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Abstract 
Background & Aims: Liver fibrosis is a growing health problem affecting millions of people worldwide. 

Chronic liver injury leads to the formation of scar tissue due to the excessive accumulation of extracellular 

matrix, mainly collagen-I and -III produced by activated hepatic stellate cells (HSCs). Currently, there are 

no therapies available for liver fibrosis. Matrix metalloproteinase-1 (MMP-1) is an enzyme that degrades 

the scar tissue by degrading collagen-I and -III favoring fibrolysis. We hypothesized liver-specific delivery 

of MMP-1 to degrade collagen as a promising approach for the treatment of liver fibrosis. Using state-of-

the-art technologies, we synthesized innovative pH-responsive smart MMPsomes with the MMP1 

decorated on the polymersome surface. Finally, we investigated the therapeutic efficacy of MMP1 and 

MMPsomes on human HSCs in vitro and on liver fibrosis mouse models in vivo, and ex vivo on fibrotic 

mouse livers. 

Methods: Polymersomes (Psomes) were fabricated using the pH switch method and MMP-1 post-loading 

at pH 5-6 was performed to increase the interaction between MMP-1 and the Psome membrane. 

Physiochemical analysis and enzymatic assays were performed to characterize the attachment and 

functionalization of enzyme on the Psomes. In vitro studies were performed on TGF-β activated human 

HSCs to evaluate the effects of MMP1 and MMPsomes on the cell viability, functionality and the gene and 

protein expression of collagen and HSCs activation marker α-SMA. Finally, the efficacy of MMP-1 and 

MMPsomes was tested in vivo and ex vivo on CCl4-induced liver fibrosis mouse models 

Results: Decoration of MMP-1 on the surface of the polymersome was successfully established with an 

affinity of 30%, without inhibition of function. Synthesized MMPsomes showed favorable size (~180nm at 

pH 6 and ~145 nm at pH 8) and charge (positive at pH 6 and negative at pH 8). MMP-1 and more 

significantly MMPsomes showed dose-dependent inhibition of collagen-I, -III and α-SMA gene expression, 

and collagen-I protein expression in TGF-β activated human HSCs with no significant effects on cell 

viability. The studies on CCl4-induced liver fibrosis mouse models have been performed, showed promising 

preliminary results with no in vivo toxicity however still under investigation. 

Conclusions: In conclusion, we present an innovative approach of MMP-1 delivery for the treatment of 

liver fibrosis.  
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1. Introduction 

1.1 Epidemiology of liver fibrosis 

Liver fibrosis is the characteristic change of healthy liver tissue into fibrous tissue, due to chronic liver injury 

(1). The age-adjusted prevalence of fibrosis in European countries varies from 447 to 1,100 per 100,000 

with a median of 833, mainly caused by excessive alcohol abuse or hepatitis B/C infection (2,3). Liver 

fibrosis is responsible for 1.8% of all deaths in Europe (4). In developed countries alcoholic liver diseases 

(ALDs) are the biggest cause of liver fibrosis, however, non-alcoholic fatty-liver diseases (NAFLDs) increase 

the prevalence (1–4). On the other hand, NAFLDs do not increase the mortality rate of liver fibrosis, since 

the direct cause of death of these patients is usually defined as heart and vascular diseases (2,3). The 

prevalence and underlying cause for most European countries is displayed in Figure 1 (3).  

1.2 Pathogenesis 

The main function of the liver is blood purification by metabolism of carbohydrates, proteins and lipids 

and by detoxification and clearance of chemicals, drugs and other xenobiotic compounds. Besides, the 

liver is responsible for synthesis of different proteins (5). Hepatocytes are the cells mainly responsible for 

the metabolic function (1). In a healthy liver, blood flows from the portal vein (PV) to the terminal hepatic 

vein (THV), through a liver sinusoid. A sinusoid is a capillary surrounded by fenestrated endothelial cells 

that are supported by loose connective tissue called the space of Disse. Blood can pass through the 

fenestrations and reach the space of Disse. Here, hepatocytes are lined up to perform blood purification 

and secrete synthesized compounds. In the space of Disse, regulatory cells present, called hepatic stellate 

cells (HSCs) (1,5,6). HSCs in a healthy liver ensure vitamin A storage, maturation of hepatocytes, 

vasoregulation and homeostasis of the extracellular matrix (ECM) (6). ECM homeostasis is regulated by 

secretion of ECM proteins and remodeling enzymes, such as collagen, matrix metalloproteinases (MMPs), 

proteins that break down the ECM, and tissue inhibitors of matrix metalloproteinases (TIMPs) (5).  

Figure 1. Age-standardized prevalence of liver fibrosis in Europe in 2016 [Pimpin_2018_project] 
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Fibrosis is defined by the replacement of healthy tissue by collagenous scar tissue due to increased 

production and decreased degradation of ECM (1,5). This disbalance is caused by chronic liver injury, such 

as ALD, NAFLD and hepatitis B/C (2,3). Due to chronic injury, hepatocytes go in apoptosis or necrosis and 

release various factors as reactive oxygen species, plasmin and acid (6). These factors, in turn, stimulate 

the activation of transforming growth factor beta (TGF-β) by TGF-β-binding protein (LTBP) and latency-

associated peptide (LAP). Active TGF-β can induce a signaling pathway that targets fibrogenic target genes, 

which increase the release of alpha smooth muscle actin (α-SMA), collagen and TIMPs (7). This pathway is 

pictured in Appendix A, Figure 22Figure 22 (7). When the TGF-β-SMAD pathway is stimulated chronically, 

it will lead to HSC activation (6,8). Upon activation, HSCs lose their ability to store vitamin A and transform 

into contractile myofibroblast-like cells. These HSC-derived myofibroblasts produce uncontrollable 

amount of collagen type 1 (coll-1), type 3 (coll-3) and TIMPs and reduce the secretion of MMPs. This 

disrupted balance between ECM composition and decomposition leads to fibrosis, the emerge of scar 

tissue (6,9–13). Due to the deposition of ECM, fenestrations between endothelial cells are lost, and 

hepatocytes become apoptotic, which leads to inhibition of blood clearance (6). The changes described 

here are visualized in Figure 2. Cirrhosis is the advanced state of fibrosis which is characterized by 

disrupted hepatic vasculature; blood flows without clearance from the PV to the THV, which leads to 

increased hepatic resistance and thereby to portal hypertension. Due to lack of blood clearance and 

increased portal pressure, cirrhosis eventually will lead to multiorgan failure (1,6,14).  

Figure 2. Differences between a healthy and fibrotic liver. In a healthy liver, quiescent, vitamin A containing HSCs are pictured. 
Only a few HSCs are present in a healthy liver. Hepatocytes are neatly arranged alongside the blood vessel. Fenestrations between 
the endothelial cells allow metabolic exchange between blood and hepatocytes. Endothelial cells and hepatocytes are separated 
by loose ECM, called the space of Disse. In the fibrotic liver the HSCs are activated and proliferated, illustrated by the extended 
branches. The HSCs have promoted the increased deposition of coll-1 and coll-3 in the space of Disse. This change in ECM clogs the 
fenestrations and inhibits metabolic exchange between blood and hepatocytes. Also, the hepatocytes became apoptotic. 
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1.3 Diagnosis and treatment 

Different diagnostic methods include the use of laboratory biomarkers, imaging techniques and the golden 

standard of liver biopsy, all with their advantages and disadvantages (1,8,15). Liver biopsy is considered 

the golden standard for diagnosing and staging liver fibrosis. However, it can be difficult to stage fibrosis 

correctly, due to disease heterogenicity and inter-/ intra lobular variety. Besides, taken a biopsy is invasive 

and includes the risk of bleeding (1,8,15). Therefore, other diagnostic tools are developed, such as 

laboratory biomarkers. The laboratory biomarkers can be divided into fibrosis specific biomarkers, class I, 

and liver function biomarkers, class II. For the class I biomarkers, the outcome is very different depending 

on the underlying cause and therefore it is difficult to find a threshold at which fibrosis is established. 

Considering the class II biomarkers, they can be influenced by various unrelated diseases and lack 

specificity (8,15). For imaging, ultrasonography (US), computed tomography and magnetic resonance 

imaging (MRI) are used. However, since these techniques rely on structural and morphological changes, 

they are not sufficiently sensitive for the diagnosis of early stage fibrosis (1,8). Besides, US and MRI can be 

used to measure the perfusion of tissue surrounding the sinusoids. If (late-stage) fibrosis is present, 

perfusion of water molecules is inhibited by the dense and collagen rich ECM (8). Also, the diameter and 

velocity of the PV and THV can be measured, to screen for portal hypertension in end stage liver fibrosis 

(1). An upcoming and widely used method is to measure the stiffness of the liver with different types of 

transient elastography. Due to collagen accumulation in the liver, the liver stiffness is increased. US is used 

to measure the shear wave velocity, which correlates with the stiffness and thereby fibrosis of the liver 

(1,8). Even though, these measurements are promising and in specific cases can avoid invasive biopsies, 

they cannot provide detailed histological information (1,8,15). 

Nowadays, the only successful treatment of (end-stage) liver fibrosis is liver transplantation, but due to a 

limited number of available donor organs, this solution is insufficient (8,14,16,17). Other treatments 

mainly focus on removing the underlying cause of fibrosis (1,8,14,15). For early-stage fibrosis this can slow 

the progression and even reverse the disease, in late-stage fibrosis however, removing the cause will not 

reverse the disease completely and is therefore insufficient. Other treatments are necessary (1,10). 

1.4 Matrix metalloproteinases 

As mentioned before, ECM remodeling is regulated by deposition of ECM and secretion of MMPs and 

TIMPs. A distorted balance between MMPs and TIMPs, in which the TIMPs are overexpressed favors 

fibrogenesis and is ascertained in fibrosis (5,9–11). To successfully remodel this fibrotic scar tissue, 

additionally to removing the underlying cause, degradation of the existing fibrous ECM is required (10,17). 

