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ABSTRACT

Liver fibrosis affects millions of people worldwide and is rising vastly over the past decades. With no viable
therapies available, liver transplantation is the only curative treatment for advanced diseased patients. Excessive
accumulation of aberrant extracellular matrix (ECM) proteins, mostly collagens, produced by activated hepatic
stellate cells (HSCs), is a hallmark of liver fibrosis. Several studies have suggested an inverse correlation between
collagen-I degrading matrix metalloproteinase-1 (MMP-1) serum levels and liver fibrosis progression high-
lighting reduced MMP-1 levels are associated with poor disease prognosis in patients with liver fibrosis. We
hypothesized that delivery of MMP-1 might potentiate collagen degradation and attenuate fibrosis development.
In this study, we report a novel approach for the delivery of MMP-1 using MMP-1 decorated polymersomes
(MMPsomes), as a surface-active vesicle-based ECM therapeutic, for the treatment of liver fibrosis. The storage-
stable and enzymatically active MMPsomes were fabricated by a post-loading of Psomes with MMP-1.
MMPsomes were extensively characterized for the physicochemical properties, MMP-1 surface localization,
stability, enzymatic activity, and biological effects. Dose-dependent effects of MMP-1, and effects of MMPsomes
versus MMP-1, empty polymersomes (Psomes) and MMP-1 + Psomes on gene and protein expression of collagen-
I, MMP-1/TIMP-1 ratio, migration and cell viability were examined in TGFp-activated human HSCs. Finally, the
therapeutic effects of MMPsomes, compared to MMP-1, were evaluated in vivo in carbon-tetrachloride (CCly)-
induced early liver fibrosis mouse model. MMPsomes exhibited favorable physicochemical properties, MMP-1
surface localization and improved therapeutic efficacy in TGFp-activated human HSCs in vitro. In CCly-induced
early liver fibrosis mouse model, MMPsomes inhibited intra-hepatic collagen-I (ECM marker, indicating early
liver fibrosis) and F4/80 (marker for macrophages, indicating liver inflammation) expression. In conclusion, our
results demonstrate an innovative approach of MMP-1 delivery, using surface-decorated MMPsomes, for alle-
viating liver fibrosis.

1. Introduction

hepatocellular carcinoma [1]. Among others, viral infections, excessive
alcohol/drug abuse and metabolic disorders are the major etiologies

Liver fibrosis is an abnormal wound healing process, which upon causing liver-related pathologies [2]. Liver fibrosis affects millions of
chronic injury, results in an accumulation of collagenous-rich extracel- people worldwide [3] and is rising vastly over the past decades, mainly
lular matrix (ECM) and progresses to liver -cirrhosis and/or due to unhealthy and sedentary lifestyle [4,5]. With no viable therapies
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available, organ transplantation is the only curative treatment for
advanced diseased patients [6]. However, with increasing demands of
donor livers and inherent challenges associated with liver trans-
plantation, there is an urgent need for the development of more effective
therapies [7].

Injury to the liver induces processes (Fig. 1) leading to the activation
of resident quiescent hepatic stellate cells (HSCs) [8]. Upon activation,
quiescent HSCs undergo trans-differentiation into proliferative and pro-
fibrogenic myofibroblasts that secrete excessive ECM components,
mainly collagen-I (col-I), thereby resulting in scarring, loss-of-liver ar-
chitecture and function [9]. ECM homeostasis is mainly regulated by
matrix metalloproteinases (MMPs) and tissue inhibitors of MMPs
(TIMPs) [10,11]. The MMP-TIMP balance is dysregulated during liver
injury, with decreased MMPs and increased TIMPs, resulting in reduced
matrix degradation while increased ECM production by activated HSCs
[5,7]. Besides liver diseases, MMPs are also implicated in other in-
flammatory and fibrotic diseases including arthritis, cardiovascular
disorders, cancer and metastasis [12].

The first discovered MMP, MMP-1 or collagenase-1 binds to and
cleaves col-I, the most abundant ECM protein present in the fibrotic
livers [13]. Several studies have suggested an inverse correlation be-
tween serum MMP-1 levels and liver fibrosis progression highlighting
that reduced MMP-1 levels are associated with poor disease prognosis in
patients with liver fibrosis [14,15]. Since MMP-1 is the most potent
collagenase that can degrade fibrillar collagens [16,17], its therapeutic
effect is widely studied. limuro et al. investigated MMP-1 delivery using
adenoviral-vector mediated human pro-MMP-1 (Ad5MMP-1) in thio-
acetamide (TAA)-induced fibrotic rats. AASMMP-1 increased the active
MMP-1 levels, degraded the fibrous ECM, induced apoptosis of activated
HSCs and attenuated fibrosis [18]. Du et al. augmented MMP-1
expression via transplantation of MMP-1 overexpressing bone-marrow-
derived stem cells (BMSCs) in carbon tetrachloride (CCly)-induced
fibrotic rats and demonstrated decreased col-I expression, HSCs inhibi-
tion and amelioration of liver fibrosis [19]. Other studies have focused
on inducing MMP-1 expression using different compounds [20,21].
These studies clearly demonstrate the importance of MMP-1 delivery for
the treatment of liver fibrosis. Despite promising findings, MMP-1 de-
livery using adeno-viral vectors may lead to adverse effects [22] and/or
BMSCs possess inherent challenges including invasive BMSCs isolation
procedure and poor BMSCs survival [23,24]. These problems can be
overcome by delivery of MMP-1 using polymersomes (Psomes) as a drug
delivery system (DDS).
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In the past two decades, Psomes have attracted growing attention as
polymeric vesicles mimicking cell- and virus-dimensions, and as DDS for
medical applications [25-31]. Due to their defined aqueous compart-
ments, Psomes can encapsulate proteins in the lumen protected, by the
membrane, against (enzymatic) degradation in the biological environ-
ment, thus functioning as feedback-controlled or enzymatic nano-
reactors [32-37]. Moreover, stimuli-sensitive Psomes have emerged as
novel programmable delivery systems in which the release of encapsu-
lated contents can be readily modulated by internal/external stimuli,
preferentially through the disassembly of Psomes, or using trans-
membrane proteins. These DDSs significantly enhanced therapeutic ef-
ficacy and minimized possible adverse effects [31,38-41]. However, to
date, there are no studies on surface-attached proteins or membrane-
integrated proteins in Psomes, and their suitability to be used as
surface-active polymeric vesicle therapeutics in the ECM-rich fibrotic
microenvironment. Furthermore, the formation of such selectively
modified Psomes and their potential as DDS remain largely unexplored.
The aim of this study is to design novel ECM therapeutics based on
enzymatically active, surface-modified MMP-1 Psomes (MMPsomes) to
treat liver fibrosis (Fig. 1).

This study demonstrates a novel enzymatic therapeutic approach
(Fig. 1) for the direct degradation of col-I in the ECM thereby attenu-
ating liver fibrosis. This approach is based on MMPsomes designed as
biologically surface-active vesicle-based DDS that undoubtedly differ
from reported enzyme/protein loaded Psomes [28-30,40,42], where
intracellular delivery of proteins is not imperative. We postulate that
MMPsomes stabilizes MMP-1 which then efficiently degrades col-I, in-
hibits HSCs-induced col-I expression and enhances relative MMP-1/
TIMP-1 expression thereby ameliorating liver fibrosis (Fig. 1).

