low doses of siMFAP-5 (1, 2,
and 5 nM) as determined by RT-qPCR (Figure 3, D3). In con-
trast, siRNA PICMs without DES failed to knockdown MFAP-5.
Both systems were non-cytotoxic at relevant concentrations be-
low 6.25 nM siRNA, suggesting good biocompatibility of the de-
veloped siRNA/DES PICMs (Figure 3E; Figure S7, Supporting
Information). To sum up, MFAP-5 was highly upregulated in
both fibroblasts and HSC, when co-cultured with HCC cells and
displayed a pro-proliferative effect. Compared to siRNA PICMs,
siRNA/DES PICMs led to a robust reduction of MFAP-5 expres-
sion in activated HSC.

2.3. siRNA Loaded PICMs Accumulate Efficiently in CAF of the
HCC Liver Tumors

Before therapeutic experiments, in vivo, the biodistribution of
siRNA-containing NPs was investigated on both organ and cel-
lular levels in HCC-bearing mice. Therefore, an intrasplenic,
syngeneic HCC injection model was chosen, which reflects the
multifocal disease in patients.[47] Fluorescently labeled siRNA
(Cy5.5-labeled siRNA, siCy5.5)-loaded PICMs with or without the
presence of DES were intravenously injected. LNPs were uti-
lized as reference NPs as this formulation is used for the ap-
proved liver-targeting drug Onpattro for the treatment of hered-
itary transthyretin-mediated amyloidosis (Figure S8, Supporting
Information). In addition, mice were injected with free siCy5.5 to
compare the pharmacokinetics with encapsulated siRNA. HCC-
bearing mice were intravenously injected with siCy5.5 PICMs
and siCy5.5/DES PICMs at day 26 after tumor cell inocula-
tion when liver tumors were fully established. After injection,
the whole-body distribution was monitored by an in vivo near-
infrared (NIR) imaging system at 0, 1, 3, 6, 24, and 48 h
(Figure 4A). First, all different siCy5.5-loaded NPs showed a com-
parable organ tropism and accumulated primarily in cancerous
livers. At 24 h post-administration, Cy5.5 signal from siCy5.5
PICMs and siCy5.5/DES PICMs was mainly located in the liver
region, while the signal of siCy5.5-loaded in LNPs began to fade
and was less localized in the liver region. In the mice adminis-
trated with free siCy5.5, the fluorescence signal strongly reduced
over time. At 48 h post-administration, almost no fluorescence
was detectable, indicating that the majority of free siCy5.5 was
cleared mostly over the urinary tract as a low fluorescence signal
in the bladder region indicated (Figure 4B; Figure S9, Supporting
Information). At 48 h post-administration, mice were sacrificed,
and their organs were extracted for ex vivo imaging to quantify ac-
curately the fluorescence signal in each organ. Mice treated with
siCy5.5-loaded NPs showed a significantly higher fluorescence
signal in the liver (***p< 0.001) compared with mice treated with
free siCy5.5, indicating that at least unmodified siRNA needs to

be encapsulated in NPs to accumulate in high dose in the liver
(Figure 4C,D). After 24 h, there was also a fluorescence signal in
the kidneys, which could be observed before for other nanoparti-
cle systems for functional siRNA delivery in hepatic myofibrob-
lasts for liver fibrosis therapy.[75,76] Overall, the intensity of fluo-
rescence signals in the cancerous liver was comparable between
the different NPs.

Next, we quantified cell-specific uptake in vivo after enzymatic
digestion of the dissected livers. The resulting single-cell suspen-
sion was subjected to flow cytometry (Figure 4E; Figure S10A,
Supporting Information). While there was no uptake of free
siCy5.5, siCy5.5-loaded NPs showed a robust uptake into non-
parenchymal cells (CAF > dendritic cells (DC) > macrophages
(Mϕ) > T-cells (TC)), while less uptake was found for tumor cells
(HCC). The low uptake of the siCy5.5-loaded NPs in HCC cells
may originate from the fact that the tumors are encapsulated by
a desmoplastic stroma which protects them from invasion of im-
mune cells or also smaller objects like NPs (Figure S11, Support-
ing Information), which makes antistromal therapies particularly
promising for such tumors.

In a direct comparison, siRNA/DES PICMs achieved a signif-
icantly (**p < 0.01) higher uptake into CAFs than siRNA LNPs.
We hypothesize that the LNP formulation applied in this study
is optimized for siRNA delivery to hepatocytes (e.g., to target
transthyretin) and displays more pronounced uptake into such
cells than PICMs.[77,78]

2.4. In Vivo Knockdown of MFAP-5 with siMFAP-5 Loaded PICMs
for Antitumor Therapy

We decided to test a siRNA-mediated knockdown of MFAP-5
for HCC therapy for three reasons. First, MFAP-5 plays a path-
omechanistic role in HCC and other solid cancers as shown
by TIMER analysis as well as in literature. Second, MFAP-5
is highly upregulated in CAF-precursor cells (fibroblasts, HSC)
in co-culture with HCC cells and has a panmitogenic effect
on tumor-relevant liver cells in vitro. Third, siRNA-containing
PICMs transport siRNA efficiently into HCC livers and are pre-
dominantly taken up by CAFs, even in the absence of active
targeting.

For in vivo knockdown, PICMs containing anti-MFAP-5
siRNA (siMFAP-5) alone or siMFAP-5 and DES were adminis-
tered intravenously at 0.5 mg kg−1 (low dose) or 1.0 mg kg−1

siMFAP-5 (high dose), respectively to HCC mice on day 21,
23, and 25 post-tumor cell inoculation. On day 28, mice were
sacrificed, and organs and blood were harvested for analysis
(Figure 5A). As tumor nodules were multinodular and conflu-
ent, rendering quantification of individual nodules by counting
unreliable, liver weights were assessed as surrogate markers for
tumor load. This data was correlated with ex vivo tissue sections
which were stained with hematoxylin and eosin (H&E) and ana-
lyzed by microscopy. Mice treated with siMFAP-5/DES PICMs at
a high dose of siMFAP-5 had significantly (***p < 0.001) lower
liver weights than controls (non-treated controls (NTC)), indi-
cating reduced tumor burden (Figure 5B). As a second readout
to quantify tumor load, we have quantified alpha-1-fetoprotein
(AFP) in the sera of mice. AFP is an established tumor marker
for HCC in the clinical diagnostic and shows a good correlation
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Figure 4. In vivo biodistribution of Cy5.5-labeled scrambled siRNA (siCy5.5)-loaded nanoparticles (NPs) in mice with hepatocellular carcinoma (HCC).
A) Intrasplenic injection of HCC cells (Dt81Hepa1-6) to develop tumors in the livers. On day 26 post-tumor cell inoculation, HCC mice were intravenously
injected with siCy5.5 PICMs, siCy5.5/DES PICMs or siCy5.5 LNPs (corresponding to 1.5 mg kg−1 siRNA). Biodistribution of the NPs was monitored by
a NIR-imaging system at 0, 1, 3, 6, 24, and 48 h. B) In vivo biodistribution of the siCy5.5 NPs at 24 and 48 h. C) Ex vivo imaging of extracted organs at
48 h post-administration. D) Quantification of organ fluorescence of the extracted organs shown in C). E) In vivo cellular uptake of siCy5.5 NPs in liver
cells (CAF, cancer-associated fibroblasts; DC, dendritic cells; Mϕ, macrophages; TC, T-cells; HCC, hepatocellular carcinoma cells), as quantified by flow
cytometry of liver single-cell suspension obtained from enzymatically digested livers shown in C). Statistical analysis was performed by t-test with the
software GraphPad Prism 10 (n = 2–5, **p < 0.01, ***p < 0.001).