Since the discovery of the first MMP in 1962(18), 28 different MMPs are known, of which 23 are found in 

humans. These can be categorized in six different groups based on the substrate: the collagenases (MMP-

1, MMP-8, MMP-13), the gelatinases (MMP-2, MMP-9), the stromelysins (MMP-3, MMP-10, MMP-11, 

MMP19), the matrilysins (MMP-7, MMP-26), the membrane-type MMPs (MMP-14, MMP-15, MMP-16, 

MMP-17, MMP-24, MMP-25) and others (MMP-12, MMP-20, MMP-22, MMP-23, MMP-28) (19). Different 

MMPs play a key role in the initiation, progression and resolution of liver diseases (19–21). These different 

roles are explained in Appendix B, Table 2. The first sub-class of MMPs is collagenase (CLS), which consists 

of MMP-1, MMP-8 and MMP-13. CLSs are known for their degrading ability of collagen (9). Of these MMPs, 

MMP-1 is the key player in degradation of coll-1 and collagen type 3, which are in turn the most abundant 
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ECM component in liver fibrosis (5,9–11,17). Therefore, different researchers focused on enhancing the 

MMP-1 level to attenuate liver fibrosis. 

Iimuro et al. tried to restore the MMP-TIMP balance by promoting MMP-1 expression via recombinant 

adenovirus gene delivery in rats with thioacetamide induced hepatic fibrosis. They observed an 

attenuation of fibrosis after infection, detected by histological staining with Masson’s trichrome. Also, a 

reduction of activated HSCs was visualized with α-SMA and collagen staining. At last, they observed and 

hepatocyte proliferation with bromodeoxyuridine (BrdU) and hematoxylin and eosin (H&E) staining (17). 

This is a promising cure to attenuate liver fibrosis. However, it should be born into mind that the use of 

viral vectors can have immunogenic and toxic effect. Also, when the vectors are used for a longer period, 

it is possible to induce an unwanted overexpression of MMPs which will lead to over-degradation of ECM 

(10).  

Du et al. attempted to reverse fibrosis by treatment with MMP-1 expressing bone marrow derived stem 

cells (BMSCs). Firstly, they isolated the BMSCs of rats and transfected them with recombinant adenovirus 

vector containing human MMP-1. After establishment they compared the attenuation of fibrosis of the 

control, a CCl4 fibrotic model, a BMSC treated model and a BMSC-MMP-1 transfected model. H&E staining 

was performed to evaluate the microscopic fibrosis, which was lower in the BMSC-MMP1 model than in 

the BMSC or the wild-type model. Moreover, the collagen amount lowered, concluded with a Masson 

staining, and the same accounts for hydroxyproline and α-SMA. Lastly, they tested different kind of fibrotic 

serum markers and concluded that BMSC-MMP-1 treatment is a promising treatment of liver fibrosis (14). 

On the other hand, the use of BMSC has some disadvantages. First of all, retrieving the cells is an invasive 

procedure (22). Besides, there is no optimized protocol for the delivery route, nor the number of injections 

(23).  

Liu et al. tried to induce MMP-1 expression via activation of the Erk1/2 and Akt pathway. In their paper, 

they described the role of diethyldithiocarbamate (DDC) in the activation of ERK1/2 and Akt, which inhibit 

miR-222. This RNA is responsible for the inhibition of MMP-1 production. If miR-222 is inhibited, the 

production of MMP-1, is stimulated. Eventually they hypothesize that liver fibrosis can be treated with 

DDC via MMP-1 stimulation (11).  

These researches explain to us that degradation of ECM is possible with MMP-1 and the degradation of 

ECM stimulates healthy regeneration of fibrotic liver tissue and proliferation of hepatocytes. 

1.5 Drug delivery systems and polymersomes 

The previous paragraphs demonstrated the fibrolytic effects of MMP-1 overexpression. However, 

stimulation of MMP-1 expression by gene therapy may lead to prolonged MMP-1 expression, which has 

carcinogenic effects (17). Gene therapy can be avoided by administration of MMP-1 without genetic 

modifications. Since MMP-1 is an enzyme and free enzymes are degraded within minutes in the body, 

MMPs need to be escorted by a drug delivery system (DDS). DDSs are synthetic carriers with enhanced 

stability in the bloodstream that deliver drugs or other compounds to a selective target, for example the 

liver (24). 

Polymersomes (Psomes) are polymeric vesicles formed by self-assembly of amphiphilic block copolymers 

(BCPs). Psomes are ideal DDSs because of their tunability. Compared to their biological equal, the 

liposomes, Psomes have enhanced mechanical and chemical stability, increased surface functionality and 
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controllable pharmacokinetics (24–26). The assembly of polymersomes is driven by non-covalent forces 

like hydrophobic interaction, hydrogen bonds, electrostatic forces and Van der Waals interactions (25). To 

direct the self-assembly, different fabrication techniques are known, among which; direct hydration 

method, film hydration method, microfluidic directed assembly, solvent switch method and pH switch 

method (25–27). Direct hydration is a quick and straightforward fabrication method in which the BCP is 

directly added in an aqueous solution stimulating direct assembly. However, longer hydration time and 

high stirring speed, which may increase the polydispersity (PDI), are required (25,26). With the film 

hydration method, the BCP is dissolved in an organic solution which is slowly evaporated leaving a thin 

film of BCP. Rehydration is performed using an aqueous solution, resulting in self-assembly of Psomes (25–

27). This method is typically used to form giant vesicles in the micrometer range (25). Microfluidic directed 

assembly is developed to create monodisperse and size controlled Psomes. The microfluidic method uses 

two phases, the organic phase which contains the BCP and the water phase. Formation is established using 

water in oil in water micro-emulsion, water is pushed through the oil phase and then through the water 

phase again, leaving monodisperse Psomes (25,26). For the solvent-switch method, the BCP is dissolved in 

a solvent that dissolves all the blocks of the BCP, this usually is an organic solvent. Then, while stirring, the 

BCP containing solvent is added to a solution that only dissolves one particular block, usually an aqueous 

solution. Afterwards the organic solvent is removed by dialysis (25–27). A sub-group of the solvent-switch 

method is the pH switch method. This can be used for BCPs with a pH sensitive block that can dissolve in 

low pH aqueous solutions, but is insoluble in high pH aqueous solutions. To induce self-assembly, the BCP 

is dissolved in a low pH aqueous solution and the pH is slowly increased while stirring. Due to the 

insolubility of the pH-responsive block, new hydrophobic interactions direct the Psome formation (25).  

Gaitzsch et al. have fabricated a pH-sensitive, photo-crosslinked Psome. The pH-sensitivity leads to pH 

depending permeability while crosslinking inhibits the disassembly of Psome and provides higher 

mechanical and chemical stability. The Psome is assembled from specific BCPs containing the 

biocompatible, hydrophilic poly(ethylene glycol) (PEG), the pH responsive diethyl amino ethyl 

methacrylate (DEAEMA) and the photo-crosslinkable 3,4-dimethyl maleic imidobutyl methacrylate 

(DMIBM) (28,29). When the pH decreases, DEAEMA becomes protonated and therefore hydrophilic, 

resulting in the urge to disassemble into the medium. However, due to the crosslinked DMIBM, 

disassembly is prevented and the Psome swells instead. A schematic representation of the Psome is given 

in Figure 3. 

Figure 3. Psome before and after crosslinking; the black lines visualize the crosslinking. Made with Biorender. 
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At protonated state, the membrane is hydrophilic and allows exchange of small molecules (28,30). More 

research into the swollen and collapsed state has been performed. Gumz et al. demonstrated that the pH 

switch point of 6.6, is adjustable. When the original amount of 20 units DEAEMA is reduced and replaced 

by complete hydrophobic polymers, the pH switch point decreases. Gumz et al. managed to produce 

different BCPs that can provide a range of Psomes with a pH switch point starting from 5.1 till 6.8 (31). 

Moreover, this Psome is used for membrane functionalization and attachment of active targeting ligands. 

Conjugation of specific targeting ligands on the Psome can provide targeted delivery and thereby enhance 

therapeutic effect, combined with minimized side-effects. To successfully conjugate these ligands to the 

surface of the Psome, functionalization with reactive groups is necessary. Iyisan et al. demonstrated the 

functionalization of Psomes with amino groups to allow conjugation with biological entities, which allow 

active targeting (32). The functionality in drug delivery is also examined. Research has proved that this 

Psome can encapsulate one or more enzymes, without hampering the activity. Advantages of 

encapsulation are the guaranteed protection of the encapsulated compound by the Psome. However, 

when encapsulated a releasing step at the target site is required. The advantage of this specific Psome is 

easy encapsulation of small compounds at low pH, when the membrane is permeable and protection at 

physiological pH, when the membrane is collapsed (30,32). 
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2. Aim of the research 

2.1 Aim and objectives 

As discussed before no successful treatment for liver fibrosis available yet. The aim of our study is to 

provide a promising therapeutic strategy for the treatment of liver fibrosis by delivery of ECM degrading 

MMP-1 using a pH-responsive Psome. 

To reach this aim we have formulated different objectives: 

• Engineering and characterization of an MMP-1 containing Psome, the MMPsome; 

• Evaluation of the toxicity of Psome and MMPsome; 

• Evaluation of the in vitro therapeutic effect of MMP-1 and MMPsome; 

• In vivo study on MMP-1 and MMPsome efficacy in CCl4-induced acute fibrotic mouse model; 

• Ex vivo evaluation of MMP-1 and MMPsome efficacy on fibrotic liver tissue ECM degradation. 

2.2 Strategy 

In this study we want to find a treatment for liver fibrosis based on MMP-1 delivery to restore the MMP-

TIMP balance and fibrolysis. To overcome the degradation of MMP-1, we want to use the previously 

discussed Psome as DDS. Most studies have demonstrated encapsulation of enzymes in the lumen of the 

Psome (28,30,33,34). However, MMP-1 is oversized and therefore, not able to pass the membrane in 

protonated state. If encapsulated, an enzyme releasing step is necessary for enzyme activity (30,34). The 

Psome used in this experiment is chemically and mechanically stable, so a releasing step needs to be 

evaded. Therefore, we engineered a Psome with MMP-1 decorated on the outer surface of the Psome. 