2. Materials and methods
2.1. Materials

All materials were used as received, unless stated otherwise. Colla-
genase type I (also referred to as MMP-1), prepared from Clostridium
histolyticum, Sigma-Aldrich, C0130-100 mg, CAS no. 9001-12-1; colla-
genase activity colorimetric assay kit MAK293 containing collagenase
assay buffer MAK293A, collagenase MAK293B, collagenase substrate
MAK293C (FALPGA - ie. a modified synthetic peptide), inhibitor
MAK293D (1,10-phenanthroline 1 M); phosphate buffered saline (PBS)
tablets (Sigma-Aldrich); sodium azide (NaNs) (Sigma-Aldrich); 37%
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Fig. 1. Schematic illustration of an approach using MMPsomes for liver fibrosis resolution. During chronic liver injury, hepatocytes undergo apoptosis and necrosis
releasing pro-inflammatory and pro-fibrotic factors. These factors induce infiltration and activation of macrophages causing liver inflammation, followed by pro-
liferation and activation of HSCs that secrete excessive amounts of fibrotic ECM, primarily collagen-1. Degradation of collagen-1, by a surface active MMP-1-decorated
polymersomes (MMPsomes), can restore balance between ECM deposition and degradation, and thereby favor resolution of liver fibrosis. Created with BioR

ender.com.
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hydrochloric acid (HCl) (Merck); sodium hydroxide (NaOH) (Sigma-
Aldrich). The BCPs (refer to Table S1) have been prepared by atom
transfer radical polymerization (ATRP). The hydrophilic part displays a
methoxy group at the end of a PEG segment, while the hydrophobic part
consists of pH-sensitive 2-(N,N-diethylamino)ethyl methacrylate
(DEAEMA) and photo-crosslinker 3,4-dimethyl maleic imidobutyl
methacrylate (DMIBM). The composition and the number average mo-
lecular weight (M) of the block copolymer were determined with 'H
nuclear magnetic resonance (NMR) spectroscopy from the peak integrals
of PEG (3.65 ppm), DEAEMA (2.65-2.78 ppm) and DMIBM (3.52 ppm)
by taking the PEG block as an internal standard. BCP: PEGys-b-
(DEAEMAgl—S—DMIBM24).

2.2. Fabrication of polymersomes (Psomes), MMP-1-decorated Psomes
(MMPsomes) and MMP-1

Empty polymersomes (Empty-Psomes). The assembly of empty Psomes
was carried out by dissolving the BCP in HCl 0.01 M (pH 2.0) at a
concentration of 1 mg/mL. The solution was then passed through a 0.2
pm nylon filter to remove all the impurities. Next, pH was increased
from 2.0 to 5.0 by addition of 1 M NaOH and then to 9.0 with 0.1 M
NaOH. The suspension was then left stirring in the dark for 72 h and
passed through a 0.8 pm nylon filter. Crosslinking of Psomes was carried
out for 180 s per 2 mL of suspension using a UV crosslink lamp, Omni-
Cure S2000 UV curing lamp system (Lumen Dynamics Group Inc.,
Canada) equipped with high pressure mercury lamp (0.35 W/cm?, UV
light between 320 and 500 nm). After crosslinking, the swelling
behaviour, size, polydispersity index (PDI) and zeta potential of the
Psomes were analyzed using batch dynamic light scattering (DLS).

Post-loaded MMP-1-polymersomes (MMPsomes). A stock solution of
0.2 mg/mL collagenase-I (MMP-1) was prepared by dissolving the
enzyme in 1 mM PBS and stirring overnight. This solution was mixed
with a suspension of empty Psomes (prepared as described above) in 1:1
ratio to obtain the following concentrations: Cpcp = 0.5 mg/mL and
Cymmp-1 = 0.1 mg/mL. The pH of the resulting solution was adjusted to a
value of 5.0 by addition of 0.1 M HCI. The suspension was left stirring in
the dark overnight. Finally, the pH was adjusted to a value of 9.0 by
addition of 0.1 M NaOH. Synthesized MMPsomes were purified using
optimized protocols as described below, the swelling behaviour, size,
PDI, and zeta potential of MMPsomes were assessed using batch DLS and
asymmetric flow field-flow fractionation (AF4) with light scattering
(AF4-LS).

For the biomedical experiments (cell viability and therapeutic effi-
cacy): A stock solution of 0.4 mg/mL MMP-1 was prepared by dissolving
the enzyme in 1 mM PBS at pH 6.0. This solution was mixed to a sus-
pension of empty Psomes, pH 6.0 (prepared as described above) in 1:1
ratio to obtain the following concentrations: Cpcp = 0.5 mg/mL and
CMMP-I =0.2 mg/mL.

Free MMP-1. Solutions of free enzyme were prepared by dissolving
collagenase/MMP-1 in 1 mM PBS at a concentration of 0.2 mg/mL.
Solutions were stirred slowly for at least 2 h before using for further
studies.

2.3. Dialysis and HFF purification of unpurified post-loaded MMPsomes

(a) Dialysis was carried out against 1 mM PBS for 72 h in the dark
(membrane MWCO: 1000 kDa) to remove all free MMP-1 bio-
macromolecules from “Unpurified MMPsomes”. During this time,
the buffer was changed daily and kept on constant stirring.
Dialysis-purified MMPsomes (Dialysis MMPsomes) were used for
batch DLS and AF4 study as well as for examining different
storage methods.

Hollow Fiber Filtration (HFF) was carried out using KrosFlo
Research System equipped with a hydrophilic-modified poly
(ethersulphone) membrane (500 kDa, SpectrumLabs, USA). The
transmembrane pressure (TMP) was set to 130 mbar. A 15 mL/

(b)
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min flow of 1 mM PBS (pH 8.0) was used to remove free MMP-1
biomacromolecules: several cycles were performed; until 120 mL
of buffer were obtained as permeate. According to the pre-
liminary studies, all the free MMP-1 biomacromolecules were
eliminated from the suspension. This was confirmed by enzy-
matic activity assay of the last fraction of permeate. HFF-purified
MMPsomes (HFF MMPsomes) were used for batch DLS and AF4
study as well as for examining different storage methods.

2.4. Fluorescence study

Preparation of NayCO3/NaHCOs buffer at pH 10.0. 1.12 g of NapCO3
was dissolved in 100 mL Milli-Q water, separately, 1.68 g of NaHCO3
was also dissolved in 100 mL Milli-Q water. 3.5 mL of the NayCOs3 so-
lution was mixed with 2.8 mL of NaHCOj5 solution and Milli-Q water was
added to reach a volume of 100 mL, resulting in a NapCO3/NaHCOs3
buffer pH 10.

Synthesis of MMP-1-RhB: 5 mg (0.05 pmol, equivalent 1) of MMP-1
was dissolved in 3 mL of carbonate buffer at pH 10, later 9.65 pL of
DMSO containing 0.168 mg RhB-SCN (0.3 pmol, equivalent 6) was
added. This was stirred for 2 days and extensively dialyzed against 1 mM
PBS using a 2 kDa MWCO membrane for 2 days (Cstock = 1 mg/mL),
continuously changing the buffer.

Fabrication of labeled MMPsomes: 1 mL of MMP-1-RhB solution (1
mg/mL) was dissolved in 4 mL PBS at pH 6, to this solution; 5 mL of
Psomes (1 mg BCP/mL Psomes) at pH 6 was added and stirred overnight
(Cgcp = 0.5 mg/mL and Cppyp.1.rhs = 0.1 mg/mL). The sample was
studied using two purification methods: (a) the sample was extensively
dialyzed to 1 mM PBS pH 7.4, for 3 days, using a 1000 kDa MWCO
membrane. Samples were taken after 0, 8, 24, 48 and 72 h. The samples
were prepared and analyzed by triplicate; (b) The sample was purified
by HFF (130 mbar, 150 mL waste, 500 kDa, 1 mM PBS pH 7.4) Samples
were taken before and after purification. The samples were prepared and
analyzed by triplicate (Cgcp = 0.25 mg/mL, Aex = 554 nm, Agps = 575
nm). As a control, the fluorescence intensity of free MMP-1-RhB without
dialysate was studied after 1, 2, 3 and 4 days (Cymp-1-rh = 0.1 mg/mL,
Aex = 554 nm, Aaps = 575 nm).

For the biomedical experiments, 2 mL of MMP-1-RhB solution (1 mg/
mL) was dissolved in 3 mL PBS at pH 6, to this solution; 5 mL of Psomes
(1 mg BCP/mL Psomes) at pH 6 was added to MMP-1-RhB solution and
stirred overnight (Cgcp = 0.5 mg/mL and Cypvp.1.rus = 0.2 mg/mL) and
purified by dialysis.

2.5. Determination of pH

(A) MMPsomes or Empty-Psomes (Cpcp = 0.25 mg/mL and Cypvp.1 =
0.05 mg/mL) in buffer assay (50 mM Tricine with 10 mM Calcium
Chloride and 400 mM Sodium Chloride). (B) MMPsomes or Empty-
Psomes (Cpcp = 0.25 mg/mL and Cpypp.1 = 0.05 mg/mL) in 1 mM
PBS. Post-loading method was used for preparing MMPsomes, purified
by dialysis. Both MMPsomes and Empty-Psomes were titrated from basic
to acidic conditions while simultaneously measuring their size by dy-
namic light scattering (DLS) by adding of HC1 0.1 M to determine the pH.