(r2 = 0.83) with the tumor load in our model (Figure S12, Sup-
porting Information). In line with the reduction of liver weights,
AFP sera levels were significantly lower in mice treated with
siRNA/DES PICMs, at both low (****p < 0.0001) and high doses
(***p < 0.001). There was also a significant reduction in AFP
sera levels in the mice treated with high-dose siMFAP-5 PICMs
(**p < 0.01), suggesting that AFP may be a more sensitive quan-
titative readout for the tumor load than biometric parameters.
Interestingly, no antitumor effect was observed in mice treated
with neither low nor high doses of siMFAP-5 LNPs (Figure 5C).
As a third quantitative assessment of tumor burden, histologi-
cal liver sections were analyzed. In H&E stained liver sections,
tumor load can be morphometrically quantified by microscopy
as nodules have more contrast than healthy tissue (Figure 5G;
Figure S13, Supporting Information). Morphometric analysis
confirmed that tumor load was significantly reduced in mice
treated with low (**p < 0.01) and high dose (****p < 0.0001)
siRNA/DES PICMs, which is confirmative to the AFP tumor
marker levels. Again, LNP and PICM formulations without

co-encapsulated DES showed no significant reduction in tumor
load (Figure 5D).

Next, we tested whether siRNA-mediated knockdown of
MFAP-5 may correlate with the antitumor effect in the mice to
rule out an unspecific effect of the nanoparticular treatment. A
significant knockdown for MFAP-5 was achieved in all siMFAP-
5 treated mice but with different efficacy. Of note, the strongest
MFAP-5 reduction (60% reduction vs NTC and even down to lev-
els of healthy control mice) was found in the high dose siMFAP-
5/DES PICMs treated mice, which also showed the best antitu-
mor response (Figure 5E). This knockdown pattern could also be
observed on the protein level as assessed by FACS analysis of all
liver cells (Figure 5F).

To test the toxicity of all formulations, repetitive dosing of
overdosed siRNA loaded NPs (corresponding up to 3.0 mg kg−1

siRNA) was well-tolerated by healthy mice and no acute toxi-
city could be observed by abnormal behavior, macroscopic in-
spection of the organs and safety laboratory parameters (e.g.,
hemolysis, acute liver and kidney damage). Moreover, analysis of

Adv. Mater. 2024, 36, 2404784 2404784 (8 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. In vivo knockdown with anti-MFAP-5 siRNA (siMFAP-5)loaded nanoparticles (NPs) in HCC-bearing mice (n = 5 in each group). A) HCC cells
(Dt81Hepa 1–6) were intrasplenically injected into mice to induce tumors exclusively in their livers. Tumor-bearing mice were intravenously injected with
siMFAP-5 PICMs, siMFAP-5/DES PICMs or siMFAP-5 LNPs (all corresponding to 0.5 or 1.0 mg kg−1 siMFAP-5) on day 21, 23, and 25 post-HCC cells’
inoculation, while controls received 1.0 mg kg−1 encapsulated scrambled siRNA (siSCR) or equal volumes of PBS (non-treated control, NTC). On day
28, mice were sacrificed and B) livers were weighed and C) serum alpha-fetoprotein (AFP) levels of mice were quantified by ELISA. D) Tumor load was
morphometrically determined in H&E-stained liver sections. Quantification of MFAP-5 knockdown on E) mRNA level by RT-qPCR and F) protein level
by flow cytometry in siRNA- and PBS-treated mice. G) Representative livers from treated, non-treated and healthy mice at sacrifice and corresponding
H&E microscopic images of liver sections (Figure S13, Supporting Information) (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs non-treated
control (NTC) mice).

inflammatory cytokines suggested the absence of immune activa-
tion of the treatment as inflammatory cytokine levels (e.g., IFN-𝛼,
IFN-𝛽) remained below detectable limits (Figure S14, Supporting
Information).

In conclusion, siMFAP-5/DES co-loaded PICMs yielded a con-
vincing antitumor effect at 1.0 mg kg−1 anti-MFAP-5 siRNA,
while PICMs without DES and LNPs did not show a significant
therapeutic effect, likely due to the fact that LNP are designed
for hepatocyte targeting or PICMs without DES do not induce ef-
ficient endosomal escape of the loaded siRNA. Further analysis
was warranted to explore the mechanistic effect of the MFAP-5
knockdown.

2.5. MFAP-5 Knockdown in CAFs Reduces Tumor Angiogenesis

In line with the literature, in vitro data indicated that CAFs might
be the primary source for MFAP-5 in HCC. We analyzed histo-
logically the TME of HCC mice to locate the cells of origin for
MFAP-5. In RNAscope analysis, MFAP-5 expression co-localized
with cells expressing alpha-smooth muscle actin (𝛼-SMA), an
established marker for CAF.[79] Interestingly, MFAP-5 was only
found in the tumor and the TME (in proximity to tumor nodules)
and was absent in the healthy surrounding tissue (Figure 6A).
Next, we sought to clarify the pathomechanism of MFAP-5
in the HCC model. CD34 is a monomeric transmembrane

Adv. Mater. 2024, 36, 2404784 2404784 (9 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 6. Knockdown of MFAP-5 in cancer-associated fibroblasts (CAF) reduced tumor angiogenesis and deregulated key transcripts, which are found in
pathways related to angiogenesis, tumors, and hepatic fibrosis. A) Expression of MFAP-5 colocalized with CAFs (ɑ-SMA+) in the tumor microenvironment
(TME), while no MFAP-5 expression was detected in surrounding healthy tissue as determined by histological analysis of liver sections with RNAscope.
B) Transcripts of the angiogenesis markers CD105 and CD34 were reduced in the livers of HCC mice treated with siMFAP-5/DES PICMs compared to
controls (*p < 0.05,**p < 0.01 vs NTC). C) Top 5 relevant up- and down-regulated genes as determined by RNA-seq of representative liver samples
from siMFAP-5/DES PICM versus siSCR/DES PICMs treated HCC mice (each n = 3, p values adjusted for multiple testing by the Benjamini-Hochberg
method). D) Relevant tumor angiogenesis, fibrosis or cancer signaling pathways, which were found to be downregulated as predicted by Ingenuity
pathway analysis (IPA) based on the RNA-seq differential expression data (bars represent p values adjusted for multiple testing by the Benjamini–
Hochberg method, color-code represents up-(red) or downregulation (blue)). E) Volcano plot and numbers of significantly differentially expressed genes
between siMFAP-5/DES PICMs versus siSCR/DES PICMs. Differentially expressed genes with log2-fold change > 1 or <1 and FDR < 0.05 are shown
in red (upregulated) or blue (downregulated), respectively. Non-differentially expressed genes (NDE) are shown in grey. The top 5 relevant up- and
down-regulated genes are labeled. F) siMFAP-5 loaded PICMs induce MFAP-5 RNAi to stop protein secretion from CAF. Absence of MFAP-5 reduces
EC-mediated neoangiogenesis.

glycoprotein and an endothelial marker, which is restricted to
a few periportal vessels in the healthy liver. In contrast, the
sinusoid-like vasculature in HCC shows strong expression of
CD34, which is attributed to a phenotypical change of ECs
(also called capillarization of sinusoids) due to arterialized blood
supply.[80] Similar to CD34, CD105 (also called endoglin) is a
homodimeric transmembrane glycoprotein and is essentially

expressed on ECs. An increase in CD105 occurs during vari-
ous pathological processes (e.g., cardiovascular disease and tu-
mor angiogenesis).[81] Unlike CD34, CD105 is weakly or not at
all expressed in HCC tissue, giving superiority of CD34 as a
marker for tumor angiogenesis (Figure S15, Supporting Infor-
mation). To test for an antiangiogenic effect, the expression of
the tumor-relevant angiogenesis markers CD34 and CD105 was

Adv. Mater. 2024, 36, 2404784 2404784 (10 of 18) © 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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quantified in the livers of HCC mice, which were treated with
high doses of siMFAP-5 loaded NPs and control groups (NTC,
siSCR NPs). In the mice treated with high doses of siMFAP-
5/DES PICMs, both angiogenesis markers CD34 and CD105
were significantly (*p < 0.05) downregulated, while no changes
of these transcripts were determined in control mice, reveal-
ing that MFAP-5 knockdown has inhibited tumor-related neo-
angiogenesis (Figure 6B,F).