The MMP-1 used in this research is CLS type 1 (CLS-1), received from Sigma Aldrich (35). During my 

internship at the Leibniz Institute for Polymer Research (IPF) in Dresden, this state-of-the-art research into 

the optimal fabrication protocol was performed and the MMPsome was characterized. The most 

important features, comprising successful decoration, decoration efficiency and MMP-1 activity changes 

due to decorations are discussed. The materials and methods used for the optimal decoration and 

purification protocol are explained and discussed. Furthermore, the decoration efficiency of the protocol 

is evaluated using fluorescent labeled MMP-1. Lastly, the activity of MMP-1 before and decoration is 

evaluated using a collagenase activity kit. 

During my thesis assignment the next step to increase the clinical relevance is performed. In vitro studies 

on efficacy of the MMP-1 delivery is tested using LX-2 cell-line, a human HSC cell-line that can be activated 

using TGF-β into a fibrotic HSC model. Since HSCs are the major contributor to liver fibrosis, they are also 

the target cells for anti-fibrotic drugs (6,36). However, due to low availability of human HSCs and high 

impurities in the harvested cells, an established cell-line of human HSCs are essential for this research. Xu 

et al. compared two different cell-lines, LX-1 and LX-2, with the HSCs on desired features for anti-fibrotic 

therapy research. These cell-lines have higher availability and less frequent impurities. Key characteristics, 

such as activation upon TGF-β stimulation is found is both LX-1 and LX-2 cell-lines. Besides, the LX-2 cell-

line is favorable due to the high transfectability of >30%, making gene therapy possible. So, due to the high 

availability and stability of LX-1 and LX-2 cell-line and the response to fibrotic stimulation, these cell-lines 

provide an ideal platform for anti-fibrotic therapy development (36). In this study, the LX-2 cell line is used. 

During the in vitro studies, the cell viability with different concentrations of MMP-1, Psome and MMPsome 

will be evaluated, using an Alamar blue assay. Furthermore, the efficacy of the treatment will be compared 

to a negative (non-activated) and positive (TGF-β activated) control. Efficacy of different concentrations 



Thesis Eline Geervliet, 04-12-2019 
18 

will be evaluated via the expression of fibrogenic genes using PCR and via the presence of fibrogenic 

proteins using western blotting. Furthermore, functionality tests are performed by a 3D-contractility assay 

and a 2D-scratching assay.  

Lastly besides the in vitro studies, in and ex vivo to characterize the efficacy further, are performed using 

CCl4 induced acute fibrosis mouse model. CCl4 is a toxic compound which is metabolized in radicals that 

can react with different compounds and thereby induces hepatic damage, characterized by inflammation, 

fibrosis, cirrhosis and hepatic cellular carcinoma (HCC) (37). For time-management reasons, an acute study 

using CCl4 is used. Here, the efficacy of MMPsome is compared to wild-type mice and free MMP-1 treated 

mice. Evaluation is performed by gene expression of fibrotic genes using PCR and immunohistochemical 

staining of liver section. Beside in vivo studies, sections fibrotic livers of wild-type mice are used for ex vivo 

treatment, Here the efficacy of MMPsomes on liver tissue is compared to non-treated liver tissue and free 

MMP-1 and Psome treated liver tissue. These studies combined form my master thesis and are elaborated 

explained in this report. 
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Chapter 3 Materials and methods 
In this Chapter all the materials and methods are elaborately explained. First the materials and methods 

for the fabrication of MMPsomes used in Dresden at IPF are discussed in paragraph 3.1. 

After this an elaborate list of materials used at the University of Twente for all in vitro and in vivo studies 

are displayed in paragraph 3.2, These studies will be discussed in the paragraphs that follow 3.2. Paragraph 

3.3 and 3.4 are dedicated to the general work including preparation of different concentration of MMP-1, 

Psome and MMPsome and general cell culturing. Paragraphs 3.5 till 3.9 elaborately explain the different 

in vitro studies. 

Lastly, paragraph 3.10 will be dedicated to the in and ex vivo studies. 

3.1 MMPsomes 

3.1.1 materials used at IPF, Dresden 

BCP: PEG45-b-(DEAEMA75-s-DMIBM20); hydrochloric acid (HCl) (Merck); sodium hydroxide (NaOH) (Sigma); 

OmniCure® S2000 spot UV curing lamp system (Lumen Dynamics Group Inc., Canada); A Zeta-sizer Nano-

series instrument (Malvern Instruments, UKK); MMP-1: collagenase type I, prepared from Cl. Histolyticum 

(Sigma-Aldrich, C0130-100mg, CAS nr 9001-12-1); 1000 kDa MWCO membrane (Spectra/Por® Membrane, 

Biotech CE Tubing); phosphate buffered saline (PBS) tablets (Sigma Aldrich). 

3.1.2 Fabrication of MMPsomes 

Fabrication of the Psome was done according to previously published methods of Gaitzsch et al. (28). For 

the fabrication of a pH responsive photo-crosslinked Psome solution of 1 mg/mL, 10 mg of BCP was 

dissolved in 10 mL 0.01 M HCl and stirred for 30-60 min. Hereafter, the solution was filtered using a 0.2 

μm Nylon filter, to remove impurities. Slowly, the pH was increased from 2 to 6, by adding 1M NaOH, from 

there the pH was increased to 8-9, by adding 0.1 M NaOH. After three days of stirring, the Psomes were 

filtered with a 0.8 μm Nylon filter and crosslinked using Omnicure s2000, for 90 seconds per 2 mL 

polymersome solution. After crosslinking, the size, polydispersity (PDI) and ζ-potential of the Psomes were 

checked using dynamic light scattering (DLS) on the zeta-sizer. 

For preparation of MMPsomes, two solutions were prepared; 1.0 mg/mL Psome in PBS solution at pH 6 

and a 0.4 mg/mL MMP-1 in PBS solution at pH 6. These solutions were mix in a 1:1 ratio and stirred 

overnight. Size and ζ-potential after decoration was performed to prove decoration. Hereafter, purification 

was performed by dialysis using a 1000 kDa MWCO membrane against 1 M PBS dialysate change 3 times 

a day. 

3.2 Materials in vitro studies 

Psome (1mg/mL); MMP-1 (collagenase type I, prepared from Cl. Histolyticum, Sigma-Aldrich, C0130-

100mg, CAS nr 9001-12-1); sterile PBS; HCl 5M (ThermoFisher); 0.2 µm Nylon filters for sterilization; 1000 

kDa MWCO membrane (Spectra/Por® Membrane, Biotech CE Tubing). LX-2 cells Friedman (Mount Sinai 

Hospital, New York, NY, USA); Dulbecco’s modified Eagle’s medium (DMEM) (Lonza); fetal bovine serum 

(FBS) (Sigma-Aldrich); L-glutamine (Lonza) (Basel, CH); penicillin/streptomycin (pen/strep) (50U/ml 

Penicillin and 50µg/ml streptomycin, Sigma, St. Louis, MO, USA); Dulbecco’s phosphate buffered saline 

(DPBS); TGF-β (Roche, Mannheim, Germany). 10x AB; starvation medium; 96 black bottom well plate; 

Victor 3 microplate reader equipped with Wallac 1420 software. GenEluteTM Mammalian Total RNA 

Miniprep Kit (Sigma Aldrich); Nanodrop ND-1000 (Wilmington, DE, USA); UltraPureTM Distilled Water 
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(Invitrogen by ThermoFisher Scientific); iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories, Inc.) (Hercules, 

CA, USA); SensiMixTM SYBR & Fluorescein Mix (Bioline Reagents) (London, UK); Bio-Rad CXF-384TM Real-

Time System. Blue loading buffer (BLB); dithiotheitol (DTT) (Cell Signaling Technology, Leiden, the 

Netherlands); dry bath FB 15101 (Thermo Fisher Scientific); XCell SureLock Mini-Cell Electrophoresis System 

(Thermo Fisher Scientific); 10% Tris-glycine gels (Life Technologies), Tris-Glycine SDS buffer (Thermo Fisher 

Scientific); GE Healthcare EPS 301 Electrophoresis Power Supply (Thermo Fisher Scientific); Whatman 

papers (Thermo Fisher Scientific); PCDF Western Blotting Membranes (Sigma); Tresfer Buffer (Bio-Rad); 

Monoclonal mouse anti-α-SMA (Sigma); Polyclonal goat anti-collagen I (Southern Biotech); Monoclonal 

mouse anti-β-actin (Sigma); Polyclonal rabbit anti-mouse IgG (DAKO); Polyclonal goat anti-mouse IgG 

(DAKO); Polyclonal rabbit anti-goat IgG (DAKO); Albumin Bovine Serum (Life Scientific); Pierce® ECL Plus 

Western Blotting Substrate (Thermo Fisher Scientific); FluorChem M Imaging System (ProteinSimple, Alpha 

Innotech, San Leandro, CA); NIH ImageJ software (NIH, Bethedesa, MD); Stripping Buffer (Thermo Fisher 

Scientific). Collagen G1 (5mg/ml, Matrix biosciences, Mörlenbach, Germany); 10x M199 medium; 1N NaOH 

(Sigma). Sterile scratching lid. Tissue-Tek optimum-cutting temperature (O.C.T.) embedding medium 

(Sakura Finetek, Torrance, CA, USA); Leica CM 3050 cryostat (Leica Microsystems, Nussloch, (Germany); 

Hamamatsu NanoZoomer Digital slide scanner 2.0HT; NanoZoomer Digital Pathology (NDP2.0) viewer 

software (Hamamatsu Photonics). 

3.3 Psome and MMPsome transportation and fabrication 

The used Psomes are fabricated in Dresden at IPF by Silvia Moreno, according to the protocol previously 

mentioned in paragraph 3.1.2. Storage of Psomes is at -20°C either frozen or freeze dried, therefore, 

transportation was done on dry ice. Freeze dried and frozen Psomes were rehydrated and defrosted, 

respectively, at the University of Twente and evaluated using the Zetasizer. The results from the frozen 

Psomes were more consistent and desirable. For this reason, the Psomes used in this study were all frozen 

Psomes. 

For development of MMPsomes. Frozen Psomes were defrosted at room temperature and stirred for at 

least 2h under dark conditions. Afterwards, pH was adjusted to 6 using sterile 0.1M HCl and they were 

checked on size and charge using the zeta-sizer. Alongside, MMP-1 was dissolved in sterile PBS pH 6. 