2.6. Fluorescence resonance energy transfer (FRET)

For a solution of Avidin.AlexaFluor488-Psomes (0.25 mg BCP/mL, V
= 10 mL) the pH was adjusted to pH 6 and then, 60 pL of HABA (fresh
solution, 1 mg/mL) was added. The sample was stirred for 2 h. The
samples before and after adding HABA were used as reference (tripli-
cate) to check the right quenching (100 pL per well). Subsequently, 0.25
mg/mL Avidin.AlexaFluor488.HABA-Psomes solution were prepared in
1 mM PBS at different pH (8, 7 and 6; enzyme assay buffer) and setting in
96 well plate (100 pL per well). Later, the biotinylated peptide FALGPA
was added. After 6 h, All samples were adjusted at pH 6 adding 100 pL of
10 mM PBS at pH 6 were added per well to study the fluorescence
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intensity. All samples were analyzed at 0.25 mg BCP/mL by fluorescence
microscopy using a microplate reader at Aex: 488 nm.

2.7. MMPsomes storage

Here, two different storage methods were compared: (a) Cryogenic
freezing (frozen), the samples were kept overnight in a freezer at —20 °C
in the dark. On the next day, the samples were thawed for at least 2 h
before being characterized; (b) Freeze-drying (FD), before the process
0.1% w/v inulin was added to the samples as cryo-protectant. The
samples were then frozen by liquid nitrogen and freeze-dried overnight
in the dark at a pressure of 0.030 mbar. On the next day, the solid ob-
tained by this process was directly dissolved in 1 mM PBS at pH 5,
stirring, for at least 2 h.

Once the loaded and purified Psomes were prepared, MMPsomes
were stored for 7 days at 4 °C to carry out the corresponding biological
studies. The influence on the enzyme activity over the days was studied
at 1, 3 and 7 days. Both conditions were used: (a) Cgcp = 0.5 mg BCP/
mL + 0.2 mg MMP-1/mL. Psomes aliquots (Cgcp = 0.5 mg BCP/mL)
were stored at —20 °C up to several weeks for preparing MMPsomes as
described above.

2.8. Enzymatic assay for MMPsomes

The collagenase activity colorimetric assay kit (MAK293, Sigma) was
used for the determination of MMP-1 activity as per manufacturer’s
instructions. Briefly, a reaction mixture was prepared by combination of
assay buffer with substrate (FALGPA) using a volume ratio of 60:40. For
the analysis, 100 pL of MMPsomes were added to the microwell of a 96-
well plate. Just before starting the measurement, 100 pL of reaction
mixture were added to each microwell. Measurements were carried out
on a Tecan microplate reader at A = 345 nm, 37 °C. Enzyme activity was
measured 4-5 days after the fabrication of MMPsomes. Every sample
was measured in triplicate. The background (negative) control was
constituted by 100 pL of assay buffer, while the positive control con-
sisted in 10 pL assay MMP-1 and 90 pL assay buffers. Absorbance was
measured every 30 s for a total time of 15 min. The enzymatic activity of
(MMPsomes) samples was calculated as described in the kit’s technical
bulletin.

2.9. Stability studies of MMPsomes and assessment of MMP-1 leakage
from MMPsomes

Stability studies of Empty-Psomes and Dialysis MMPsomes in 1 mM
PBS, 10% FBS in mM PBS and serum-free DMEM: Dialysis MMPsomes,
prepared for biological experiments (Cgmpty-psomes = 0.25 mg BCP/ mL
and Cyvp-1 = 0.1 mg/mL), and Empty-Psomes (Cempty-psomes = 0.25 mg
BCP/mL) were incubated at 37 °C in three different solutions: a) 1 mM
PBS, b) 10% FBS in 1 mM PBS and c¢) serum-free DMEM medium. All
samples were analyzed by DLS after different time points of incubation
(0, 2, 4, 6, 8, 24 and 48 h).

Assessment of MMP-1 leakage from Dialysis MMPsomes after 3 pH
cycles: 9 mL of purified MMPsomes using MMP-1-RhB (reference: 100%,
MMPsomes purified by dialysis for 72 h using MMP-1-RhB, 0.5 mg BCP/
mL) were incubated at pH 6 for 15 min, afterwards the pH was adjusted
to pH 7.5 (1 cycle). 3 mL of this solution was taken and dialyzed against
1 mM PBS for 24 h. The same procedure was repeated two more times (2
and 3 cycles). The absorbance of all samples was measured at 556 nm
and presented as percentage (%) MMP-1 in MMPsomes.

2.10. Cell line

LX-2, an immortalized human HSC cell line used in this study was
provided by Prof. Scott Friedman (Mount Sinai Hospital, New York, NY,
USA). The cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing 10% fetal bovine serum (FBS, Lonza, Verviers,
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Belgium), 1% r-glutamine and 1% penicillin/streptomycin (pen/strep)
(Sigma Aldrich). The cells were passaged twice a week as per established
experimental protocols.

2.11. Cell viability studies

Cells were seeded in 12-well plates (1 x 10° cells/well/mL) and
cultured overnight. Cells were serum-starved for overnight and incu-
bated with starvation medium alone, different concentrations of MMP-1
(0.25, 0.5, 1.0 and 5.0 pg/mL), MMP-1 + Psomes, MMPsomes (MMP-1
conc. of 1.0 pg/mL and respective Psomes concentration of 4.17 pg/mL)
and Psomes (4.17 pg/mL) for 24 h. Cells were then incubated with
Alamar blue reagent (Invitrogen, Carlsbad, CA, USA) for 4 h and fluo-
rescent signal of the medium was measured using a VIKTOR™ plate
reader (Perkin Elmer, Waltham, MA).

2.12. Quantitative real-time PCR

Cells were seeded in 12-well cell culture treated plates (1 x 10° cells/
well/mL) and cultured overnight. Cells were then serum-starved for
overnight and incubated with starvation medium alone, equivalent
concentrations (1.0 pg/mL) of MMP-1, Psomes, MMP-1 + Psomes and
MMPsomes, and 5 ng/mL TGFp for 24 h. Cells were then lysed using
RNA lysis buffer and total RNA was isolated using the GenElute Total
RNA Miniprep Kit (Sigma) 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 the iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA, USA). Real-time PCR was performed using 20 ng of
cDNA, pre-tested gene-specific primer sets as listed below in Table 1 and
the 2x SensiMix SYBR and Fluorescein Kit (Bioline GmbH, QT615-05,
Luckenwalde, Germany) according to the manufacturer’s instructions.
Finally, cycle threshold (Ct) values were normalized to the reference
gene 18 s rRNA, and relative expressions were calculated using the 2-
AACt method versus TGFp-treated LX2 cells.

2.13. Western blot analysis

Cells were seeded in 12-well plates (1 x 10° cells/well/mL) and
cultured overnight. Cells were serum-starved for overnight and incu-
bated with starvation medium alone, equivalent concentrations (1.0 pg/
mL) of MMP-1, Psomes, MMP-1 + Psomes and MMPsomes, and 5 ng/mL
TGFp for 48 h. Cells were then lysed using 1 x 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. The prepared samples were loaded on 10%
Tris-glycine gels (Life Technologies) followed by transfer to the PVDF
membrane (Roche). The membranes were developed according to the
standard protocols using primary antibodies i.e., polyclonal goat anti-
collagen-I (1:500, Southern Biotech) and mouse monoclonal B-actin
antibody (1:5000, Sigma) and respective secondary antibodies (Dako).
The bands were visualized using Pierce™ ECL Plus Western Blotting
substrate (Thermo Scientific, Rockford, IL, USA) and photographed
using FluorChem Imaging System. Intensity of individual bands was
quantified using NIH ImageJ software, normalized with respective
B-actin bands and presented as relative expression versus TGFj-treated
LX2 cells.