2.6. Comparative Transcriptomic Analyses Detected Deregulated
Key Genes Found in Angiogenesis and Tumor-Related Pathways

Comparative high-throughput RNA sequencing (RNA-seq) was
applied to gain further mechanistic insight into the siMFAP-5-
mediated antitumor effect. Whole liver samples of mice treated
with PICMs containing DES and siMFAP-5 or siSCR (n = 3 each)
were analyzed to reveal differences on the transcriptional level
between the two groups. Among the top 5 of relevant upreg-
ulated genes, necrosis-related Sco2 and apoptosis-related Car3
were listed, while in the top 5 of downregulated genes, Col8a1
and Col10a1 were found, which are involved in angiogenesis and
extracellular matrix organization, suggesting that knockdown of
MFAP-5 supports cell apoptosis and inhibition of angiogene-
sis (Figure 6C, Table S1, Supporting Information). Ingenuity
pathway analysis (IPA) was performed to correlate angiogenic
and tumor-related pathways with the siMFAP-5 treatment.[82,83]

Based on the differential gene expression, IPA predicts the ac-
tivation and deactivation of relevant signaling pathways. For ex-
ample, the frizzled class receptor 10 (Fzd10) is located upstream
in the colorectal cancer metastasis signaling and was found to be
significantly downregulated (e.g., Fzd10 log2-fold change of -3.8)
following treatment with siMFAP-5/DES PICMs (Figure 6D,E)
and thus confirm the predicted deactivation of the pathway by
IPA. The colorectal cancer metastasis signaling is shown in
(Figure S17, Supporting Information). Likely, the downregula-
tion of relevant pathways related to angiogenesis (e.g., angiopoi-
etin signaling and renin-angiotensin signaling) and organ fibro-
sis (e.g., hepatic and pulmonary fibrosis signaling pathway) were
identified by this method as well (Figure 6D; Figure S16, Sup-
porting Information).

3. Conclusion

Despite recent improvements by immune therapies, the prog-
nosis of patients with hepatocellular carcinoma (HCC) at the
advanced stage remains poor with low response to conven-
tional chemotherapy. Antistromal therapy might be a novel ther-
apeutic approach to improve the outcomes of these patients.
We have identified microfibrillar-associated protein-5 (MFAP-
5) as a novel target for antistromal therapy in HCC by polyion
complex micelles (PICMs) induced RNA interference (RNAi)
in cancer-associated fibroblasts (CAF). MFAP-5 is mainly se-
creted by CAF and supports tumor growth and metastasis in
the tumor microenvironment (TME). We have synthesized ABC-
triblock polypept(o)ide polymers to generate PICMs, which can
be co-loaded with small interfering RNA (siRNA) and endosome-
disruptive drugs to enhance RNAi. The nanocarriers transported

efficiently their cargo into the cancerous liver of HCC mice and,
here, were taken up predominantly by CAFs. Repetitive doses of
MFAP-5 targeting siRNA (siMFAP-5) PICMs or siMFAP-5/DES
PICMs (corresponding to 1.0 mg kg−1 siMFAP-5) significantly
reduced the disease progression (hepatic tumor burden) as in-
dicated by reduced liver weights, alpha-fetoprotein (AFP) serum
levels and histology. In contrast, siMFAP-5 PICMs and siMFAP-
5 LNPs were much less effective. The siRNA therapy was well-
tolerated by the mice and no acute toxicity or adverse immune
reactions could be observed. Transcriptome and detailed histo-
logical analysis revealed that knockdown of MFAP-5 reduced tu-
mor progression as key transcripts for angiogenesis were down-
and, in contrast, for apoptosis upregulated. Thus, we present an
antistromal therapy for HCC, targeting CAF-derived MFAP-5 in
the TME and present a PICM platform able to unleash their ther-
apeutic potential. The non-toxic siMFAP-5/DES PICMs showed
a convincing antitumor effect by interfering with the neoangio-
genesis of the tumor that depends heavily on neo-angiogenesis.
This therapy holds promise to treat also other solid tumors, which
depend on high vascularization.

4. Experimental Section
Materials and Instruments: Unless otherwise stated, chemicals were

obtained from commercial sources, such as Sigma Aldrich (Taufkirchen,
Germany), TCI Chemicals (Tokyo, Japan), and Fluorochem (Hadfield, UK),
used as received. N, N-Dimethylformamide (DMF) (99.8%, extra dry, over
molecular sieve) was purchased from ACROS ORGANICS (Geel, Bel-
gium), handled under light and oxygen exclusion, and purified by mul-
tiple freeze–pump–thaw cycles prior to use. Neopentylamine was dried
by stirring three days with potassium hydroxide, distillation into a pre-
dried schlenk tube equipped with a molecular sieve, and stored under
light und oxygen exclusion at −20 °C. Water content was verified to be
lower than 50 ppm (w/w) by Karl–Fisher titration setup 899 coulome-
ter from Metrohm (Filderstadt, Germany). NCA polymerization progress
was evaluated and monitored by attenuated total reflectance Fourier trans-
formed infrared spectroscopy, correlating monomer consumption to NCA-
carbonyl bands at 1853 and 1786 cm−1. Measurements were performed on
an FT/IR-4100 (JASCO), equipped with an ATR sampling accessory (MIR-
acleTM, Pike Technologies, Madison, Wisconsin, USA) at ambient tem-
perature. Spectra were visualized and analyzed by Spectra Manager 2.0
software (JASCO). 1H NMR spectroscopy, including DOSY experiments,
were carried out on a Bruker Avance I (AV-500 MHz) at ambient temper-
ature. Deuterated dimethyl sulfoxide was obtained from Deutero GmbH
(Kastellaun, Germany). Spectra were analyzed utilizing MestReNova soft-
ware (version 12.0.2) with calibration by the solvent signal.[84] Gel per-
meation chromatography (GPC) was carried out at 40 °C with a flow rate
of 1 mL min−1 using hexafluoroisopropanol as eluent containing 3 g L−1

potassium trifluoroacetate and toluene as internal standard. Hexafluo-
roisopropanol and potassium trifluoroacetate were purchased from Flu-
orochem (Hadfield, UK). The column setup with modified silica gel as col-
umn material (PFG columns, particle size 7 μM, porosity: 100 Å + 1000 Å),
and PSS WinGPC software to monitor and evaluate elution diagrams,
were purchased from PSS Polymer Standards Service GmbH (Mainz, Ger-
many). Lyophilization was performed on a VirTis BenchTop Pro Freeze
Dryer from SP Scientific Products. Millipore water was collected from a
MILLI-Q A+ system with a resistivity of 18.2 MΩcm−1 and organic car-
bon of <5 ppb. Dynamic Light Scattering was carried out on Zetasizer Ul-
tra from Malvern Panalytical equipped with a He-Ne-Laser (𝜆= 633 nm).
Measurements were performed at ambient temperature, scattering an-
gle of 173°, and utilizing disposable polystyrene cuvettes purchased from
VWR (Darmstadt, Germany). Analysis of size and polydispersity based on
the autocorrelation function was carried out by ZS-Xplore.
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Distearoylphosphatidylcholine (DSPC) and 1,2-dimyristoyl-rac-glycero-
3-methoxypolyethylene glycol-2000 (DMG-PEG2k) were purchased
from Avanti Polar Lipids (Alabaster, AL, USA). Dilinoleylmethyl-4-
dimethylaminobutyrate (DLin-MC3-DMA) was obtained from Med Chem
Express (Monmouth Junction, NJ, USA). Cholesterol was ordered from
Merck (Darmstadt, Germany). All lipid stocks were stored at −20 °C
in lyophilized form or dissolved in ethanol for stock solution. 4-(2-
hydroxyethyl)−1-piperazineethanesulfonic acid (HEPES), acetonitrile,
N, N-dimethylformamide anhydrous (DMF), tris-base, ethylenedi-
aminetetraacetic acid (EDTA) and D-(+)-glucose were purchased from
Sigma-Aldrich (Zwijndrecht, The Netherlands). UltraPure agarose,
bovine serum albumin, trypsin/EDTA and Dulbecco’s Modified Eagle’s
Medium/F12 (DMEM/F12), trypan blue (0.4%), Hoechst 33342 and MTT
(3-(4,5-Dimethylthiazol-2-yl)−2,5-diphenyltetrazoliumbromide) were
purchased from Thermo Fisher Scientific (Landsmeer, The Netherlands).
L-glutamine, PEN-STREP (10 000 U mL−1 penicillin, 10 000 U mL−1

streptomycin), and DPBS (without Ca2+ or Mg2+) were bought from
Lonza Bioscience (Verviers, Belgium). Fetal bovine serum was purchased
from SERANA (Brandenburg, Germany). GelRed was bought from
Bio-connect (Huissen, The Netherlands). Nortriptyline, desloratadine,
and loperamide were kindly provided by Prof. Raemdonck (Faculty of
Pharmaceutical Science, Ghent University, Belgium).