Psome (1 mg/mL) and MMP-1 (0.4 mg/mL) were mixed in a 1:1 ratio and stirred overnight under dark 

conditions. Next day, the samples were dialyzed for 72h using a 1000 kDa MWCO against 2L PBS pH 7.4. 

After dialysis the samples were stored at 4°C up to seven days till further use. 

3.4 General cell culturing protocol 

LX-2 human HSC cell line was used, 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), 1% L-glutamine and 1% penicillin/streptomycin (pen/strep) (Sigma Aldrich), hereafter called 

10% FBS medium, and stored in the incubator at 37°C and 5% CO2. The cells were passaged twice a week, 

when they reached 100% confluency. When passaging or plating, the cells were first washed with 

Dulbecco’s phosphate buffered saline (DPBS) and then incubated with trypsin for a couple of minutes 

before passaging. 

Experiments were performed in 12 well bottom treated culture well plates. In a 12 well plate cells were 

plated with 1*105 cells per mL, 1 mL per well. Using 10% FBS medium and incubated overnight or at least 

4h. Next day, the cells were starved using DMEM, 0% FBS, 1% L-glutamine, 1% pen/strep, hereafter called 

starvation medium, and again incubated overnight. 
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Before cell treatment, MMP-1, Psome and MMPsome solutions were diluted using starvation medium. 

Final concentrations of MMP-1 were 0.25, 0.5, 1.0, 2.5 and 5.0 µg/mL, hereafter called MMP (0.25), MMP 

(0.5) etc. These concentrations are complementary to free Psome concentrations of 2.83, 4.17, 8.33, 20.83 

and 41.67 µg/mL, hereafter called Psome (0.25), Psome (0.5) etc. Consequently, concentration of 

MMPsome were 0.25, 0.5, 1.0, 2.5 and 5.0 µg MMP-1/mL, 2.83, 4.17, 8.33, 20.83 and 41.67 µg Psome/mL 

respectively, hereafter called MMPsome (0.25), MMPsome (0.5) etc. Thereafter the cells were treated 

with different concentrations of free MMP-1, free Psome or MMPsome and/or activated with TGF-β (final 

concentration of 5 ng/mL) to reach the aforementioned concentrations and incubated for 24 (viability, 

gene expression, migration assay) or 48h (protein expression, migration assay). This protocol is visualized 

in Figure 4. 

3.5 Viability assay 

The viability of Psomes and MMPsomes were tested using an Alamar Blue Assay (ABA). The cells were 

plated, starved and activated as mentioned previously. After 24h of incubation the medium was removed 

and the cells were washed once using 500 µL PBS. Simultaneously, 1x Alamar blue (AB) medium was 

prepared by dissolving 10x AB in starvation medium in a 1:10 ratio, under dark conditions. After washing, 

the cells were incubated with 500 µL 1x AB medium for 4h at the back of the incubator. After incubation, 

three time 150 µL medium of each well was collected in a 96 black bottom well plate and the absorbance 

of the medium was measured using the Victor 3 microplate reader. The data was processed using Wallac 

1420 software. The mean values of three measurements were used and compared to the TGF-β activated 

condition, which is set to 100% viability. 

3.6 qPCR 

Gene expression was measured using quantitative polymerase chain reaction (qPCR). The cells were 

plated, starved and activated as mentioned previously. After 24h of incubation the medium was removed 

and the cells were washed once using 500 µL PBS. Then, RNA was obtained by lysis and isolation according 

to the manufacturer’s instructions described in the GenEluteTM Mammalian Total RNA Miniprep Kit 

retrieved from Sigma Aldrich. If not used directly, the RNA was stored at -80°C. After isolation the RNA 

concentration and the purity were measured with Nanodrop. Afterwards, the RNA was diluted with 

distilled water to reach equal concentration in every condition and cDNA was synthesized using the 
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Figure 4. Overview of plating, starving and activation. Cells were plated with a density of 10^5 per well (1 mL) and starved 4-24 h 
later. Activation was performed 24 h after starvation by first adding 500 µL of either normal starvation medium or MMP-1, Psome 
or MMPsome containing medium. Followed by 500 µL of either normal or TGF-β containing medium. Final concentrations were 
0.25, 0.5, 1.0, 2.5 or 5.0 µg/mL MMP-1 with complementary concentration of Psome and 5 ng/mL TGF-β. 
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iScriptTM cDNA Synthesis Kit, according to the manufacturer’s description. After synthesis, the cDNA was 

again diluted to 10 ng/µL using distilled water. If not used directly, the cDNA was stored at -20°C. 

Preparation for qPCR consisted of preparing primer mixes, containing 1.9 µL distilled water, 0.05 µL 

forward primer and 0.05 µL reverse primer per sample. 4 µL SYBR reagent was added mixed directly before 

use. All samples were measured in duplicate. For measuring a 384 wells plate was used. Firstly, 2 µL of 

cDNA was added to the wells plate, in columns. Then, after adding and mixing the SYBR agent, 6 µL of 

primer mix was added, in rows. Example of a wells plate is shown in Figure 5. The plate was sealed with a 

transparent lid and the wells plate was centrifuged for 1 min at 4000 rpm. Lastly the qPCR was done 

according to a pre-configurated protocol, using the Bio-Rad CXF-384TM Real-Time System. 

For analysis of qPCR results al genes of interest (collagen-1, collagen-3, α-SMA, TIMP-1 and MMP-1) are 

normalized to two different housekeeping genes (GAPDH and 18s-RNA, also called RPS-18), primers for 

the genes are specified in Appendix C, Table 3. After normalization the fold induction compared to the 

activated state (TGF-β) is calculated.  

3.7 Western Blot 

Protein expression is measured using western blot (WB). First, the cells were plated, starved and activated 

as mentioned previously. After 48h of incubation the medium was removed and the cells were washed 

once using 500 µL PBS. The cells were lysed using a mixture of sterile water with blue loading buffer and 

DTT. This was stored at -80°C. The lysate was collected in eppendorfs and heated at 96°C in the dry bath 

Figure 5. Overview of 384 well PCR plate. Samples are added in the columns according to the table down left, genes are added in 
the rows in duplicate according to the table down right. 
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for 5-10 min. The XCell SureLock Mini-Cell Electrophoresis System was prepared according to the 

manufacturer’s instructions using Tris-Glycine SDS buffer. The samples were loaded in 10% Tris-glycine 

gels and the gel was run for 60-90 min using electrophoresis power supply EPS 301. After gel 

electrophoresis, the gel is cut in to remove the chambers and form a rectangular shape. Hereafter, the 

proteins were blotted on a polyvinylidene fluoride (PVDF) membrane. This was done using western blot 

sandwiching. The sandwich consisted of a Whatman filter, with on top the PVDF membrane. Hereon, the 

gel was placed with the proteins facing the membrane, the sandwich was finished with another Whatman 

filter. Whatman filter, the membrane and the gel are pre wetted in blotting solution. Blotting was 

performed for 1 h. After blotting the Whatman filters and gel were removed. The PVDF membrane was 

cut into two pieces, to create a lower part for proteins with a lower size (α-SMA (48 kDa) and β-actin (40 

kDa)) and a greater size (coll-I (120 kDa)). Both membranes were blocked for 1 h at room temperature 

using albumin bovine serum (BSA) blocking buffer. After blocking, the membranes were incubated with 

the first antibody (AB) α-SMA (1:500) and coll-1 (1:600) overnight at 4°C. After this the membranes were 

washed and incubated with the second AB (1:1000) and for 1h. At last, after washing again, the bands on 

the membranes were developed with Pierce® ECL Plus Western Blotting Substrate and pictured with 

FluorChem M Imaging System. The intensity of the bands was analyzed using ImageJ and standardized to 

the intensity of the activated TGF-β sample. Since α-SMA and β-actin are localized on the same membrane, 

development of β-actin was performed after development of α-SMA. When α-SMA was pictured, the 

membrane was stripped using stripping buffer and blocked using blocking buffer. Hereafter, β-actin 

(1:5000) could be developed according to the aforementioned protocol, accept for the first AB which was 

incubated for 1h at room temperature. 

3.8 Contractility assay 

Contractility assay was performed to measure the in vitro stiffness. For the contractility assay a collagen 

suspension consisting of collagen, sterile water, M199 medium and NaOH was prepared. Cells were mixed 

with this suspension directly after preparation and the cell-gel-suspension was set to polymerize for 1h at 

37°C. After polymerization, normal starvation medium, TGF-β medium or TGF-β medium with a certain 

MMP-1 concentration (0.5, 1.0, 2.5 or 5.0 µg/mL) was added and incubated. Pictures were made after 24 

and 48 h. 

Due to observations (discussed in results and discussion section) an alternative set-up, based on the article 

of Kobayashi et al. was used (38). Firstly, the cells were plated and starved in a 6 wells-plate and incubated 

for 4 h to attach. After four hours, the cells were starved using 0% medium and incubated overnight. The 

next day, the cells were stimulated using TGF-β and MMP-1, except for the control, and incubated for 24 

hours. After 24h, the cells were trypsonized, spun down and the conditioned medium was removed. The 

cells were mixed with freshly prepared collagen suspension. After polymerization, non-conditioned 0% 

medium was added and photos were made after 24 and 48h. 

3.9 Scratching assay 

The cells were plated and starved in a 12-wells plate according to previously mentioned protocol. After 

overnight incubation with starvation medium, a scratch was made using a 200 µL pipet tip. This scratch 

was directed by a special vertical scratching lid that fit the 12-wells plate. Perpendicular to the scratch, in 

the middle of the wells plate, a line was drawn with a waterproof black marker. Directly after scratching 

the cells were washed with 500µL PBS and activated with TGF-β and/or treated with MMP-1, Psome and 

MMPsome with different concentrations (0.25, 0.5 or 1.0 µg MMP-1/mL). Pictures were made after 0h, 

24h and 48h. To ensure all the pictures were made of the same part of the scratch, the picture was either 
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made directly above or directly under the black marker line, perpendicular to the scratch. Migration was 

calculated using ImageJ. 