2.14. Solid phase Sandwich enzyme-linked Immunosorbent assay
(ELISA)

Cells were seeded in 12-well plates (1 x 10° cells/well/mL) and
cultured overnight. Cells were serum-starved for overnight and incu-
bated with starvation medium alone, equivalent concentrations (1.0 pg/
mL) of MMP-1, Psomes, MMP-1 + Psomes and MMPsomes, and 5 ng/mL
TGFp for 48 h. Culture supernatant was collected, diluted 1:5 in diluent
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Table 1
Sequence of the human primers used for quantitative real-time PCR:

Journal of Controlled Release 332 (2021) 594-607

Gene Forward primer (5'-3") Reverse primer (5'-3') Accession no.
Collal GTACTGGATTGACCCCAACC CGCCATACTCGAACTGGAAT NM_000088.3
TIMP-1 GGGGACACCAGAAGTCAACC GGGTGTAGACGAACCGGATG NM_003254.2
MMP-1 TGGTGTCTCACAGCTTCCCA CTCCACATCTGGGCTGCTTC NM_002421.3
18s rRNA TGAGGTGGAACGTGTGATCA CCTCTATGGGCCCGAATCTT NM_022551.2

(1% BSA in PBS), and 5 pL was used to analyze secreted collagen-I using
Human Pro-Collagen I alpha 1 DuoSet® ELISA (DY6220-05, R&D sys-
tems) as per manufacturer’s instructions. The optical density was
measured at 450 nm using VIKTOR™ plate reader (Perkin Elmer).
Concentration of the secreted collagen-I was calculated using the stan-
dard curve.

2.15. Cell migration study

Cells were plated in 12-well culture plates (1 x 10° cells/well/1 mL),
cultured overnight and serum-starved for 24 h. A standardized scratch
was made using a 200 pL pipette tip fixed in a custom-designed holder.
Afterwards, cells were washed twice and incubated with starvation
medium (control), or with 5 ng/mL TGFp without or with equivalent
concentrations (1.0 pg/mL) of MMP-1, Psomes, MMP-1 + Psomes and
MMPsomes. Microscopic images were taken at 0 and 24 h to measure the
size of the scratch. Photographs were analyzed using NIH ImageJ soft-
ware, normalized with 0 h time point and presented as % relative wound
healing versus TGFp-treated LX2 cells.

2.16. 3D collagen matrix degradation study

A collagen suspension (5 mL) was prepared containing 3 mL of
collagen G1 (5 mg/mL, Matrix biosciences, Morlenbach, Germany), 0.5
mL of 10x M199 medium (Sigma), 85 pL of 1 N NaOH (Sigma) and
sterile water. This collagen suspension was mixed with 1 mL (2 x 10%) of
LX2 cells. 600 pL of gel-cell suspension was plated in a 24-well plated
and incubated 1 h at 37 °C for polymerization. Polymerized gels were
incubated with 1 mL of starvation medium alone (control), MMP-1 (1.0
pg/mL), and MMPsomes (1.0 pg/mL), for 48 h. Images were made using
a digital camera. The size of the gels was measured using NIH ImageJ
software and normalized to their respective well size, representing the
degradation of collagen matrix.

2.17. Invivo study

CCly-induced early liver fibrogenesis mouse model: All the animal ex-
periments were carried out according to the ethical guidelines for the
Care and Use of Laboratory Animals (Utrecht University, The
Netherlands). Male C57BL/6 mice (8-10 weeks old) were given as a
single intraperitoneal injection of 1.0 mL/kg carbon tetrachloride (CCly,
Sigma) as described previously [43-46]. Only male mice were used,
since female hormones can affect the fibrosis progression resulting in
variations. After 48 h of CCly; administration, single intravenous
administration of PBS (n = 5), MMP-1 (10 pg/mice/dose, n = 4) or
MMPsomes (10 pg MMP-1 + 41.7 pg Psomes/mice/dose, n = 5) were
given. Healthy controls (n = 5) received olive oil alone. After 24 h of
treatment, all the animals were euthanized. All the animals and liver
tissues were weighed, and liver tissues were used for further analyses.

2.18. Histological immunostainings

Collected liver tissues were transferred to Tissue-Tek OCT embed-
ding medium (Sakura Finetek, Torrance, CA, USA) and snap-frozen in 2-
methyl butane in a dry ice. Cryosections (5 pm) were cut using a Leica
CM 3050 cryostat (Leica Microsystems, Nussloch, Germany). The cry-
osections were air-dried and fixed with acetone for 20 min. Tissue
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sections were rehydrated with PBS and incubated with the primary
antibody i.e., polyclonal goat anti-collagen I (1:100, Southern Biotech)
or rat monoclonal anti-F4/80 (1:100, BioRad) overnight at 4 °C. This
was followed by incubation with horseradish peroxidase (HRP)-conju-
gated secondary antibodies (Dako) for 1 h at RT. Next, the samples were
incubated with HRP-conjugated tertiary antibodies (Dako) for 1 h at RT.
Thereafter, peroxidase activity was developed using the AEC (3-amino-
9-ethyl carbazole) substrate kit (Life Technologies) for 20 min and
nuclei were counterstained with hematoxylin (Fluka Chemie, Buchs,
Switzerland). Endogenous peroxidase activity was blocked by 3% Hy0,
prepared in methanol. The sections were mounted with Aquatex
mounting medium (Merck) and were scanned using Hamamatsu Nano-
Zoomer Digital slide scanner 2.0HT (Hamamatsu Photonics).

2.19. Graphs and statistical analyses

All the graphs were made using GraphPad Prism version 8.4.2
(GraphPad Prism, La Jolla, CA, USA). The results are expressed as the
mean + standard error of the mean (SEM). Statistical analyses were
performed using GraphPad Prism version 8.4.2 (GraphPad Prism, La
Jolla, CA, USA). Statistical differences were calculated using a two-
tailed unpaired t-test. Differences were considered significant when p
< 0.05,p < 0.01, p < 0.001.

3. Results
3.1. Fabrication, purification, and storage of MMPsomes

Fig. 2 presents the general approach of MMPsomes fabrication, pu-
rification, and storage. For the establishment of MMPsomes, we used the
previously described pH-responsive and photo-crosslinked Psomes
[31,47,48], with key characteristics: pH, shear-force and storage-stable
polymeric vesicles [47,49,50]. MMP-1 molecules were integrated into
the membrane of the Psomes using our recently established protein post-
loading approach [50]. Validation of the particle shape, membrane
conformation and structural parameters (e.g., scaling parameter and
apparent density) of post-loaded Psomes was performed by asymmetric
flow field-flow fractionation (AF4) coupled to light scattering — an
analytical approach established for the detailed characterization of
(biologically-active) particles and supramolecular structures [50-53].
This characterization allows to estimate the preferential locations of
proteins in/on Psomes — either attached on Psomes surface and/or in-
tegrated in Psomes membrane [50]. The knowledge on stability, drug
loading efficiency and enzymatic activity after storage is a fundamental
requirement for their biomedical application. Thus, thorough physico-
chemical characterization of the loaded MMPsomes under relevant
storage conditions was performed.

Following fabrication, first experimental steps were focused on the
optimization of the purification of fabricated MMPsomes. The loading
efficiency of MMP-1 in MMPsomes was estimated using fluorescence
spectroscopy. MMP-1 labeled with Rhodamine B (MMP-1-RhB) was used
for the subsequent post-loading of swollen Psomes at pH 6.0, at which
the intramembrane compartments are accessible for protein loading
(Fig. 2A). The concentration of the MMPsomes used in the study was
prepared from 0.5 mg BCP/mL and 0.1 mg/mL MMP-1 or MMP-1-RhB.
RhB-labeled MMPsomes were purified either by Hollow Fiber Filtration
(HFF, MWCO 500 kDa) or dialysis (MWCO 1000 kDa) with 1 mM PBS.
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Fig. 2. Schematic representation depicting fabrication, purification, and storage of MMPsomes. A) Formation of MMPsomes through post-loading. Conditions: 0.5
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redispersion, respectively.

After 72 h of dialysis, a high loading efficiency (22%) of MMP-1 in
MMPsomes was obtained while only 8% loading efficiency was achieved
after HFF purification (Fig. 3A). These differences indicated that
depending on the purification procedure, MMP-1 confined at different
locations can be removed from the Psomes (as further confirmed by
AF4). Obviously under shear-force driven HFF purification, (partially)
membrane-integrated MMP-1 in MMPsomes are preferentially present
(Fig. 2B, location 1). Finally, a library of MMPsomes (Fig. 2B): unpuri-
fied, Dialysis (dialysis-purified), HFF (HFF-purified), Dialysis-Frozen
(dialysis-purified and frozen at —20 °C), Dialysis-FD (dialysis-purified
and freeze-dried in presence of 0.1 wt% inulin), HFF-Frozen (HFF-pu-
rified and frozen at —20 °C) and HFF-FD (HFF-purified and freeze-dried
in presence of 0.1 wt% inulin) was used to compare the influence of
dialysis and HFF on the solution properties, storage-dependent enzy-
matic activity (Fig. 3B) and structural parameters (Fig. 4).