Chemically modified small interfering RNA and oligonucleotide, with
corresponding gene target and sequences for the in vitro and in vivo ex-
periments were purchased from commercial suppliers shown in the table
as below.

Target Abbreviation Sequence (5‘−3‘) Label Supplier

GFP siGFP
(21 nt)

Sense strand:-
CAAGCUGACCCU-

GAAGUUCTT

/ Eurogentec
(Liège,

Belgium)

Antisense strand:
GAACUUCAGGGU-

CAGCUUGTT

/

Non-targeting siAF647
(21 nt)

Sense strand:-
UGCGCUAC-

GAUCGACGAUGTT

AF647-5′

Antisense strand:
CAUCGUCGAUC-

GUAGCGCATT

Non-targeting AF647 ON
(PS linked)

GAACTTC-
AGGGTCAGCTTGT

AF647-5‘

Non-targeting siCy5.5 UGGUUUA-
CAUGUCGACUAA

Cy5.5-5‘ Eurofins
(Mannheim,

Germany)

Non-targeting
(pooled)

siSCR UGGUUUA-
CAUGUCGACUAA

/ Horizon
Discovery

(Cambridge,
UK)

UGGUUUA-
CAUGUCGACUAA

UGGUUUAC-
AUGUUUUCUGA

UGGUUUAC-
AUGUUUUCUGA

MFAP-5 (pooled) siMFAP GAUCUCA-
GAGCCUCGUAUA

/

ACCCUAA-
UCUGGUGAACGA

GUGGAUG-
AAGGAAUCGAAA

CGGGAUGA-
GAAGUUUGCUU

Polymer Synthesis and Formulation: Triblock polypept(o)ides
were synthesized utilizing ring-opening polymerization (ROP) of N-
carboxyanhydrides (NCAs) initiated by primary amines. NCAs derived
from sarcosine (Sar), 𝛾-benzyl-l-glutamic acid (Glu(OBn)), and N𝜖 -
(tert-butoxycarbonyl)-l-lysine (Lys(Boc)), respectively, were synthesized
and characterized as published previously.[30,85,86] Polymerization of
NCAs was conducted in dry DMF under schlenk-conditions with a final
concentration of ≈100 mg mL−1.

(Neo)pSar-b-pGlu(OBn)-b-pLys Triblock Polypept(o)ide: Sar-NCA
(273 mg, 2.373 mmol, 200 eq) was dissolved in 2 mL of dry DMF within
a pre-dried Schlenk tube, cooled to 0 °C and stirred under light exclusion
and argon atmosphere. Neopentylamine (3.20 μL, 2.38 μg, 0.028 mmol,
2 eq) was dissolved in 1 mL of dry DMF within an argon-flooded
Eppi-tube, half of this stock solution was added to the NCA. Complete
monomer conversion was observed by IR after 3 days. The vacuum was
applied for several minutes to degas the solution. Glu(OBn)-NCA (47 mg,
0.178 mmol, 15 eq) was dissolved in 0.5 mL dry DMF, subsequently added
to the solution, and kept stirring at 0 °C under light exclusion and argon
atmosphere. Complete monomer conversion was observed by IR after
2 days. The vacuum was applied for several minutes to degas the solution.
Lys(Boc)-NCA (48 mg, 0.178 mmol, 15 eq) was dissolved in 0.5 mL dry
DMF, subsequently added to the solution and kept stirring at 0 °C. After
another 2 days, complete monomer conversion was confirmed by IR. The
polymer was precipitated by dropwise addition of the reaction mixture into
40 mL of diethyl ether. Centrifugation was performed 10 min at 4000 rpm
and the supernatant was discarded. The procedure was repeated two
times and the polymer dried under vacuum overnight to yield 175 mg
of a colorless powder. 1H NMR (500 MHz, DMSO-d6) 𝛿 [ppm] = 7.36–
7.19 (m, 5mH(Glu), -CH2-Bn), 6.66 (s, 1lH(Lys), ─N𝜖HCO─), 5.07–4-92 (m,
2mH(Glu), ─CH2─Bn), 4.38–3.89 (m, 2nH(Sar), ─CH2─) and (1mH(Glu),
𝛼CH) and (1lH(Lys), 𝛼CH), 2.96–2.72 (m, 3nH(Sar), ─CH3) and (2lH(Lys),
─CH2─N𝜖), 2.18–1.99 (m, 4mH(Glu), ─CH2─CH2─COO), 1.81–1.23 (m,
6lH(Lys), 𝛼CH-CH2-CH2-CH2─), 1.35 (s, 9lH(Lys), OOC─(CH3)3),
0.84 (m, 9H(Neo), C─(CH3)3).

To remove the Boc-group from the pLys segment, the polymer was
dissolved in 4 mL of water and stirred under ice cooling. TFA (4 mL)
was added dropwise, the solution was stirred for 1.5 h at 0 °C and again
1.5 h at ambient temperature. The reaction mixture was transferred into
a dialysis bag (MWCO 6–8 kDa) and dialyzed against Milli-Q water for
2 days and 10 mM acetic acid for 1 day. The polymer (119 mg) was ob-
tained as colorless fluffy powder by lyophilization. 1H NMR (500 MHz,
DMSO-d6) 𝛿 [ppm] = 7.36–7.19 (m, 5mH(Glu), ─CH2─Ph), 5.07–4.92 (m,
2mH(Glu), ─CH2─Ph), 4.38–3.89 (m, 2nH(Sar), ─CH2─) and (1mH(Glu),
𝛼CH) and (1lH(Lys), 𝛼CH), 2.96–2.72 (m, 3nH(Sar), ─CH3) and (2lH(Lys),
─CH2─N𝜖), 2.18–1.99 (m, 4mH(Glu), ─CH2─CH2─COO), 1.81–1.23 (m,
6lH(Lys), 𝛼CH─CH2─CH2─CH2─), 0.84 (m, 9H(Neo), C─(CH3)3). For the
inverse synthesis of the triblock polypept(o)ide, the sequence of NCA addi-
tion was just reversed. Further, an end group capping step was performed
after sarcosine NCA polymerization by adding 20 eq of triethylamine and
subsequently 10 eq of perfluorophenyl-4-azidobutanoate to stir overnight
prior to precipitation.

siRNA Complexation: The ability of PICMs to complex siRNA was
studied using 1.5% agarose gel electrophoresis. Briefly, 1.0 μL siRNA
(5.0 μM) and varying volumes of triblock polypept(o)ide (Neo)pSar-b-
pGlu(OBn)-b-pLys (1 mg mL−1 in 10 mM HEPES buffer) were mixed
and vortexed for 20 s. A sample without the addition of polymeric
solution was used as the positive control. After 1 h’s equilibration
at ambient temperature, samples were diluted to 20 μL with 10 mM
HEPES buffer. Loading dye (4 μL; 6×) was transferred to each sam-
ple before loading into the gel pockets. Gel electrophoresis was per-
formed at 100 V for 30 min. Images were analyzed by Image J
software.