Besides the manual picturing, we had the opportunity to perform a scratching assay with the CytoSMARTTM 

Omni. This live-cell imager is equipped with software that can identify a scratch and can accurately 

measure the surface of the scratch. The work protocol was similar, except the pictures are made inside 

the incubator and analysis was done by the software. 

3.10 In and ex vivo mouse model study 

To study the in and ex vivo effect of MMP-1, Psome and MMPsome, a fibrotic mouse model was used. The 

mice used in this study were C57BL6, also called C57 Black 6, a widely used breed (39). Only male mice 

were used, since female hormones can affect the fibrosis progression, which causes variations. After 

arrival, the mice were randomly distributed in a control group, CCl4 group, MMP-1 group and MMPsome 

group and normally fed with dry food and water for one week. On day 1, mice were intraperitoneally 

injected with 1 mL/kg CCl4 in olive oil (1 CCl4 : 5 olive oil), single dose injection. On day 3, they received 

either MMP/MMPsome single dose treatment. 170 µL free or decorated MMP (60 µL/mL) was slowly 

intravenously injected, to minimize aggregation. On day 4, mice were sacrificed by cervical dislocation and 

the liver, lungs, spleen, kidneys and heart were harvested for further analysis. Visualization of the protocol 

is pictured in Figure 6. Analyzing methods comprised of liver weight analysis, immunohistochemistry 

staining and PCR.  

3.10.1 Ex vivo study 

Four livers of CCl4 treated mice were used for ex vivo studies. Per liver four small rectangular block from 

1x1x1 mm were cut and incubated with either M199 serum, MMP-1 (50 µg/mL) M199 serum, Psome (417 

µg/mL, complementary to 50 µg/mL MMP-1) M199 serum or MMPsome (50 µg/mL MMP-1, 417 µg/mL 

Psome) M199 serum, for 4h at 37 °C under dark conditions. Afterwards, samples were transferred to Tissue 

Tek medium and snap frozen in 2-methyl butane on dry ice. 

Figure 6. Overview of the in vivo experiment. Mice were randomly distributed upon arrival and fed normally. On day 1, mice 
were injected with CCl4 (1 ml/kg). On day 3, mice were treated with MMP or MMPsome (10.2 µg). On day 4, the mice were 
sacrificed and the organs were harvested. 
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3.10.2 Staining 

The in vivo samples were also transferred to Tissue Tek medium and snap frozen in 2-methyl butane on 

dry ice after harvesting. After snap freezing all samples (in and ex vivo) were cut in 7 µm sections using the 

cryostat. All sections were scanned using the Nanozoomer for histological analysis. High resolution scans 

were viewed using the viewer software and analyzed using ImageJ. Sections were stored at -20°C. 

Before use, the sections were dried under a hairdryer for 30 min. After drying, the sections were fixed with 

acetone for 20 min and then dried again for 15 min. The sections were circled using a hydrophobic DAKO 

pen and rehydrated with PBS for 5 min. The first antibody is diluted (collagen 1:100, F4-80 1:100) and 

incubated overnight. The next day the sections were rinsed three time with PBS, 5 min each and incubated 

with hydrogen peroxide dissolved in methanol for 30 min. Afterwards they were rinsed once with MilliQ 

and washed three times with PBS, 5 min each. The second AB was diluted (1:100) in 5% mouse serum and 

incubated for 1 h. Again, the sections were washed with PBS three times, 5 min each and then incubated 

with the tertiary AB and incubated for 1 h. Afterwards they were washed three times with PBS, 5 min each 

and stained for 20 min with AEC according to the manufacturer’s instructions. They were washed once 

with MilliQ and counterstained with hematoxylin for 2 min. Lastly, they were washed with tap water for 

at least 5 min and mounted using aquatex mounting medium. 
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Chapter 4 Results 
Here, in this chapter, all the results will be shown and objectively described. 

4.1 Characterization of MMPsomes 

To evaluate the decoration of MMP-1 to the Psome, the alterations in size and charge using the ζ-sizer 

were measured. Furthermore, the decoration efficiency was measured using RhB labeled MMP-1. Lastly, 

the loss of activity due to decoration was determined using an activity assay. 

4.1.1 Zeta-sizer results 
Table 1. Results retrieved from Zeta-sizer. Size of Psome decreases with increasing pH. Size increases after decoration, as does the 
PDI. ζ-potential decreases with increased pH, as does after decoration. 

Results are demonstrated in Table 1. In collapsed state (pH 8) the Psome has decreased in size, compared 

to the swollen state. After decoration, the size is also increased, compared to undecorated Psome. 

Furthermore, the ζ-potential is lower at more basic solutions, concluding from the difference between pH 

6 and 8. Lastly the ζ-potential is also lower when MMP-1 is decorated at the outer surface of the Psome. 

4.1.2 Decoration efficiency 

The intensity of RhB, and thereby the number of MMP-1 enzymes, after dialysis is one third of the intensity 

before dialysis. Significance is measured using an unpaired t-test with confidence interval of 95%, p<0.01. 

Data demonstrated in Figure 7. 

Sample Size (nm) PDI ζ-potential 

Psome pH 6 158,0 0,201 19,0 

Psome pH 8 107,5 0,227 7,23 

Psome + MMP-1 pH 6 180,5 0,334 7,70 

Psome + MMP-1 pH 8 145,8 0,277 -3,98 
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Figure 7. Decoration efficiency measured using RhB labelled MMP-1 before and after purification by dialysis using 1000 kDa MWCO 
membrane against 1x PBS for 72 h, dialysate refreshed 3 times a day. Significance calculated using an unpaired t-test CI 95%, 
p<0.01. 
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4.1.3 MMP-1 activity after decoration 

The activity of MMP-1 after dialysis is 80%, compared to the activity before dialysis, shown in Figure 8. The 

activity is measured using the collagenase activity colorimetric assay kit (Sigma-Aldrich). The absorbance 

of the substrate is decrease by the digestion of FALGPA by MMP-1. The slope of this decrease is activity.  

4.2 Viability assay 

Viability was measured using ABA. Results of this experiment are displayed in Figure 9. ‘*’ indicates 

significant difference compared to TGF-β, ‘#’ indicates significant difference compared to ctrl. 

 

Activity

Non-dialyzed Dialyzed
0

50

100

150

R
e
la

ti
v
e
 a

c
ti

v
it

y
 o

f 
M

M
P

1
-R

h
B

c
o

m
p

a
re

d
 t

o
 n

o
n

-d
ia

ly
z
e
d

Figure 8. Activity test before and after purification by dialysis, using a 1000 kDa MWCO membrane against 1x PBS for 72 h, 
dialysate refreshed 3 times a day. Activity is decreased by 80%. 
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Figure 9. Viability results from ABA. Viability of Psome ctrl 103%, TGF-β 100%, Psome (0.25) 101%, Psome (0.5) 86%, Psome (1.0) 
63%, Psome (2.5) 15% and Psome (5.0) 1%, MMPsome (0.25) 97%, MMPsome (0.5) 88% and MMPsome (1.0) 72%. Significance is 
calculated with an unpaired t-test CI 95%, * p<0.05, ** p<0.01, *** p<0.001, # p<0.05, ## p<0.01, ### p<0.001 
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Looking at “Viability Psome”, no significant difference between ctrl, TGF-β and Psome (0.25) is found. The 

viability of cells and the concentration of Psome are inversely proportional; if the concentration of Psome 

increases, the viability decreases. At a concentration of Psome (2.5) and (5.0), the Psome is non-viable 

(<20%) and therefore not used in further experiments. 

Viability of MMPsome was also tested. There is a significant decrease of viability between TGF-β and all 

MMPsome samples, however, all samples have a viability above 70%. 

4.3 qPCR 

Different sets of genes were tested We will firstly analyze fibrotic markers coll-1, coll-3 and α-SMA, where 

after we continue to MMP-1 and TIMP-1 expression. 

4.3.1 Fibrotic markers 

With qPCR fibrotic genes coll-1, coll-3 and α-SMA were tested, results displayed in Figure 10. In coll-1 a 

significant increase of coll-1 is visible in the fibrotic TGF-β sample, compared to the ctrl. Furthermore, in 

this graph, a significant decrease of different conditions is indicated. For coll-3 there is no significant 

difference between ctrl and TGF-β. However, there is a significant decrease of coll-3 in almost all activated 

samples compared to the TGF-β activated fibrotic model. The same is visible in α-SMA, no significant 

difference between ctrl and TGF-β, however there is a significant decrease in most treated samples. 
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Figure 10. Expression of different fibrotic genes; coll-1, coll-3 and α-SMA. The stars ‘*’ and hashtags ‘#’ indicate significant 
difference compared to TGF-β and ctrl, respectively. Significance was determined with the unpaired t-test, CI 95%, */# p<0.05, 
**/## p<0.01, ***/### p<0.001. 
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4.3.2 MMP-1 and TMP-1 expression 

Significant difference between MMP-1, TIMP-1 and MMP1/TIMP1 expression is visible in Figure 11. In 

MMP-1 expression there is a dose dependent response of all treatments, however non-significant. TIMP-

1 does not show dose dependent responses, except for the Psome treatments. In the MMP-1 treated 

sample, the expression is higher, compared to ctrl, but lower compared to TGF-β, however non-significant. 

The Psome treated samples show a significant decrease in the lowest dose. The MMPsome treated 

samples, show no significant difference compared to the TGF-β activated sample, however, the highest 

dose does increase the expression, which is significant compared to the ctrl. Lastly, the ratio of MMP1-

TIMP1 expression is calculated and shows significant difference between ctrl and TGF-β, also there is 

significant difference between the highest two MMP-1 treated samples. Furthermore, there is a significant 

increase in the Psome (1.0) treated sample compared to the TGF-β. Lastly, also the MMP-some treated 

samples show an increase, of which two are significant. 

4.4 Western blot 

Expression of two different fibrotic markers are visualized in Figure 12. α-SMA shows now significant 

difference between ctrl and TGF-β. The only significance is the decrease of expression in the Psome (1.0) 

treatment. MMP-1 shows a dose dependent increase, however non-significant, while Psome and 

MMPsome show a dose dependent decrease. Coll-1 shows significant increase of expression upon TGF-β 

activation, with p<0.001. All treatments show a dose dependent, significant decrease of coll-1 expression. 