3.2. Analysis of colloidal stability and enzymatic activity of MMPsomes

We further characterized MMPsomes for the key characteristics such
as colloidal stability, pH responsiveness, size, and conformation. The
first experimental series was carried out to examine the colloidal sta-
bility (Rp) of Empty-Psomes and MMPsomes after purification and
storage steps using batch DLS (Table S2). For most samples, Ry were in
the range between 42 and 49 nm with polydispersity index (PDI) below
0.22. Contrary, FD samples (Dialysis-FD and HFF-FD) possessed Ry in
the range of 63-66 nm with PDI > 0.36. The influence of Dialysis and
HFF purification on Ry (43 nm) and PDI (0.21) for unpurified
MMPsomes sample was clearly visible, showing lower PDI (< 0.15) and
similar Ry, (42-45 nm). This implies that both purification methods are
suitable for removing free unbound MMP-1 from the MMPsomes
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(Fig. 2A, location 3) without causing particle aggregation. Contrarily,
storage of the samples i.e., Dialysis-Frozen, Dialysis-FD, HFF-Frozen, and
HFF-FD, led to a general increase in the PDI of samples (Table S2).
Furthermore, the freeze-drying process resulted in larger Ry and PDI
values, since in that process solid MMPsomes were obtained that upon
redispersion in aqueous solution resulted in partially aggregated
MMPsomes. It is noteworthy that the freeze-drying process also resulted
in a deformation of MMPsomes in the dry state. This can also lead to the
break of non-covalent interactions (e.g., ionic interactions and H-bonds)
between MMP-1 and Psomes, when “HFF-FD” MMPsomes samples are
redispersed afterwards. Overall, these assumptions explain the increase
in Ry and PDI values for freeze-dried samples. Summarizing the colloidal
stability of purified and stored MMPsomes, most samples were redis-
persed and were stable in aqueous solution, while Dialysis-FD and HFF-
FD showed aggregation upon re-dispersion after storage.

The pH responsiveness of MMPsomes was examined as an additional
evidence for the colloidal stability, pH of unpurified Empty-Psomes and
MMPsomes solutions were repeatedly switched from pH 9 (collapsed
membrane) to 5 (swollen membrane) and analyzed by DLS (Fig. S1).
Empty-Psomes and MMPsomes remained stable during at least five
swelling-shrinking cycles. This implies no negative effect of MMP-1 on
pH-responsiveness of MMPsomes. However, MMPsomes outlined lower
swelling ratios compared to Empty-Psomes. It can be assumed that the
proteins interacting with the membrane by non-covalent bonds reduce
the swelling capacity in MMPsomes. “Dialysis MMPsomes” evidenced
similar swelling and collapsing properties and pH* (critical pH at which
the turning point between the swollen and shrunken state occurs)°*! as
Empty-Psomes (Fig. S2A) when pH-dependent DLS titration in 1 mM
PBS was performed. However, aggregates were preferentially generated
in presence of the enzyme assay buffer that did not allow the
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Fig. 3. Characterization of unpurified, dialysis-purified, and HFF-purified MMPsomes for MMP-1 loading efficiency and enzymatic activity, and physicochemical
properties (diameter, membrane thickness and Zeta potential). A) Left. Loading efficiency of “Dialysis” and “HFF” MMPsomes by fluorescence spectroscopy (MMP-1-
RhB, Aex = 559 nm). Right. Loading efficiency of “Dialysis MMPsomes™ (Cgcp = 0.25 mg/mL, Aex = 559 nm) over time. The experiments were carried out in triplicate.
B) Normalized enzymatic activity of various MMPsomes samples (normalized with 0.1 mg/mL free MMP-1). Normalization was carried out (for each loading
approach independently) with “Unpurified MMPsomes” as a reference. Every measurement was carried out in triplicate. C) Cryo-TEM analysis of Empty-Psomes and
MMPsomes at pH 8. Diameter, membrane thickness and zeta potential (*mV) of Empty-Psomes and MMPsomes at pH 5 are presented in the table.

determination of membrane properties of MMPsomes (Fig. S2B).
Nevertheless, the pH* value for MMPsomes was found to be 6.44 in 1
mM PBS (Fig. S2A), while the collapsing point was around pH 7
(Fig. S2A). Thus, a collapsed MMPsomes membrane can be assumed for
all MMPsomes samples during the enzymatic assay (at pH 7.5).

We further analyzed the enzymatic activity of all MMPsomes
whereby the enzymatic activities were normalized with the activity of
“Unpurified MMPsomes” used as reference (Fig. 3B). In general, all
MMPsomes exhibited a measurable and significant enzymatic activity
(Fig. 3B) after defined purification and storage protocols. For Dialysis-
and HFF-purified MMPsomes, a significant decrease in the MMP-1
enzymatic activity around 50% was observed compared to “Unpuri-
fied MMPsomes”. In addition, both storage methods (Frozen and FD)
maintained an acceptable enzymatic activity: the enzymatic activities
after storage were similar or only a bit lower than found for purified
MMPsomes before storage. Furthermore, the “Frozen” storage method
was found to lead to higher activities than the “FD”.

To confirm the previous DLS results, cryo-TEM was performed. Im-
ages from the cryo-TEM are presented in Fig. 3C. The diameter of
MMPsomes (@ ~95 nm) was slightly increased compared to Empty-
Psomes (@ ~ 87 nm), while a marginal difference in the membrane
thickness of about 1-1.5 nm was observed. The results imply that the
interactions between MMP-1 and Psomes through the acidic post-
loading approach (Fig. 2) result in an enlargement of MMPsomes
diameter. This suggests that MMP-1 must be partially integrated in the
membrane of Psomes. This membrane integration of MMP-1 also
resulted in a very slight increase in membrane thickness. Furthermore,
zeta potential ({) of free MMP-1 enzyme (isoelectric point = 5.35-6.20)
and Empty-Psomes showed an opposite charge density at pH 5 (—5.44 +
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0.84 MMP-1 versus 16.97 + 2.05 Empty-Psomes). MMPsomes displayed
alower ¢ (5.53 & 3.90) compared to Empty-Psomes at pH 5. The  results
undoubtedly indicate that electrostatic interactions are involved in the
formation of MMPsomes (Table S3) at which MMP-1 occupies per se the
locations 1 and 2 (Fig. 2). MMP-1 locations in MMPsomes (“unpurified”,
“Dialysis™ etc.) were further verified by different experiments presented
below.

To understand if the post-loading process allow the MMP-1 perme-
ation of swollen Psomes membrane from outside into the lumen at pH 6,
we examined whether the substrate (hexapeptide FALGPA) for MMP-1
enzyme assay can cross the MMPsomes membrane, then feeding hypo-
thetically encapsulated MMP-1 in MMPsomes lumen (Fig. 2). Thus,
clarification of both scenarios is needed to better understand the enzy-
matic activity of “Unpurified MMPsomes” sample. To study the mem-
brane diffusion of the substrate, hexapeptide FALGPA, towards
MMPsomes at pH 6, 7, and 8, FRET experiments with pH-stable avidin-
loaded Psomes and biotinylated peptide were performed under relevant
enzymatic buffer conditions (Fig. S3).

At pH 6, biotinylated hexapeptide FALGPA smoothly crossed Psomes
membrane for avidin-biotin interactions in the Psomes lumen, while at
pH 7 and pH 8, surface attachment and membrane integration of the
peptide FALGPA on Psomes can be postulated (Fig. S3). Thus, we
concluded that the MMP-1 in the MMPsomes is primarily attached on
the surface and partially integrated in the Psomes membrane, but fully
accessible to the hexapeptide FALGPA in the enzyme assay. Moreover, it
can be assumed that no MMP-1 is localized in the lumen of the
MMPsomes.