Preparation of siRNA PICMs: According to the defined N/P ratio of 3
(by agarose gel electrophoresis), 552 μL (Neo)pSar-b-pGlu(OBn)-b-pLys
solution (1 mg mL−1 in 10 mM HEPES buffer) were mixed with 400 μL of
siRNA solution (5 μM) and vortexed for 20 s. The solution was left for equi-
libration for 1 h and transferred to Amicon Centrifuge Spinfilter (MWCO
100 kDa), followed by washing with 2–3 mL HEPES buffer (10 mM, pH 7.4)
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and being concentrated to a final volume of 500 μL. DLS measurements
were performed from this solution.

Preparation of siRNA/DES PICMs: DES (0.25 mg; ≈800 nmol) were
dissolved in 200 μL chloroform, transferred into a 0.2 mL PCR vial, and
followed by solvent evaporation overnight. Ceramic beads (80–100 mg;
SiLiBeads ZY 0.3–0.4 mm, purchased at Sigmund Lindner, Warmen-
steinach, Germany) were weighed into the tube, 10 μL of siRNA (100 μM,
1 nmol) and 27.6 μL (Neo)pSar-b-pGlu(OBn)-b-pLys solution (10 mg mL−1

in 10 mM HEPES buffer) were added and subsequently diluted with 10 mM
HEPES buffer to a final volume of 100 μL. The mixture was vortexed and
left for equilibration at least for 4 h. The solution was mixed vigorously
by utilizing DAC (Zentrimix 380R, Hettich GmbH & Co. KG, Tuttlingen,
Germany) for 1 h (2500 rpm, 4 °C). The solution was collected with a
pipette and the beads washed with ≈100 μL HEPES buffer (10 mM) for four
times to yield a final volume of 500 μL. The solution was filtered through
a syringe filter (0.45 μM) and kept at 4 °C until use. For in vivo exper-
iments, elevated concentrations and amounts were required. Therefore,
0.2 mL vials were filled with 50 μL of siRNA (100 μM, 5 nmol), 138 μL
(Neo)pSar-b-pGlu(OBn)-b-pLys solution (10 mg mL−1 in 10 mM HEPES
buffer) and 1.25 mg (4 μMol) DES and treated as described before, be-
sides bead washing and filtration, to yield a final siRNA concentration of
≈0.35 μg μL−1.

siRNA Release: PICMs containing siRNA and siRNA/DES (N/P 3)
were prepared as described with the same concentration of siRNA. PICMs
(20 μL) were incubated with 5 μL HEPES buffer or dextran sulfate for 30 min
at room temperature. At the end of incubation, 5 μL of 50% glucose was
added into samples before loading onto the 1.5% agarose gel, followed
by electrophoresis at 100 V, 30 min. Images were analyzed by Image J
software.

Preparation of siRNA LNPs: Lipids mixture containing DLin-MC3-
DMA, DSPC, cholesterol, and DMG-PEG2k at a molar ratio of
50/10/38.5/1.5 were mixed in ethanol at a total lipid concentration of
15.7 mM. The siRNA stock solution (1.3 mg mL−1) was diluted with cit-
rate buffer (50 mM, pH4). Lipids and siRNA were rapidly mixed using the
NanoAssemblr platform (NanoAssemblr, Precision Nano-Systems Inc.,
Vancouver, BC, Canada), with an aqueous-to-ethanol flow rate ratio of
3:1 (9 mL min−1 and 3 mL min−1, respectively). The generated formula-
tions were dialyzed against PBS (1×, pH7.4) overnight in Pur-A-Lyzer 12–
14 kDa dialysis cassettes (Sigma-Aldrich, Zwijndrecht, The Netherlands)
overnight at 4 °C. The samples were kept at 4 °C prior to use. Samples were
loaded into Greiner 96-well black F-bottom chimney well plates (Greiner
Bio-One GmbH, Alphen aan den Rijn, The Netherlands) for fluorescence
measurement using a Tecan Spark microplate reader (Tecan, Switzerland)
with excitation and emission wavelengths at 485 and 535 nm respectively,
according to the protocol from the manufacturer.

Calibration Curve of DES: A series of concentrations of DES at 0, 1.95,
3.9, 7.8, 15.6, 31.25, 62.5, 125, and 250 μg mL−1 was prepared by diluting
DES stock solution (10 mg mL−1, DMF). A sample (20 μL of each) was in-
jected into the column for detection by UPLC (Acquity TUV, Waters). After
injection of a 20 μL sample on a Waters Acquity UPLC system, a gradient
was run using a flow rate of 0.5 mL min−1, starting with 95% MillQ water
containing 0.1% TFA (A) with 5% acetonitrile containing 0.1% TFA (B).
In 3 min, a linear gradient was run to 100% B and elution was kept for
2 more minutes on 100% B. At 5.1 min, the mixture was changed to the
initial mixture. The chromatogram runtime was 7 min. Separation was ac-
complished with a Waters BEH C18 – 1.7 μM (2.1 × 50 mm) UPLC column
and detection was done with an Acquity TUV detector set to a wavelength
of 242 nm. The same method was used for the preparation of siRNA/DES
with a w/w ratio of 18.7. The calibration curve was plotted as the area un-
der the curve (AUC) with a concentration of DES applied.

Release Profile of DES: The formulated siRNA/DES PICMs (150 μL)
were placed in dialysis bags (Pur-A-Lyzer Maxi Dialysis Kit, PURX12105)
against 20 mL DPBS buffer with a pH7.4 and pH5 (adjusted by acetic acid)
at 37 °C. At the defined timepoints of 10 min, 0.5, 1, 2, 4, 18, 48, and 72 h,
0.5 mL sample was taken outside of the dialysis bag, and 0.5 mL of DPBS
with the same pH value was added. All these samples were taken to the
UPLC with the same settings as described. With AUC, the accumulative
release (%) of DES was calculated over time.

Stability of PICMs in Human Serum: The FCS experiments were per-
formed on an LSM 880 (Carl Zeiss, Jena, Germany) setup. The excitation
laser (He–Ne laser at 633 nm) was focused on the samples using a Zeiss
C-Apochromat 40×/1.2 W water immersion objective. The fluorescence
emission was collected with the same objective and directed to a spectral
detection unit (Quasar, Carl Zeiss) after passing through a confocal pin-
hole. The fluorescence emission was spectrally separated by a grating ele-
ment on a 32-channel array of GaAsP detectors operating in single photon
counting mode. A detection range of 642–696 nm was used. For each sam-
ple, 30 μL of the solution was added to the ibidi 15 wells chamber (ibidi,
Munich, Germany), then a series of 20 measurements, 10 s each, was per-
formed at room temperature (23 °C). For experiments with human serum,
the samples were incubated with human serum for 30 min at 37 °C prior to
the measurement. The obtained experimental autocorrelation curves were
fitted with the following analytical model function:

G (𝜏) = 1 + 1
N

m∑
i = 1

fi(
1 + 𝜏

𝜏D,i

)
⋅
√

1 + 𝜏

S2⋅𝜏D,i

(1)

whereby N is the average number of diffusing fluorescence species in
the observation volume, 𝜏D i is the diffusion time of the i-th species, fi is
the fraction of component i (1 ≤ i ≤ m), and S is the structure pa-
rameter, S = z0/r0, where z0 and r0 represent the axial and radial di-
mensions of the observation volume. The diffusion coefficients of the
species Di are related to the respective diffusion times 𝜏D i and the radial
dimension r0 of Vobs by Di = r0

2/(4𝜏D i). By inserting Di into the Stokes–

Einstein equation, Rh = kB⋅T
6⋅𝜋⋅𝜂⋅D

, the hydrodynamic radius of the respec-

tive fluorescent species could be calculated. Here, kB is the Boltzmann
constant, T is the temperature, and 𝜂 is the viscosity of the solvent. As
the value of r0 depends on the optical setup, a calibration was performed
using Alexa Fluor 647 (D = 330 μM2 s–1 at 25 °C) as a reference standard
with a known diffusion coefficient.