MMP-1 shows a significant increase compared to the ctrl, without a significant difference compared to the 

TGF-β sample. Psome treated samples show a dose dependent response with a significant decrease in the 

highest concentration. MMPsome also shows a dose dependent response, with significant decrease in the 

MMPsome (0.5) and (1.0). 
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Figure 11. The expression of MMP-1, its inhibiter TIMP-1 and the relative ratio of both genes MMP1/TIMP1. The stars ‘*’ and 
hashtags ‘#’ indicate significant difference compared to TGF-β and ctrl, respectively. Significance was determined with the 
unpaired t-test, CI 95%, */# p<0.05, **/## p<0.01, ***/### p<0.001. 
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4.5 contractility assay 
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Figure 12. Protein expression of α-SMA and coll-1 measured with WB and normalized to β-actin. The stars ‘*’ and hashtags ‘#’ 
indicate significant difference compared to TGF-β and ctrl, respectively. Significance was determined with the unpaired t-test, CI 
95%, */# p<0.05, **/## p<0.01, ***/### p<0.001. 

Figure 13. Contractility assay, pictures of collagen matrix after 48h. The black circle markers the edge of the collagen matrix. The 
decrease of surface can be measured compared to the surface of the well. 
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As displayed in Figure 13, the surface area of ctrl is not decreased compared to the well border. In contrast, 

the surface area of the TGF-β stimulated sample is decreased compared the well border. Moreover, the 

MMP-1 treated sample show a dose dependent decrease of surface area, compared to the well border. 

4.6 Wound healing assay 

4.6.1 Manual WHA 

Concluding from Figure 14 it can be stated that there is a decrease in width visible in all samples. 

Quantification of this decrease is visualized in Figure 15.  

After 24h, a dose dependent response is visible in MMP-1 and MMPsome. The wound healing is inversely 

proportional to the treatment dose. MMP-1 has a significant decrease of healing in the highest dose 

compared to TGF-β and ctrl. Also, MMPsome has significant decrease after 24h, in the two highest 

concentrations. MMPsome (0.5) has significant decrease compared to TGF-β, MMPsome (1.0) too, besides 

a significant decrease compared to the ctrl. The Psome also seem to have a dose dependent response, 

however higher concentrations have higher wound healing. Still, only the highest concentrations have 

significant decrease of wound healing compared to TGF-β. 

The wound healing after 48h shows a higher significant difference between ctrl and TGF-β. In MMP-1, 

there is only a significant decrease visible in the highest concentration, compared to TGF-β as well as the 

ctrl. The Psome does not show a dose dependent response. Psome (1.0) does not have an error bar since 

most of the samples were unable to be measured after 48h due to a high number of dead cells, that 

inhibited the quantification. MMPsome shows a dose dependent response with significant decrease in the 

highest two samples. 

Crtl, 

0H 

Crtl, 

24H 

Crtl, 

48H 

MMP1, 

0H 
TGF-β, 

0H 

TGF-β, 

24H 

TGF-β, 

48H 
MMP1, 

48H 

MMP1, 

24H 

MMPsome

, 48H 

MMPsome

, 24H 

MMPsome

, 0H 

Figure 14. Overview of raw data. Two parallel vertical lines are drawn at the border of the scratch. Perpendicular a horizontal line is 
drawn and measured, indication the width of the scratch. Data shown of 4 samples: ctrl, TGF-β, MMP-1 (1.0) and MMPsome (1.0) at 
9, 24 and 48 h. 
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4.6.2 WHA performed using CytoSMARTTM Omni 

In Figure 16 the raw data made by the software of CytoSMARTTM Omni is demonstrated. The software 

recognizes the cell-less area as scratch and highlights it. Every 2h a picture is made and the area of the 

scratch is measured. This data is used to calculate the relative wound healing compared to TGF-β, this data 

Ctrl MMPsome TGF-β 

0h 24h 48h 66h 0h 24h 48h 66h 0h 24h 48h 66h 

Figure 16. Raw data of WHA performed with CytoSMARTTM Omni. Area at the middle of the well where the scratch is made is used 
for data analysis. The software highlighted the scratch and measured the cell-less area every 2h. Pictures after 0, 24, 48 and 66h 
are displayed. 
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Relative wound healing 24h
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Figure 15. Relative wound healing compared to TGF-β. The stars ‘*’ and hashtags ‘#’ indicate significant difference compared to 
TGF-β and ctrl, respectively. Significance was determined with the unpaired t-test, CI 95%, */# p<0.05, **/## p<0.01, ***/### 
p<0.001. 
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is displayed in Figure 17. It shows low difference between ctrl and TGF-β and MMP-1. Furthermore, is 

shows the lowest wound healing in the MMPsome treated sample. 

4.7 In and ex vivo mouse model study 

4.7.1 Liver-to-body weight 

Figure 18 shows the liver-to-body weight of healthy, CCl4 induced fibrotic mouse model, MMP-1 treated 

and MMPsome treated mouse group. There is a significant increase of liver-to-body weight in the CCl4 

group compared to the healthy group. This significant difference is also visible in the MMP-1 treated group. 

The MMPsome treated group show no significant difference with any other group. 
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Relative wound healing 66h
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Figure 17. Relative wound healing compared to TGF-β after 24, 48 and 66h. 

Figure 18. The weights of the livers are displayed as a percentage of their full body weight. There is a significant increase of the 
w/w% of the liver of CCl4 mice, compared to the healthy control. CI 95%, p<0.05. Higher significance is present in the MMP-1 
treated samples CI 95%, p<0.01. No significant difference is found in MMPsome treated samples. 
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4.7.2 ex vivo staining 

Serum treated MMP-1 treated 

Psome treated MMPsome treated 

Figure 19. Ex vivo study, coll-1 staining. Serum treated, MMP-1 treated, Psome treated and MMPsome treated samples. Ex vivo incubated for 4h. The photos are representable for 
the ex vivo study. 
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The photos displayed in Figure 19 are representable for the ex vivo study. Quantification yet has to be 

performed. Blue dots are the cell nuclei, red is the collagen in ECM.  
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Chapter 5 Discussion 
In this chapter all the results of chapter 4 are elaborately discussed and explained. Furthermore, the impact 

of this research will be evaluated. 

5.1 Characterization of MMPsomes  

5.1.1 DLS 

As shown in the results in Table 1. The size of the Psome is pH depending, from 6-8. This is due to the pH 

responsive block in the BCP. At low pH, 6, the DEAEMA interacts with H+ and therefore the membrane 

gets swollen, this increases the size. The size also depends on decoration. MMP-1 is decorated on the 

outer surface of the Psome and therefore increases the size of the Psome. These results show successful 

decoration. Furthermore, the decrease of ζ-potential is also supporting data for successful decoration. The 

enzyme itself is negatively loaded, decoration on the outer surface of the Psome therefore decrease the 

surface potential. Altogether, data retrieved from DLS prove successful decoration. 

5.1.2 Decoration 

To measure the decoration efficiency, MMP-1 is labelled with RhB. The intensity before and after 

purification is measured and demonstrated in Figure 7. Due to dialysis purification, the intensity measured 

afterwards is established only by the decorated enzyme, since all free enzyme is drained. This intensity 

can be compared to the intensity before purification and this is the decoration efficiency. 

The intensity after dialysis is 30%, meaning that 70% of the enzyme is drained, since it was not decorated 

on the surface of the Psome. Therefore, we can conclude that the decoration efficiency is 30%. 

5.1.3 MMP-1 activity after decoration 

The decoration efficiency was successfully measured using RhB labelled enzyme. However, more 

important is the influence of decoration on the activity of MMP-1. For this, the activity of MMP-1 before 

and after decoration is measured using the collagenase activity colorimetric assay kit (Sigma-Aldrich) was 

used, data is displayed in Figure 8. Since the decoration efficiency is 30%, it is expected that the activity of 

MMPsome after dialysis purification is 30% of the activity before dialysis, if the Psome has no influence of 

the activity. However, the activity of dialyzed MMPsome is 80%, compared to non-dialyzed MMPsome. 

The explanation can be found in the storage prescriptions of the enzyme. According to Sigma Aldrich, it 

has to be stored at -20°C. However, due to fabrication of MMPsomes and dialysis, the enzyme is at room 

temperature for a week, before measurements. A possible explanation is that the Psome protects the 

MMP-1 from losing activity, while the free enzyme loses activity, due to the storage at room temperature. 

5.2 Viability assay 

Alamar blue is a non-toxic compound used to test the viability of the cells. The active ingredient is 

resazurin, a non-fluorescent blue dye that can be reduced to the pink-colored highly fluorescent resorufin 

(40). This is done by metabolic activity of cells. Therefore, it tests the metabolic activity of cells, not directly 

the viability. Beside the ABA, the cells were also checked under the microscope right before adding the 

Alamar blue, this showed that in the less metabolic samples, there were indeed fewer living cells. Hence, 

we can state that ABA is a justly assay to test the viability of Psome on LX-2 cells. 

To find the therapeutic index of our MMPsome the maximum viable concentration needs to be found. The 

therapeutic index in defined at the window between the minimum effective dose and the maximum toxic 

dose. With ABA the maximum toxic concentration (MTC) can be found. A wide variety of concentrations 
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non-decorated Psome is used to find this dose, since it is hypothesized that the MTC of the Psome and 

MMPsome are close and non-decorated Psome is less expensive and labor-intensive to prepare. A range 

of concentrations that comprise the MTC of Psome are displayed in Figure 9, “Viability Psome”. The lowest 

concentrations Psome 0.25 and 0.5 are viable with a percentage of 101 and 86% respectively. The highest 

concentrations Psome 2.5 and 5.0 are non-viable with a percentage of 15% and 1% respectively. Psome 

1.0 has questionable viability with 63%. 63% is below the cut-off of 70%, but this concentration will be 

used to test if the MTC of MMPsome is as hypothesized close to the MTC of Psome and to demonstrate 

the dose dependent efficiency with three different concentrations. 

Consequently, an ABA is performed with MMPsome in with the same concentration, to test the viability. 