Since the embedded enzymes might have different accessibility to
collagen matrix as compared to FALGPA oligopeptide, we examined the
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MMPsomes after storage.

accessibility of MMPsomes (and MMP-1) to 3D collagen matrix. We
performed collagen degradation assay where 3D collagen gels were
incubated with MMP-1 and MMPsomes. The assay was aligned with the
biological assays where human HSCs, LX2 cells, were used. Briefly,
human LX2 cells were embedded in the 3D collagen gels and were
incubated with equivalent concentrations (1.0 pg/mL) of MMP-1 and
MMPsomes, and gel degradation after 48 h of incubation was examined.
We observed increased collagen matrix degradation after 48 h of incu-
bation with MMP-1 and MMPsomes as compared to control (no treat-
ment). No significant changes were observed between MMP-1 and
MMPsomes suggesting that MMPsomes have more or less equal acces-
sibility to the collagen matrix as free MMP-1 (Fig. S4).

3.3. Characterization of MMPsomes by asymmetric flow field-flow
fractionation (AF4)

The consequences of each purification and storage process on the
conformation and size of the MMPsomes were estimated after charac-
terization with AF4 combined with static light scattering (SLS) or dy-
namic light scattering (DLS) (Fig. 4). To obtain more reliable results
about the molecular characteristics of MMPsomes, and to separate and
analyze particles with different sizes discretely, the coupling of AF4 with
light scattering technique (AF4-LS) was used [50-53]. The molar mass
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and radii of gyration (Rg) distributions of the different samples were
determined, and a conformation plot Rg vs M, provided valuable in-
formation on the compactness of the Psomes, based on the theory of the
scaling law, thus, unlocking the preferential location of the proteins
[50]. The summarized results of AF4 measurements of Empty-Psomes
and different MMPsomes and free MMP-1 quantification in MMPsomes
after AF4 separation have been provided in Tables S4 and S5.

Fig. 4A-B shows the conformation behaviour of Empty-Psomes, pu-
rified and unpurified MMPsomes before and after storage. Empty-
Psomes possess scaling exponent (v) of 0.35 that is close to the theo-
retical value of perfectly spherical object (0.33). Yet, post-loading of
Psomes with MMP-1 (Unpurified, Dialysis and HFF) leads to a slight
increase from 0.37 for Unpurified to 0.38 for Dialysis, and 0.44 for HFF
MMPsomes (Fig. 4A). The apparent density of MMPsomes (Unpurified,
Dialysis and HFF) versus Empty-Psomes (Fig. 4A) showed a similar
behaviour as the scaling parameter. However, the slight decrease of the
apparent density of MMPsomes may prove the incorporation of the
MMP-1 into the Psomes membrane. Yet, “HFF MMPsomes” showed the
highest decrease in density compared to the other MMPsomes. In
addition, an increased dispersity for “HFF MMPsomes” was also
observed due to aggregation, as shown by an increase in the molar mass.

The effect of the storage conditions — Frozen or FD — was also
analyzed in detail using AF4-LS. The conformation plots in Fig. 4B
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demonstrated the same scaling exponent of 0.45 for the “Frozen
MMPsomes” samples independent of the purification procedure. The
same scaling parameter (v = 0.37) was also observed for both “FD
MMPsomes” samples which is close to “Empty-Psomes” sample (v =
0.35). Both “Dialysis-FD” and “HFF-FD” outlined the lowest apparent
density compared to “Frozen MMPsomes” and reference “Empty-
Psomes” (Fig. 4B). Here again, “FD MMPsomes” indicated the presence
of larger molar masses due to slight aggregation of FD MMPsomes in
solution. This is in accordance with the results of batch DLS despite the
existence of even more compact vesicular structures of “Dialysis-FD”
and “HFF-FD” when comparing only their v values with reference
“Empty-Psomes” (Fig. 4B).

3.4. Selection and in-depth characterization of MMPsomes

Based on the previous characterization of all MMPsomes, we selected
“Dialysis MMPsomes” for the biological studies due to their stable so-
lution properties (Table S2), molecular parameters (Fig. 4), high loading
efficiency (Fig. 3A), as well as their favorable enzymatic activity after
storage (Fig. 3B).

“Dialysis MMPsomes” were prepared with a high concentration of
MMP-1 (0.5 mg BCP/mL and 0.2 mg MMP-1/mL) as required for further
biological experiments, and under these conditions, loading efficiency
(Fig. S4) and storage stability were verified again. A high loading effi-
ciency was established after dialysis of MMPsomes after 48 h (Fig. S5).
These “Dialysis MMPsomes” also provided sufficient storage stability at
4 °C for 7 days and MMP-1 still showed high enzymatic activity in
enzyme assay for MMP-1 after 7 days (91%) compared to 1 day (100%)
(Fig. S6). To prepare fresh or 4 °C stored “Dialysis MMPsomes”, Empty-
Psomes aliquots can be stored at —20 °C for several weeks. Thus, storage
stability, membrane properties, pH sensitivity and enzymatic activity of
“Dialysis MMPsomes” were found to be suited for the biological
experiments.

Moreover, we performed stability studies of Empty-Psomes and
Dialysis MMPsomes in 1 mM PBS, 10% FBS in 1 mM PBS and serum-free
medium. Briefly, Dialysis MMPsomes (Cempty-psomes = 0.25 mg BCP/mL
and Cyvp-1 = 0.1 mg/mL), and Empty-Psomes (Cgmpty-psomes = 0.25 mg
BCP/mL) were incubated at 37 °C in three different solutions: a) 1 mM
PBS, b) 10% FBS in 1 mM PBS and ¢) serum-free DMEM medium. All
samples were analyzed by DLS after different time points of incubation
(0, 2, 4, 6, 8, 24 and 48 h). The results are shown in the Tables S6 and S7.
Empty-Psomes possess a high colloidal stability under all selected con-
ditions up to 48 h, except in 10% FBS in 1 mM PBS up to 8 h. In contrast,
Dialysis MMPsomes showed a time-dependent colloidal stability for the
first 8 h in 10% FBS in 1 mM PBS, then aggregation processes can be
observed between 8 and 24 h, while in both other solutions a preferred
colloidal stability can be assumed. The results also confirm that Dialysis
MMPsomes will be stable for a longer period over hours and days,
depending on the biological fluids. It should be noted that both Empty-
Psomes and MMPsomes exhibited favorable colloidal stability in serum-
free medium in which all the biological experiments are performed.

We further performed the MMP-1 release experiment after short-
term cyclic protonation and deprotonation steps in the membrane of
MMPsomes. Results, as presented in Fig. S7, suggest that MMP-1 pro-
vides high non-covalent interactions with the membrane of MMPsomes.
Despite the (cyclic) short-term swelling process, most of the MMP-1
biomacromolecules were preferentially entrapped in the membrane.
This observation also supports the working hypothesis of membrane-
integrated MMP-1 in MMPsomes validated by cryo-TEM and other
characterization methods in this study.

3.5. Effect of MMP-1 on TGFp-induced collagen I expression in human
HSCs

Before performing experiments with MMPsomes, the appropriate
therapeutic concentration of MMP-1 should be established. Therefore,
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experiments with different concentrations of MMP-1 (0.5-5.0 pg/mL)
were performed on transforming growth factor beta (TGFf)-activated
human HSCs (LX2 cells), the key pathogenic cells producing large
amounts of col-I, the major ECM protein. TGFp has shown to induce a
myofibroblast-like migratory phenotype in human HSCs with high col-I
expression [55,56]. The effect of different concentrations of MMP-1 was
examined on the col-I expression at mRNA and protein level using
quantitative real-time PCR and western-blot (WB) respectively (Fig. 5A-
C). We found high upregulation of col-I mRNA (p < 0.05) and protein (p
< 0.001) expression induced by TGFp and a dose-dependent inhibition
by MMP-1. The lowest concentration (0.5 pg/mL) showed some inhi-
bition in col-I protein expression, however non-significant, while the
highest two concentrations (1.0 and 5.0 pg/mL) showed significant in-
hibition (p > 0.05) (Fig. 5A,B). At the mRNA level, there was a dose-
dependent inhibition in collal gene expression, with increasing signif-
icance upon MMP-1 treatment (Fig. 5C).

3.6. Effects of MMP-1 on MMP-1/TIMP-1 ratio and TGFp-induced
migration of human HSCs

MMP-1 and TIMP-1 expression in fibrotic livers are imbalanced with
reduced MMP-1 expression and increased TIMP-1 expression [8,57].
This imbalance can be measured with the MMP-1/TIMP-1 ratio using
PCR. We examined this ratio and found it is significantly decreased upon
TGFp activation (*p < 0.05), while this ratio was dose-dependently
increased by MMP-1 treatment, with significant results in the highest
two concentrations (1.0 and 5.0 pg/mL) (Fig. 5D).