In Vitro Study—Cell Culture: Green fluorescent protein (GFP) sta-
ble expressing H1299 epithelial-like cells (H1299_GFP) (kindly provided
by Prof. Raemdonck, Ghent University) were cultured in DMEM/F12 as
well as Dt81Hepa1-6 HCC cells (kindly provided by the group of M.
Bilodeau),[47] MHSC-SV40 hepatic stellate cells (Applied Biological Ma-
terials, Richmond, Canada) and NIH/3T3 fibroblasts (#CRL-1658, ATCC,
Manassas, USA) were cultured DMEM. Media were supplemented with
10% fetal bovine serum (FBS), 2 mM l-glutamine, and 100 μg mL−1 peni-
cillin/streptomycin to grow cells at 37 °C in 5% CO2. Growth media were
replaced regularly every two days and cells sub-cultured before reaching
confluence. Cells were detached from the bottom of the flask with 0.25%
trypsin/EDTA (Sigma Aldrich, Taufkirchen, Germany).

In Vitro Study—Cell Co-Culture: NIH/3T3 fibroblasts or MHSC-SV40
hepatic stellate cells were cultured into 12-well plates at densities of
14 000 cells per well. HCC cells (Dt81Hepa1-6) were seeded in ThinCerts
with 8 μM pore size (Greiner, Frickenhausen, Germany) at densities of
6000 cells per insert and placed above in the same well. Cells were co-
cultured for 5 days at 37 °C and 5% CO2, then inserts were removed, and
cells were harvested and lysed to harvest RNA for RT-qPCR analysis.

In Vitro Cellular Uptake: H1299_GFP cells were seeded in a 96-well
plate (Greiner Bio-One GmbH, Alphen aan den Rijn, The Netherlands)
with a density of 10 000 cells per well and incubated for 24 h. On the day
of treatment, cells were rinsed with phosphate buffered saline (PBS) twice,
before adding 20 μL of siAF647-loaded PICMs or siAF647/DES PICMs to
the cells, giving a final siAF647 concentrations of 25, 50, and 100 nM per
well. Controls received equal volumes of PBS. All the cells were cultured
for 24 h at 37 °C, 5% CO2. Afterward, cells were rinsed with PBS twice,
trypsinized, and centrifuged at 500 g for 5 min. The cell pellet was then
resuspended in a flow buffer (500 mL PBS, 0.1% NaN3, 1% BSA) and
subjected to flow cytometry with a Cytoflex (Beckman Coulter, Miami, FL,
USA). The data was analyzed by FlowJo 10.6.1.

In Vitro GFP Silencing: H1299_GFP cells were seeded in a 96-well plate
(7500 cells well−1) at 37 °C, 5% CO2 one day before treatment. Cells were
rinsed twice with PBS (100 μL well−1) and refilled 180 μL fresh culture
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medium in each well. PICMs (20 μL) containing siGFP or siGFP/DES were
applied, followed by 48 hours’ incubation at 37 °C, 5% CO2. When CADs
were combined, the protocol was adjusted according to the different ad-
ministration approaches. At the end of incubation, cells were rinsed with
PBS twice, trypsinized, and collected by centrifugation (500 g, 5 min). The
cell pellet was resuspended in a flow buffer for flow cytometry measure-
ments on Cytoflex (Beckman Coulter, Miami, FL, USA). The data was an-
alyzed by FlowJo 10.6.1.

Visualization of GFP Silencing In Vitro: H1299_GFP cells were seeded
in a cell dish with glass-bottom (Ф35 mm, Greiner Bio-One GmbH) at a
density of 105 000 cells well−1 and incubated for 24 h at 37 °C, 5% CO2.
Afterward, cells were rinsed with PBS twice and cultured with fresh culture
medium (0.5 mL well−1). PICMs (50 μL) containing siGFP or siGFP/DES
were transferred into each cell dish to achieve the final siRNA concentra-
tion of 25, 50, and 100 nM. After 48 hours’ incubation, cells were rinsed
and fixed with 4% paraformaldehyde (PFA) for 15 min, followed by incuba-
tion with Hoechst 33 342 (1 mg mL−1 in fresh culture medium) for 30 min
at room temperature. Now, cells were washed with PBS twice and incu-
bated in a fresh culture medium at 4 °C until confocal imaging. Images
would be captured with a Leica confocal microscope. Image analysis and
processing were performed by Image J software.

Visualization of DES-Mediated Endosomal Escape of siRNA PICMs:
H1299_GFP cells were seeded in a cell dish with glass-bottom (Ф35 mm,
Greiner Bio-One GmbH, Alphen aan den Rijn, The Netherlands) at a den-
sity of 200 000 cells well−1 and incubated for 24 h (37 °C, 5% CO2). Fol-
lowing, cells were rinsed with PBS twice and cultured with fresh culture
medium (0.5 mL well−1). AF647-ON PICMs or AF647-ON/DES PICMs
(50 μL) were transferred into each cell dish with a final concentration of
50 nM and 40 μM DES if necessary. After 48 hours’ incubation, cells were
washed and fixed with 4% PFA for 15 min at room temperature, followed by
incubation with Hoechst 33 342 (1 mg mL−1 in fresh culture medium) for
30 min at room temperature. Afterward, cells were washed with PBS twice
and incubated in a fresh culture medium at 4 °C until confocal imaging.
Images were captured with a Leica confocal microscope. Image analysis
and processing were performed by Image J software.

In Vitro Knockdown of MFAP-5: MHSC cells were stimulated by co-
culturing with HCC cells (Dt81Hepa1-6 cells) for 5 days as described
above. The inserts were removed and the medium replaced with fresh cell
culture media, which was supplemented with siMFAP-5 (/DES) PICMs in
final concentrations of 1.0, 2.0, and 5.0 nM siMFAP-5 per well. Following
48 h, cells were collected by trypsinization and lysed for RNA extraction.
MFAP-5 levels were quantified by RT-qPCR analysis.

Quantitative RT-PCR Analysis: RNA was isolated with Monarch Total
RNA Miniprep Kits (New England Biolabs, Frankfurt a.M., Germany) from
cells or homogenized liver tissue according to the manufacturer’s proto-
col. Purified RNA (40 ng) was analyzed using the Luna Universal One-Step
RT-qPCR Kit (New England Biolabs, Frankfurt a.M, Germany) according
to the manufacturer’s protocol. Primers are listed below and were pur-
chased from Eurofins (Mannheim, Germany). Transcript levels of 𝛽-Actin
were used as housekeeping gene to normalize gene expression.

Target Forward 5‘−3‘ Reverse 3‘−5‘

FAP GTCACCTGATCGGCAATTTG TCGTAGATGTAGTATGTCGCTGT

TGF-𝛽 GCAACATGTGGAA-
CTCTACCAGAA

GACGTCAAAAGACAGCCACTCA

VEGF TCCACCATGCCAAGTGGTC GTCTCAATCGGACGGCAGTAG

MFAP-5 GTCTTGGCAATCAGCATCCC CCAGATTAGGGTCGTCTGTGAAT

CD105 AGGGGTGAGGTGACGTTTAC GTGCCATTTTGCTTGGATGC

CD34 CTGGGTAGCTCTCTGCCTGAT TGGTAGGAACTGATGGGGATATT

𝛽-Actin GGCATTGTTACCAACT-
GGGACGAC

CCAGAGGCATACAGGGA-
CAGCACAG

In Vitro Proliferation Assay: HCC cells (Dt81Hepa1-6), hepatic stellate
cells MHSC-SV40, and ECs SVEC4-10 cells were seeded in 96-well plates

(Greiner, Frickenhausen, Germany) at a density of 5000 cells per well and
allowed to adhere overnight. Cells were incubated at final concentrations
of 0.5, 0.25, and 0.125 ng μL−1 recombinant murine MFAP-5 (R&D Sys-
tems, Minneapolis, USA). After 48 h, cell proliferation was assessed by
3H-thymidine (5 μCi mL−1, specific activity: 6.7 Ci mmol−1, Amersham
Biosciences, Freiburg, Germany) for 16 h as described before.[87] Prior
scintillation counting, the cells were washed three times with PBS, lyzed
using a MicroScint 20 (Perkin Elmer, Waltham, USA), and analyzed with a
Tri-Carb2810 TR (Perkin Elmer, Waltham, USA). The cell proliferation was
shown as normalized counts per minute (CPM).