Results of Psome and MMPsome are displayed in Figure 9, “Viability Psome and MMPsome. All 

concentrations are viable above 70%. The hypothesis that the MTC of Psome and MMPsome are close is 

correct, however MMPsome shows higher viability than Psome at high concentration (1.0). Since this 

highest concentration is also viable, this range of concentrations is used during the efficacy tests. 

5.3 qPCR 

5.3.1 Fibrotic markers 

The choice of genes is based on the gene expression omnibus (GEO), an online database that where the 

expression of gene in different types of diseases is compared to the expression in healthy patients. For this 

project the accession GSE14323 and platform GPL 571 were used. GSE 14323 is a group of patients divided 

in a healthy sub-group, a cirrhotic subgroup, cirrhotic HCC sub-group and HCC subgroup. We only included 

the healthy and cirrhotic subgroup to find genes that can demonstrate the difference between healthy 

and cirrhotic/fibrotic gene expression (41). Data shown in Figure 20. Based on these results we decided to 

use coll-1, coll-3 and α-SMA as our fibrotic markers. 

In Figure 10 coll-1 showed to be a very useful marker, with significant difference between our control and 

TGF-β stimulated sample. Furthermore, free MMP-1 shows significant decrease in the highest two 

concentrations, meaning that free MMP-1 indeed attenuates fibrosis, based on these results. The Psome 

also shows significant difference, however there is no dose dependent response, making it more difficult 

to draw a conclusion on the effect of Psome on fibrosis. MMPsome only shows significant decrease in 

MMPsome (0.5), indicating that MMPsome can indeed help attenuate fibrosis, but there is need for more 

supporting data.  
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Figure 20. Expression of three fibrotic genes based on the results collected by GEO, accession GSE 14323, platform GPL 571. 
Significant difference is present in all three genes calculated with an unpaired t-test, CI 95%, p<0.001. 
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Coll-3 is a less widely used gene to be tested in fibrosis, but as discussed in the introduction is upregulated 

in fibrosis. There is no significant difference between ctrl an TGF-β visible, the outcome of ctrl normalized 

to TGF-β had great variety within different experiments. However, the decrease of coll-3 as a response to 

the therapy is remarkable. MMP-1, especially the highest concentration shows a decrease with high 

significance. Indicating that coll-1 and coll-3 degradation in the ECM influences the production of new 

collagen. The Psome also has a kind of dose dependent response on the gene expression of coll-3, even 

though the significance does not follow this trend. MMPsome has a great dose-dependent response that 

is in line with the significance, indicating that it is not just the Psome, reducing the coll-3 expression. From 

this gene we can conclude that MMPsome has the best dose-dependent response in decreasing the coll-

3 production. 

Lastly, also in α-SMA the hypothesis that the expression would be higher in the fibrotic model is not 

confirmed. In literature it can be found that α-SMA is an inconsistent fibrotic marker for TGF-β induced 

lung and kidney fibrosis (42). It is possible that besides these types of fibrosis, it is also an inconsistent 

marker for TGF-β induced liver fibrosis, explaining the decrease in expression in the TGF-β activated model. 

However, the results of the therapy treated samples are in line with the earlier discussed results, that 

MMPsome shows the best dose-dependent significant results. Since α-SMA is an inconsistent marker in 

our fibrotic model, we can not draw conclusions from this gene alone. However, it can help support the 

other collected data.  

Taken everything into account, concluding from the three fibrotic markers used in this experiment the 

highest two concentrations of MMPsome (MMPsome (0.5) and (1.0)) show the most stable and fibrosis 

reducing results. 

5.3.2 MMP1- and TIMP-1 expression 

As explained earlier, fibrosis is the excessive accumulation of ECM, mainly caused by a disbalance in 

deposition and degradation. The degradation in fibrosis is inhibited by a decreased expression of MMP-1, 

and an increased expression of TIMP-1 (20). This is in line with our data, as displayed in Figure 11, MMP-1 

expression is significantly decreased, while the TIMP-1 expression is significantly increased. The ratio of 

MMP-1 and TIMP-1 shows the healthy balance of MMP-1 and TIMP-1 in the healthy sample, compared to 

a disrupted balance in TGF-β, where the expression of MMP1 compared to TIMP-1 is significantly lower 

and thereby favors accumulation, fibrogenesis, over decomposition, fibrolysis.  

The expression of MMP-1 shows a dose dependent increase of all treatments, which is as hypothesized in 

MMP-1 and MMPsome treated samples. Due to the degradation of ECM by MMP-1 the cells also start to 

secrete MMP-1, favoring fibrolysis. From this figure it is stated that the increase is highest in MMPsome, 

which is therefore, concluding from this data set the best treatment. The error bars are quite high, due to 

large differences in expression over different experiments. The TIMP-1 expression is also increased in most 

samples. This is as expected, since the TIMP-1 expression is related to the MMP-1 expression. Since both 

genes have an increased expression it is important that the ratio of MMP-1 and TIMP-1 is also clearly, to 

discover if our treatment indeed favors fibrolysis over fibrogenesis. As clearly visible in Figure 11 

MMPsome (1.0) has the highest ratio of MMP1/TIMP, even higher than the ctrl, indicating that there is 

indeed fibrolysis in this sample. 

Based on these results and especially the restored ration of MMP-1 and TIMP-1 expression we can 

concluded that MMPsome (1.0) is a successful treatment, that favors fibrolysis 
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5.4 Western blot 

Beside the gene expression, it is also important to measure the protein expression of different fibrotic 

markers. The chosen proteins are α-SMA and coll-1, overlapping with the genes chosen for PCR. The only 

significant result visible in α-SMA, shown in Figure 12 is the significant decrease of Psome, compared to 

the TGF-β activated sample. There is no (significant) increase of α-SMA in TGF-β compared to the ctrl. As 

discussed in the previous paragraph, can it be found in literature that α-SMA is an inconsistent marker for 

TGF-β induced fibrosis (42). This is in line with our results, since there is no significant increase of α-SMA 

expression in the TGF-β activated sample. Therefore, we dismiss these results and focus on the expression 

of coll-1. 

Coll-1, in contrast with α-SMA, shows a high significant (P<0.001) increase in the TGF-β activated sample, 

compared to the ctrl. Free MMP-1 shows a dose dependent decrease, however, without significance 

difference with TGF-β. The only significant difference is the increase compared to the ctrl. On the other 

hand, Psome and MMPsome show a dose dependent decrease with significance compared to TGF-β. 

Especially in the MMPsome (1.0), the expression of coll-1 is very similar to the ctrl. Meaning, that coll-1 is 

indeed degraded and similar to the healthy state.  

Concluding from the WB, MMPsome (1.0) successfully degrades coll-1, resulting in a protein expression 

similar to the healthy ctrl.  

5.5 Contractility assay 

Under physiological circumstances, ergo the healthy control, cells do not contract, during fibrosis, ergo in 

the TGF-β activated samples, the cells contract. The hypothesis for MMP-1 treated cells was that with 

increasing concentration the contraction would lower. However, the data, shown in Figure 13, clearly 

showed a dose dependent response of circle reduction. The explanation for this phenomenon was found 

in the function of MMP-1. Since the function of MMP-1 is degrading collagen I, the collagen matrix was 

digested. Since the circle of the treated samples are smaller than the most contracted sample (TGF-β 

activated), the digestion is faster than potential contraction of the treated samples. Therefore, the set-up 

of this experiment is not suitable. However, we can conclude that the MMP-1 we use is able to digest a 

cell containing collagen matrix. 

To overcome the problem of collagen degradation by MMP-1, an alternative set-up, explained in the 

methods and materials chapter was used (38). 

No contraction was visible in the TGF-β stimulated samples, nor in other samples (data not shown). A 

possible explanation is that the removal of TGF-β stimulus inhibits the fibrosis progression and regression 

of fibrosis is established, thereby, decreasing the contraction to a non-visible minimum. This set-up to was 

insufficient to measure the contraction of non-treated and treated samples. 

5.6 Wound healing assay 

5.6.1 Manual WHA 

A WHA was performed to quantify the level of fibrosis at a functional level, by comparing the migration, 

or healing, at 24 or 48 h after scratching. Again, we used a negative control (non-activated HSCs) to mimic 

the healthy situation and a positive control (TGF-β activated HSCs) to mimic the fibrosis situation. 

Furthermore, we treated the fibrosis mimic with MMP-1, Psome or MMPsome at different concentrations 

to evaluate the best treatment. The absolute healing is the absolute decrease of the width. The relative 

healing can be calculated by comparing it to the healing of the TGF-β activated healing, which will be the 
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highest and thereby set to 100%. These results are visualized in Figure 15. Here it is clearly visible that the 

wound healing in the TGF-β sample is higher than in the healthy control, which is in line with literature 

(43). After 24 h the significance is p<0.05 while after 48 h the significance is p<0.001.  

For the MMP-1 treated samples, after 24 h as well as after 48 h, a dose dependent response is visible. Of 

which only the highest concentration has significant difference. This significance increases over time, an 

explanation for this could be that since all the samples start with a scratch of more or less the same width, 

but different wound healing rates, after a longer period the difference in width of scratch is higher.  

As visible in the figure, there is no error bar at the highest concentration of Psome. Due to apoptosis of 

some cells, it was not possible to mark the point of migration of the living cells. Therefore, the WHA of 

Psome (1.0) was not performed in triplicate and therefore has no error bar. There is no dose dependent 

response of Psome visible in this experiment, which is in line with the hypothesis that the Psome itself 

does not attenuates fibrosis. However, we can see that the middle concentration has significantly lower 

wound healing. 

There is a clear dose dependent response visible in the MMPsome treated samples after 24h and 48h. 

Also, the significance increases in time and concentration. At 24h we can also see a significant decrease 

between the control and the highest sample of MMP and MMPsome. This is not favorable, since it might 

be harmful if the liver is not able to heal injuries due to therapy. Wound healing to some point is necessary 

for healthy liver regeneration after injury. At 48 h the MMPsome is not significant with the control, while 

there is a significant difference between the TGF-β activated sample. This is a favorable response of 

therapy.  