Besides excessive ECM production, activated HSC are highly migra-
tory and migrate towards the site of injury [58,59]. The migration of
non-stimulated, TGFB-stimulated and MMP-1 + TGFp treated HSCs was
assessed using a standardized scratch/wound healing assay. Aligned
with the previous results, the migration of the TGFf-activated cells was
significantly increased after 24 h (**p < 0.01), as shown in Fig. 5E.
Furthermore, a dose-dependent and significant inhibition of TGFf-
induced HSCs migration by MMP-1 treatment was evidenced (Fig. 5E).
The therapeutic effects can be influenced by cell viability therefore the
effect of different concentrations of MMP-1 on the viability of LX2 cells
was examined using Alamar blue assay. Expectedly, no effect of MMP-1
on the cell viability was observed (Fig. 5F).

3.7. Evaluation of the therapeutic effects of MMPsomes on TGFp-
activated human HSCs (LX2) in vitro

Based on the previous experiments (Fig. 5), an effective MMP-1
concentration i.e., 1.0 pg/mL was selected for evaluating the therapeu-
tic effects of MMPsomes. In the following experiments, cells were treated
with medium alone, TGFp (5 ng/mL) + MMP-1 (1.0 pg/mL), Empty-
Psomes (Psomes, 4.17 pg/mL equivalent to MMPsomes), MMP-1 (1.0
pg/mL) + Empty-Psomes (Psomes, 4.17 pg/mL equivalent to
MMPsomes) (MMP-1 + Psomes), and MMPsomes (1.0 pg/mL MMP-1
and 4.17 pg/mL Psomes).

The treatment effects of MMPsomes were first examined on protein
and gene expression of col-I using western blot and ELISA, and quanti-
tative PCR respectively (Fig. 6A-C, and Fig. S8). In general, MMPsomes
evidenced higher inhibition in col-I expression compared to free MMP-1,
MMP-1 + Psomes and Psomes. At the protein level, MMPsomes showed
increased therapeutic efficacy with highest significance (Fig. 6A-B, and
Fig. S8), while MMP-1 alone or co-incubated with Psomes (MMP-1 +
Psomes) showed some inhibitory effects. Likewise, at the gene expres-
sion level, no effect of the Psomes and MMP-1 4 Psomes was observed,
in contrast to free MMP-1 (*p < 0.05) and MMPsomes (**p < 0.01),
where both MMP-1 and MMPsomes showed significant inhibition in col-
I expression (Fig. 6C). Furthermore, the MMP-1/TIMP-1 ratio was
decreased in TGFp-activated LX-2 cells and was significantly by
increased MMPsomes (***P < 0.001) treatment, while no significant
increase upon Psomes, MMP-1 and MMP-1 + Psomes treatment was
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observed (Fig. 6D). Lastly, MMP-1, MMP-1 + Psomes, and more signif-
icantly MMPsomes treatment resulted in reduced migration (wound
healing response) of LX2 cells (Fig. 6E). Effect of MMPsomes on cell
viability was also examined and found that 1.0 pg/mL MMPsomes (and
MMP-1 + Psomes) showed improvement in cell viability (> 80% cell
viability) as compared to Psomes (~72% cell viability) (Fig. 6F).

3.8. MMPsomes ameliorated fibrosis and inflammation in the CCly-
induced early liver fibrosis model in vivo

Subsequently, the therapeutic effects of MMPsomes versus MMP-1
were evaluated in vivo in a carbon-tetrachloride (CCly)-induced early
liver fibrosis mouse model (Fig. 7A). Empty-Psomes did not show any
significant effects in the in vitro studies therefore were excluded from the
in vivo studies, to reduce the number of animals, further supported by a
previous study where no effects of Empty-Psomes was observed in vivo
[60]. To evaluate MMP-1 and MMPsomes in vivo, a single intraperitoneal
injection of CCl4 (at day 1) was administered to induce early liver
fibrosis followed by a single intravenous injection of PBS, MMP-1 (10
pg/mice/dose) or MMPsomes (10 pg MMP-1 with 41.7 pg Psomes/mice/
dose) (at day 3). At day 4, all the animals were sacrificed, and livers were
harvested for further analysis. Increased liver weight and liver/body
weight ratio (***p < 0.001) was evidenced in CCl4 mice as compared to
control healthy mice as also reported previously [61] (Fig. 7B), associ-
ated with increased col-I (an ECM marker, indicative of fibrosis) [55]
and F4/80 expression (a macrophage marker, indicative of inflamma-
tion) [62] (Fig. 7C). The liver weights and liver/body weight ratio
decreased significantly upon MMPsomes treatment, while free MMP-1
showed no significant effect (Fig. 7C). Furthermore, MMPsomes atten-
uated col-I and F4/80 expression suggesting amelioration of early
fibrosis and inflammation respectively after MMPsomes treatment as
compared to MMP-1 treatment (Fig. 7C). Recently, it has been demon-
strated that activated fibroblasts generate deformation fields in fibrillar
collagen matrix that provide far-reaching physical cues to attract and
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guide macrophages [63]. We postulate that collagen degradation
resulted in the loss of these mechanical cues and therefore resulted in
reduction of macrophage chemotaxis thus liver inflammation. These
results suggest that MMPsomes efficiently attenuates early liver fibrosis
by degrading collagen-rich matrix and macrophage infiltration.

4. Discussion

Liver fibrosis, a life-threatening disease affecting millions of people
world-wide, is not yet curable [6]. The excessive deposition of col-I
resulting in progressive fibrosis is mainly caused by activated HSCs
(liver fibroblasts), the major cellular targets in the search for therapeutic
agents in liver fibrosis [57]. Pathological remodeling of ECM by fibro-
blasts plays a key role in organ failure. More importantly, aberrant
diseased ECM has been proposed to be the predominant driver that
drives the fibrosis progression [64]. In this study, we proposed collagen
type-I degrading MMPsomes (MMP-1-decorated polymersomes), a novel
surface-active extracellular matrix therapeutic, as a promising approach
for the treatment of liver fibrosis. We successfully developed biologically
active MMPsomes that were extensively characterized for favorable
physicochemical properties, MMP-1 loading efficiency, storage stability
and enzymatic activity. MMPsomes were evaluated for their therapeutic
effectiveness in vitro on TGFf-activated HSCs and in vivo in early fibrosis
mouse model, whereby MMPsomes showed improved therapeutic ef-
fects as compared to free MMP-1 in inhibiting liver fibrosis.

For a development of biologically-active MMPsomes, the following
key characteristics are essential: pH, osmotic and shear-force stability
between pH 6.0 and 8.0 where non-covalent interactions between MMP-
1 and Psomes are the driving forces to adhere MMP-1 at the outer
membrane surface of Psomes. High stability of MMPsomes is required
for the fabrication, purification (dialysis and shear-force driven HFF),
and storage (Fig. 3). Furthermore, MMPsomes should possess a neces-
sary enzymatic activity after the fabrication, purification and storage
steps (Fig. 4). Especially, the enzymatic storage stability of MMPsomes is
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one deciding requirement for their final biological action in our study
(Figs. 5, 6, 7). Finally, MMPsomes should be biocompatible towards
different cells and extracellular matrix, but also more efficient compared
to free MMP-1 in biological functions.

As confirmed from the fabrication and characterization results,
MMPsomes showed the desired characteristics (e.g. pH-, osmotic- and
shear-force-stability). Especially, MMPsomes were still enzymatically
active after been stored for short-term (1-3 days at 4 °C or — 20 °C) or
long-term (7 days at 4 °C) periods. Moreover, Empty-Psomes frozen at
—20 °C could be shipped/and used for the preparation of MMPsomes by
the MMP-1 post-loading, followed by different purification and storage
processes (e.g “fresh Dialysis MMPsomes” and “Dialysis-4 °C stored
MMPsomes” samples). The simplicity of the post-loading process for
preparing different MMPsomes samples is remarkable, and the colloidal
stability of Psomes and MMPsomes after their storage at different low
temperatures (from —20 °C to 10 °C) to fabricate pH- and shear-force-
stable MMPsomes (“Dialysis”, “HFF”, “Dialysis-Frozen” and “HFF-
Frozen”) for the biological experiments. Freeze-dried MMPsomes
(“Dialysis-FD” and “HFF-FD”) outlined a low degree of undesired ag-
gregation properties after re-dispersion process. This extensive study on
the purification, storage and solution properties of MMPsomes un-
doubtedly confirms preliminary results on the storage and solution
behaviour of pH-responsive Psomes with in situ loaded myoglobin and
surface modified with HSA protein [49,50].