In Vitro Cytotoxicity: In vitro cytotoxicity of scrambled siRNA (siSCR)
PICMs and siSCR/DES PICMs was assessed in MHSC-SV40 murine hep-
atic stellate cells and Dt81Hepa1-6 HCC cells by MTT assay. In brief,
MHSC-SV40 and Dt81Hepa1-6 cells were seeded in96-well plates (Greiner,
Frickenhausen, Germany) at a density of 5000 cells per well and incu-
bated in 200 μL of appropriate growth medium. Following adhesion of the
cells over-night, increasing concentrations of siSCR PICMs or siSCR/DES
PICMs corresponding to 0.009, 0.028, 0.083, 0.25, 0.75, 2.25, 6.25, 12.5,
25, 50, and 100 nM siSCR per well were added. As a positive control, cells
were incubated with a medium supplemented with 10% (v/v) DMSO. Af-
ter 48 h, 37 °C, the medium was replaced against phenol-red free medium
(100 μL well−1) plus freshly prepared 20 μL MTT solution (4 mg mL−1

in PBS) and incubated for 4 h. At the end of incubation, the medium
was carefully discarded and replaced with 150 μL DMSO to solubilize the
formed formazan under the exclusion of light for 30 min. Using an Infi-
nite M200Pro spectrofluorometer (TECAN, Männedorf, Switzerland), the
optical density (OD) was determined at 570 nm. The OD570 of nanoparti-
cle treated cells was normalized with the OD570 of cells exposed to equal
volumes of PBS alone. Experiments were performed in triplicates.

In Vivo Studies—HCC Model: All animal studies were approved by the
local ethics committee on animal care (number G20-1-130, Government of
Rhineland Palatinate, Germany). Eight to ten weeks old C57BL/6JRj were
purchased from Janvier (Rite du Genest, France) and kept under 12 h light–
dark cycles at 25 °C and 40–60% humidity with daily human care. The an-
imals had access to regular chow and water ad libitum. At predetermined
time points, mice were sacrificed by cervical dislocation. Dt81Hepa1-6
cells were trypsinated, resuspended in PBS (500 000 cells per 150 μL),
and loaded into 21G syringes. Anesthetized (Ketamine/Xylazin after GV
solas) mice received right side laparotomy and the spleen was mobilized
out of the abdomen for injection. The syringe was inserted into the spleen
parenchyma and the cells gently injected. When the spleen regained its
red color, the needle was carefully drawn out. The spleen was relocalized
into the abdominal cavity and the abdominal cavity was closed with a
biodegradable suture and the skin with wound clips. For post-surgical anal-
gesia, the drinking water was supplemented with 1.5 mg mL−1 metamizole
for 2 days. Following 28 days of tumor growth, mice were sacrificed by cer-
vical dislocation for organ harvest and further analysis.

In Vivo Toxicity: To study the toxicity of the carriers, nanoparticles were
loaded with scrambled siRNA (siSCR). Healthy mice were challenged by
three consecutive intravenous injections (i.v.) (day 1, 3, and 5) of siSCR
PICMs or siSCR/DES PICMs corresponding to escalating doses of siSCR
0.5, 1.0, and 3.0 mg kg−1. As a control, siSCR LNPs were intravenously
administrated at a dose of siSCR 1.0 mg kg−1. After 72 h of the last injec-
tion mice were anesthetized, blood was sampled by heart puncture and
the mice sacrificed by cervical dislocation.

Cytokine levels of interferon (IFN)-𝛼,-𝛽 were analyzed by Cytometric
Bead Arrays (BD, Heidelberg, Germany) in sera of siSCR(/DES) PICMs
or siSCR LNP treated mice as well as healthy untreated mice (as control)
according to the manufacturer’s protocol. In brief, IFN levels were mea-
sured with an Attune NxT flow cytometer (Thermofisher, Waltham, USA)
and analyzed using FCAP Array software v.1 (BD, Heidelberg, Germany)
according to the manufacturer’s instructions. Standard laboratory param-
eters were analyzed by the central laboratory of the university medical cen-
ter Mainz, Germany.

In Vivo Imaging: On day 26 post intrasplenic HCC cell (Dt81Hepa1-
6) injection, mice received an intravenous injection of Cy5.5-labeled siRNA
(siCy5.5) loaded PICMs or siCy5.5/DES PICMs corresponding to a dose of
1.5 mg kg−1 siRNA. Control mice received siCy5.5 LNPs or free siCy5.5. At
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predetermined time points (0, 1, 3, 6, 24, and 48 h post siCy5.5 (/NP) injec-
tion), mice were anesthetized with isoflurane gas and transferred into the
imaging chamber of an IVIS (in vivo imaging spectrum) system (Caliper
LifeSciences, Hopkinton, USA) for in vivo NIR fluorescence imaging. A
picture integration time of 4 s was set for the fluorescence source and fil-
ters were adjusted with excitation at 684 nm and emission at 710 nm to
visualize the Cy5.5 signal.

Ex Vivo Imaging of Organs: Immediately after the last in vivo NIR-
imaging mice were sacrificed by cervical dislocation and lung, heart, liver,
spleen, and kidneys retransferred into the imaging chamber of the IVIS
Spectrum Imaging system. Image acquisition was performed with the
same settings as described above for in vivo imaging. To quantify the fluo-
rescence in individual organs, the extracted organs were carefully circum-
scribed by regions-of-interest using the IVIS machine software (Caliper
LifeSciences, Hopkinton, USA). The fluorescence was quantified as the
average of area-normalized radiant efficiency.

Preparation of Liver Single Cell Suspensions: Dissected livers were di-
gested directly after ex vivo imaging according to the manufacturer’s
protocol (Preparation of single-cell suspensions from mouse liver, Mil-
teny, Bergisch Gladbach, Germany). Briefly, livers were rinsed with Krebs–
Ringer–Buffer (KRB, pH7.4) after removal of the gall bladder, digested with
5000 U mL−1 of collagenase IV (C5138, Sigma-Aldrich), and 1500 U mL−1

DNase I (AppliChem, Darmstadt, Germany) in KRB. The livers were thor-
oughly minced with a gentle MACS dissociator (Milteny, Bergisch Glad-
bach, Germany) and incubated for 30 min at 37 °C. Following additional
mincing, the cell suspension was filtered over a 100 μM cell strainer to
remove debris. The filtrate was centrifuged at 300 g for 10 min at 4 °C
to collect both, parenchymal and non-parenchymal cells. The supernatant
was discarded and the remaining erythrocytes were lysed with Gey’s Buffer
(pH7.4) for 1 min at room temperature. Finally, the remaining cells were
washed twice with PBS.

In Vivo Biodistribution on Cellular Level in the Liver: Livers, obtained
from mice injected with siCy5.5 PICMs or siCy5.5/DES PICMs were pro-
cessed into single cell suspensions (see above) in order to be stained
with fluorochrome-labeled cell-specific antibodies for flow cytometry as
described below.

Flow Cytometry: Liver single suspensions (as described above) ob-
tained from biodistribution or therapeutic experiments, were stained with
fluorochrome-labeled antibodies according to the manufacturer’s proto-
col. Therefore, the following antibodies were used: leucocytes (CD45-clone
30F11, ThermoFisher Scientific, Waltham, USA), dendritic cells (CD11b-
clone M1/70, CD11c (N418, ThermoFisher), macrophages (F4/80-clone
BM8, eBiosciences, Darmstadt, Germany), T-cells (CD3- clone 145-2C11,
BD, Franklin Lakes, USA), fibroblasts/CAF (𝛼-SMA-clone 1A4, Invitrogen,
Carlsbad, USA), HCC-cells (AFP-PE clone 189 502, R&DSystems, Min-
neapolis, USA) and MFAP-5 (Abcam, Cambridge, UK). To exclude dead
cells fixable viability dye (FVD) eFlour 506 (eBioscience, San Diego, USA)
was used. Blocking CD16/CD32 (EPR23501-203, Abcam, Cambridge,
United Kingdom) prevented unspecific binding. In order to enable intra-
cellular staining, cells were permeabilized using a Foxp3/Transcription fac-
tor Staining Buffer Set (eBioscience, San Diego, USA). Following staining
according to the manufacturer’s protocol, cells were fixed with 4% PFA
for 15 min at RT and measured the next day using an Attune NxT Flow
Cytometer (ThermoFisher Scientific, Waltham USA). Compensation was
performed automatically by Attune NxT Software with OneComp eBeads
(eBioscience). 100 000–500 000 cells were measured per sample. Flow cy-
tometry data was analyzed by FlowJo Software v.10.8.1 (BD Biosciences,
New Jersey USA).

In Vivo Knockdown of MFAP-5 in HCC Tumor Mice: On day 21 post
intrasplenic HCC cell (Dt81Hepa1-6) injections, mice received a total of
three consecutive intravenous injections of siMFAP-5 PICMs or siMFAP-
5/DES PICMs on day 21, 23, and 25 corresponding to 0.5 and 1.0 mg
kg−1 siRNA. Mice injected with equal concentrations of complexed siSCR,
siMFAP-5 LNPs, or PBS were used as controls. Seventy-two hours after the
last injection, mice were sacrificed by cervical dislocation. Lungs, heart,
kidneys, livers, and spleens were dissected, and blood collected by heart
puncture.

Alpha-Fetoprotein (AFP) Quantification: AFP was quantified in mice
sera and cell culture supernatant of Dt81Hepa1-6 and MHSC-SV40 cells,
using the Quantikine ELISA-Kit (R&D Systems, Minneapolis, USA) accord-
ing to the manufacturer’s protocol. The provided microplates were pre-
coated with anti-AFP antibodies. Briefly, prediluted sera (1:1000) and stan-
dards (each 100 μL well−1) added and incubated for 2 h at RT. Following
three washing steps (250 μL) with washing buffer, the detection reagent, a
peroxidase-conjugated anti-AFP antibody was added (200 μL well−1). After
≈20 min, stop solution (2N H2SO4) was added (50 μL) and the microplare
immediately subjected to the spectrofluorometer. The corresponding pho-
tometric analysis was performed with an Infinite M200Pro spectrofluorom-
eter (TECAN, Männedorf, Switzerland).

Hematoxylin and Eosin (H&E) and Sirius Red Staining: Formalin-fixed
paraffine-embedded (5 μM; FFPE) specimens of dissected livers were
stained with the H&E Staining Kit (Abcam, Cambridge, UK) according to
the manufacturer’s protocol. Stained sections were mounted with Vitro-
Clud (R.Langenbrink, Emmendingen, Germany) and sealed with a cov-
erslip. Microscopy was performed with a Fritz Microscope (PreciPoint,
garching b.M., Germany). For morphometric tumor quantification, per-
centages of the stained area of the whole liver specimen were measured
by Image J Software with an adjusted threshold setting. For accurate mor-
phometrical quantification, tissue disruptions and portal areas were ex-
cluded. This procedure was repeated twice per sample and resulting num-
bers were normalized to untreated controls and expressed as normalized
means ± SD (n = 5 per group, n = 2 per sample). A 5 μM representative
liver FFPE specimen was stained with Picro-Sirius Red Solution (Abcam,
Cambridge, UK) according to the manufacturer’s protocol and mounted,
sealed, and microphotographed as described above.

Immunohistochemistry: FFPE tissue sections (3 μM) were stained in
the Leica BOND Rx autostainer using a rabbit anti-CD34 (Clone: EP373Y)
antibody (1:2000, Abcam, ab81289) and CD105 antibody (1:500, Sino Bi-
ologicals, 50407-T24). The standard IHC protocol adjusted to 30 min
primary antibody incubation with HIER: 20 min ER1 was used. The
staining was detected using the BOND Polymer Refined Detection Kit
(Leica, DS9800). Images were acquired using Aperio AT2 Slide Scan-
ner (Leica Biosystems) and analyzed with ImageScope software (Version
12.4.3.5008, Leica Bioscience).

Duplex RNA In Situ Hybridization (RNAScope): FFPE tissues were
freshly cut into 3 μM-thick sections. RNAscope HD Duplex chromogenic
manual assay was performed using mouse Mfap5 and Acta2 probes (Ad-
vanced Cell Diagnostics, 490 211 and 319 531-C2, respectively), and
RNAscope 2.5 HD Duplex Detection kit (Advanced Cell Diagnostics,
322 500) according to the manufacturer-supplied protocol. Counterstain-
ing was performed with hemelaum (acc. to Mayer). Images were acquired
using Aperio AT2 Slide Scanner (Leica Biosystems) and analyzed with Im-
ageScope software (Version 12.4.3.5008, Leica Bioscience).

Total RNA Extraction, Library Preparation, and Directional mRNA Se-
quencing: Total RNA was extracted from fresh frozen specimens of
mouse livers using Quiagens RNeasy Mini Kit. Quantity and quality were
determined using the Qubit 4 fluorometer with the RNA BR Assay Kit (In-
vitrogen) and the Agilent Bioanalyzer 2100 system using the RNA Pico
Kit. mRNA-focused RNA libraries were prepared using Illumina’s True-
Seq stranded mRNA library prep Kit with an input amount of 1 μg to-
tal RNA. Poly(A)-positive mRNA transcripts were isolated from total RNA
binding to magnetic oligo(d)T beads and subsequently fragmented and re-
verse transcribed during first and second strand synthesis to yield double-
stranded cDNA. The ends of the cDNA molecules were end-repaired and
an adenosine overhang was added to all 3′ ends (A-tailing step) to facil-
itate the ligation of the adapter molecules. These adapters had individ-
ual dedicated index sequences and added the Illumina-specific sequences
that were needed for amplification, flow cell hybridization, and sequencing.
Single index NEXTflex DNA barcodes (8 bp; Perkin Elmer) were used. The
final ligation product was amplified via PCR. Intermediate and final library
purification steps were done using AMPure XP beads (Beckman Coulter).
Final library quantity and quality were done using the Qubit 4 fluorometer
with the 1x dsDNA HS AssayKit (Invitrogen) and the Agilent Bioanalyzer
2100 system using the High Sensitivity DNA kit. All mRNA libraries were
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sequenced in paired-end mode (2 × 50 nt) on an Illumina NovaSeq instru-
ment resulting in ≈30 × 106 distinct sequencing read pairs per library.

Differential Expression Analysis: RNA-seq raw reads were subjected
to quality control with FastQC (v0.11.9, www.bioinformatics.braham.ac.
uk/projects/fastqc/) and FastQ Screen (v0.15.1)[88] and subsequently
processed with kallisto (v0.42.4)[89] and the Mus musculus reference
GRCm38 (ENSEMBL release 84). Estimated read counts were summa-
rized per gene and used for differential expression analysis with DESeq2
(version 1.34.0).[90] Log2 fold change values after “apeglm” shrinkage
were shown.[91] Genes with BH-adjusted p-values < 0.05 and |log2 fold
change| > 1 were considered as significantly regulated.[92]

Ingenuity Pathway Analysis: The networks analyses were performed
with the Ingenuity Pathway Analysis (IPA, Qiagen, Netherlands). For that,
differential gene expression data was uploaded and significantly differen-
tially expressed genes with cut-offs of | log2 Fold Change (FC) | >= 1 and
false discovery rate (FDR) < 0.05 were selected for analysis.

Statistical Analysis: Data was shown as means ± SD. The comparison
was done using a two-way method of ANOVA followed by Bonferroni mul-
tiple comparisons tests for multiple comparisons or Kruskal–Wallis H test
followed by pairwise Bonferroni-corrected Mann–Whitney U tests for pair-
wise comparison. For all tests a 𝛼 = 0.05 level was defined as statistically
relevant deviations from the respective null hypotheses. Data were ana-
lyzed using GraphPad Prism Version 9.5.1 (GraphPad Software, California,
US).
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