Importantly, independent of the purification step, dialysis and HFF,
most MMPsomes displayed similar enzymatic activities (Fig. 3B). This is
surprising, since a lower post-loading efficiency for MMP-1 (8%) in “HFF
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samples” compared to the “Dialysis samples” (22%). It is important to
consider that the enzymatic assay offers only an estimate of the residual
enzymatic activity; a more in-depth study should be carried out to make
a quantitative calculation in future, not required for the present
investigation.

From cryo-TEM and AF4 studies, it can be postulated that MMP-1
biomacromolecules, partially integrated in the membrane, are respon-
sible for the increase in diameter and membrane thickness (Fig. 3C),
and, thus, occupy the location 1 in MMPsomes. The key characteristic of
slightly increased membrane thickness for identifying membrane-
integrated proteins in Psomes is always combined with increasing,
decreasing and similar diameters as confirmed by previously published
reports [50,65]. Furthermore, MMP-1 biomacromolecules are also, to
some extent, attached on the surface (Fig. 2, location 2). The main non-
covalent interactions for MMP-1 in location 2 are ionic interactions and
H-bonds, and other physical forces which are preferentially broken
under shear-force driven HFF purification postulating preferred location
1 for MMP-1 in “HFF MMPsomes”. Moreover, such non-covalent in-
teractions are responsible for the preferred non-releasing properties of
MMP-1 from MMPsomes, when exposed to physiological environment
and in vivo. AF4 study further confirms the different post-loading state of
MMP-1 in “Dialysis” and “HFF” MMPsomes samples (Fig. 4A). This does
not lead to perfect spherical shapes of MMPsomes as found for “Empty-
Psomes*, but to less homogeneous conformation and to more open and
less smooth Psomes surface in MMPsomes samples, indicated by an in-
crease of the scaling exponent (Fig. 4A). Results of batch DLS (Table S5)
are further confirmed by AF4 results. Especially, “HFF MMPsomes”
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sample outlined slight aggregation in the conformation plot for larger
molar masses, but also “Dialysis-FD” and “HFF-FD” MMPsomes exhibi-
ted slight aggregation after their-re-dispersion. Overall, the character-
ization of all MMPsomes samples outlined that most samples are suited
for carrying out biological experiments due to their well-defined solu-
tion properties, but depends on particular storage conditions. For
simplification to prepare MMPsomes samples for biological study, we
decided to use “Dialysis MMPsomes” samples, showing favorable stor-
age properties at 4 °C and, finally, as enzymatically surface-active
MMPsomes (Fig. S6).

With successful establishment of enzymatically active MMPsomes,
we have been able to study the biological potential of MMPsomes
compared to free MMP-1. Firstly, the in vitro efficacy of free MMP-1 was
evaluated. To mimic the fibrotic liver, we used immortalized hepatic
stellate cell line (LX-2) which was activated using TGFp, inducing trans-
differentiation into highly fibrotic migratory col-I producing stellate
cells. Efficacy was proven by significant increase in col-I production at
mRNA and protein level, accompanied by pathological MMP-1/TIMP-1
ratio and increased wound healing (Fig. 5). As seen in all different as-
pects of fibrotic phenotype, col-I, MMP-1 and TIMP-1 expression and
migration, MMP-1 showed inhibition and stabilization towards healthy
phenotype, which in accordance with the literature [18]. These findings
support our hypothesis of fibrosis amelioration due to ECM turnover.

To predict the efficacy of MMPsomes in vivo, comparative in vitro
studies were performed between MMP-1 and MMPsomes showing
increased efficacy of MMPsomes over free MMP-1 (Fig. 6). As discussed
before, MMPsomes provided protection to activity loss due to long-term
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storage, compared to free MMP-1. In all criteria, col-I protein and mRNA
expression, MMP-1/TIMP-1 expression and migration (wound healing
response), an improved efficacy of MMPsomes was observed when
compared with free MMP-1 (Fig. 6). Interesting is the MMP-1/TIMP-1
ratio, which is significant higher in MMPsomes compared to control
and other treatments (Fig. 6D). The high MMP-1/TIMP-1 ratio impli-
cating higher expression of MMP-1 compared to its counterpart TIMP-1
leads to degradation of the col-I rich ECM favoring resolution of fibrosis.

Since the in vitro results showed negligible effects of Empty-Psomes,
the in vivo experiments were performed using free MMP-1 and
MMPsomes, to reduce the number of mice. We found that the CCly-
induced acute fibrosis mouse model showed amelioration of fibrosis
with a single dose of 10 pg MMPsomes. The liver-body weight ratio
showed significant decrease upon MMPsomes treatment, while the effect
of MMP-1 was insignificant, supporting our hypothesis that MMPsomes
have higher efficacy. Furthermore, the effect on liver inflammation and
fibrosis was analyzed (Fig. 7). F4/80 is an important marker for the
persistent inflammation present in fibrosis [55], while col-I, represents
the fibrotic ECM [62]. The increase col-I and F4/80 expression found in
the fibrotic mouse was strongly reduced upon MMPsomes, compared to
free MMP-1, further supporting our hypothesis that the degradation of
ECM by enzymatically active MMPsomes is a promising therapeutic in
the fight against liver fibrosis.

For future clinical application of Empty-Psomes and/or MMPsomes,
it is important to investigate their in vivo biodegradability, biocompat-
ibility and clearance. Our Empty-Psomes are composed of the hydro-
philic PEG segment, and the hydrophobic part containing pH-sensitive
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2-(N,N-diethylamino)ethyl methacrylate (DEAEMA) and a photo-
crosslinker 3,4-dimethyl maleic imidobutyl methacrylate (DMIBM). It
should be noted that degradation of DEAEMA (and possibly DMIBM)
produces non-hydrolysable, but water-soluble, oligomeric and poly-
meric DMAEMA structures as reported previously [66]. Based on this
study, and other supporting studies, we speculate that our Empty-
Psomes or MMPsomes will be cleared by the kidney following intrave-
nous administration [67]. More in-depth studies are however warranted
in this direction.

In a recent study, Fan and Zhang et al., synthesized a collagenase-I
and retinol decorated polymeric micelle (CRM) with nanodrill-like and
HSCs-targeting activities, that accumulated in the fibrotic liver and
targeted activated HSCs in vivo [68]. Moreover, CRM loaded with a
tyrosine kinase inhibitor nilotinib (CRM/NIL) evidenced anti-fibrotic
effects [68]. The development of ECM penetrating MMP-1/
collagenase-I therapeutics, suggested in our (and this recently pub-
lished) study, offer new horizons for treating liver fibrosis. Their po-
tential can be in the underlying degradation of densified collagen matrix
by (surface-active) ECM penetrating MMP-1 therapeutics which, finally,
support the self-stimulating and/or self-recovering process. Moreover,
our study exhibits an extensive characterization of the protein thera-
peutics that can be extrapolated to other protein therapeutics, where the
post-loading methodology used is simple and versatile.

In conclusion, in this study, we demonstrate shear-force-stable,
storable, enzymatically active MMPsomes (MMP-1 decorated polymer-
somes) with effective amelioration of fibrosis. Post-loading of MMP-1 on
stable and pH-responsive Psomes at pH 6, ensuring anchoring of MMP-1
in the membrane or on the outer-membrane surface of Psomes, leading
to stable, robust, and enzymatically active MMPsomes. This easily
fabricated surface-active ECM-therapeutic preserves enzymatic activity
upon long-term storage over several days. In general, this makes
MMPsomes suitable for technical use in a reproducible way. The
degradation of excessive col-I in the fibrotic ECM by MMPsomes results
in the inhibition of fibrotic markers in TGFp-activated LX-2 cells in vitro
and CCly-induced fibrotic mouse model in vivo. Altogether, this study
provides an approach for ECM therapeutics to deliver MMP-1 for the
degradation of fibrotic ECM, resulting in amelioration of liver fibrosis.
This approach may also open new avenues for the delivery of other
surface-active ECM protein therapeutics.
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