Since the width of a WHA is measured by the researcher himself or herself, it is not completely objectively 

measured. The exact line where the scratch begins is difficult to draw and the width can therefore differ 

per measurer. Also, when the same picture is measured by the same measurer repeatably, outcomes can 

differ. Taken this together, a WHA done in this way is subjective. 

5.6.2 WHA performed using CytoSMARTTM Omni 

We had the opportunity to use the CytoSMARTTM Omni. This live-cell imager is equipped with software 

that can identify a scratch and can accurately measure the surface of the scratch. Besides, it can make 

pictures every hour, inside the incubator, making it unnecessary to remove the optimal conditions by 

making pictures outside the incubator every 24 h. Since the software can identify the scratch surface 

accurately, it can also measure the decrease of this surface over time, more accurately and less subjective.  

Results of this experiments are displayed in Figure 16 en Figure 17. Since the area is measured by a 

computer instead of manually, it is done more objectively. Also, the cells remain in the incubator during 

the whole experiment, instead of being moved, shaken and handled outside during the manual picturing. 

Therefore, this automatic picturing ensures optimal conditions. The data shown in Figure 17 does not show 

any significance. Significance is not calculated since only one replicate is made, because the CytoSMARTTM 

Omni was used as a pilot test. More measurements should be performed for higher reliability. However, 

this data together with the manually retrieved data suggest that MMPsome is the best treatment, which 

is in line with previous findings.  
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5.7 In and ex vivo mouse model study 

5.7.1 Liver-to-body weight 

CCl4 induced fibrotic mouse models are associated with increased liver-to-body weight (44). Also, in our 

study we found a significant increase of liver-to-body weight, demonstrated in Figure 18. MMP-1 did not 

decrease the liver-to-body weight as expected. It was hypothesized that free MMP-1 would be degraded, 

before accessing the liver, this is in line with the results in Figure 18. MMPsomes on the other hand show 

a decrease in liver-to-body weight compared to the CCl4 group. There is no significant difference between 

MMPsome and healthy, nor between MMPsome and CCl4. There is regression of fibrosis visible, based on 

these results, however no resolution. 

5.7.2 Ex vivo staining 

All samples show living cell without a lot of apoptosis or necrosis, visualized in Figure 19. In the MMP-1 as 

well as the MMPsome treated samples, show more gaps in the ECM, compared to the serum treated 

sample and Psome treated. It is possible these gaps are formed by digested coll-1, meaning that this 

enzyme is able to digest liver tissue ECM. Free MMP-1 seems more effective in the ex vivo study. Since 

free MMP-1 is smaller in size than decorated MMP-1, it can more easily translocate into the core of the ex 

vivo liver and thereby faster digest the coll-1 everywhere throughout the sample. From the first visual 

analysis we can state that the data show promising results, however the quantification yet has to be done. 

5.8 Impact of this study 

Decoration enables non-triggered drug availability, while guaranteeing protection. In our research, a state-

of-the-art decoration of a therapeutic agent, MMP-1, on the outer surface of a DDS, Psome is proven 

possible. Besides, we ascertained that the MMP is protected from activity loss and degradation, even 

though the enzyme is on the outer surface of the Psome. Reasons to choose Psomes as DDS are their wide 

tunability and easy preparations properties (24). However, drug release is always an issue you encounter 

when choosing a DDS. An advantage of pH-responsive Psomes is their pH-triggered releasing potential. 

When taken-up by cells, or inside a tumor environment, the pH is decreased and release of encapsulated 

small molecules is triggered. However, when a trigger does not present itself, for example in extracellular 

targeting, release remains difficult (45). With our MMPsome the difficulty of release is evaded. The 

therapeutic compound is directly available on the outer side of the DDS. 

We restored the MMP-TIMP balance without viral vector gene delivery. Imuro et al. and Du et al. also 

showed fibrosis resolution by restoring the MMP-TIMP balance, however used, possible immunogenic and 

toxic viral vectors (14,17). Besides, due to chronic MMP-1 overexpression by gene delivery, over 

degradation is possible (10,23). Since our study does not use viral vectors, we will not encounter problems 

based on these immunogenic viral vectors. Moreover, we can influence the amount of MMP expression 

by increasing or decreasing the dose, preventing chronic overexpression. 
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Chapter 6 Conclusion and future perspectives 
This chapter will summarize and conclude all findings of the research and explain future perspectives 

6.1 conclusions 

Before we discuss the concluding remarks, we need to go back to our aim. The first aim of our research 

was to develop a Psome with MMP-1 decorated on the outer surface, the MMPsome. A state-of-the-art 

protocol for easy manufacturing of the MMPsome is established in Dresden at IPF. The size, PDI and ζ-

potential are used to prove decoration. Increase of size and PDI and decrease of ζ-potential have indeed 

proven successful decoration of MMP-1 on the outer surface of the Psome. Furthermore, decoration 

efficiency is measured by comparing the intensity of RhB labelled MMP-1 before and after purification by 

dialysis. Due to the drainage of free MMP-1 during dialysis, the decoration efficiency could be calculated 

and is established to be 30%. Besides it is shown that the Psome is able to protect the MMP-1 from activity 

loss. Free MMP-1 loses activity when not stored under optimal conditions, at -20°C. However, decorated 

enzyme can be stored at room temperature for 1 week without too much loss of activity. Altogether, we 

established an easy protocol for development of a robust MMPsome with enzyme activity protection. 

This robust MMPsome was developed as treatment of liver fibrosis. To establish if the MMPsome is indeed 

suitable as therapeutic, in vitro experiments have to be performed. First of all, it is important to find the 

therapeutic index of a therapeutic compound. Using a viability assay, ABA, we found the maximum toxic 

concentration of the MMPsome. This and lower concentrations were used to test fibrolytic effect. First of 

all, the gene and protein expression of fibrotic marker significantly decreased in MMPsome treated 

samples, compared to non-treated, free MMP-1 treated and Psome treated samples. The coll-1 expression 

reduced to physiological amounts. Furthermore, the ratio of MMP-1 and TIMP-1 was increased to higher 

than physiological, indicating successful decomposition of ECM, ergo fibrolysis. Besides, we have proven 

that the MMP-1 used in this study is able to degrade a 3D cell-containing collagen matrix, during our 

contractility assay. Lastly, a functionality assay, a wound healing assay was performed. Again, here we 

found that the MMPsome was the most successful therapeutic, by decreasing the fibrotic wound healing. 

So, all our in vitro experiments pointed out that our MMPsome was the most successful therapeutic for 

regression of fibrosis. 

Beside the in vitro experiments, in and ex vivo studies were performed to demonstrate the therapeutic 

effect of the MMPsome. A CCl4 acute fibrosis induced mouse model was used to test the therapeutic effect 

compared to wild-type mice and MMP-1 treated mice. The reduction is liver-to-body weight and visual 

analysis of the staining are promising results, but further analysis has to be performed. 

To conclude, after successful fabrication of MMPsomes, the MMPsome showed to be a promising 

therapeutic strategy for the treatment of liver fibrosis. 

6.2 Future perspectives 

Besides being a promising therapy in liver fibrosis, an MMPsome could be used for other purposes. MMP-

1 is gaining popularity as an anti-cancer therapy. For example, pancreatic ductal adenocarcinoma (PDAC) 

is a very aggressive cancer type with a five-year survival rate below 8%. No therapy has been found 

successful, as no therapy is able to penetrate through the close collagen-rich stroma. Zinger et al. have 

focused on dual therapy, where first the patient is treated with liposomes containing MMP-1 to reduce 

the tumor stroma, after which the patient is treated with chemotherapy to reduce the tumor itself (46). 

MMPsomes could be used to improve this concept. A small size therapeutic compound could be 
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encapsulated in the Psome, which will be decorated with MMP-1 thereafter. Due to enhanced 

permeability and retention effect (EPR) in a tumor environment, the MMPsome can accumulate in the 

tumor environment via passive targeting (47). There, the decorated MMP-1 on the outer surface of the 

Psome will degrade the collagen-rich stroma. Due to digestion of the stroma, the MMPsome can enter the 

tumor tissue, which has a lower pH (48). Due to this pH drop, the Psome will swell and the small anti-

cancer drug can reduce the tumor. The idea is visualized in Figure 21. 

Not only for PDAC this could be a promising therapy also in other encapsulated tumors MMPsome could 

increase the therapeutic effect by targeted delivery of the anti-cancer drug. 

  

Figure 21. MMPsome encapsulating chemotherapy accumulates around the tumor due to EPR. Here, the MMP-1 can degrade the 
collagen-rich stroma and the MMPsome enters the tumor. Here the MMPsome swell due to pH drop and release the chemotherapy, 
which degrades the tumor. 
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Chapter 7 Future Recommendation 
First of all, I recommend to use the data obtained from the CCl4 acute fibrotic mouse model and analyze 

this data. Furthermore, repeating the experiments performed using the CytoSmarttm Omni, for higher 

reliability. Besides, I recommend to perform new in vivo experiments on different mouse models. To test 

if the MMPsome is also functional in ALD, NAFLD and hepatitis induced fibrosis. In these studies I also 

advise to use multiple treatment injections, since these studies represent chronic fibrosis, in contrast with 

our acute fibrosis model. These are recommendations based on MMPsomes as therapeutic strategy in 

liver fibrosis.  

Beyond this scope, I think our MMPsomes have brother therapeutic perspectives, especially in cancer 

therapy described in future perspectives. Besides PDAC (46), also hepatocellular carcinoma (HCC) (49) and 

mamma carcinoma (50) can be encapsulated by collagen rich stroma, inhibiting the drug efficacy. 

Therefore, I recommend tumor-on-a-chip drug testing. Tumor-on-a-chip gains popularity by minimizing 

animal drug testing and higher tunability of the specific tumor features. The important features as stroma 

encapsulation can be incorporated in a tumor on a chip, making drug testing more efficient (51,52). I 

recommend collaboration with tumor-on-a-chip researchers who can design one or multiple specific 

stroma encapsulating tumors, for drug testing of our MMPsome, encapsulating chemotherapeutic drugs.  
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Appendix A – TGF-β SMAD pathway 

  

Figure 22. Latent TGF-β-binding protein (LTBP), which is bound to (inactive) latent TGF-β (orange) and latency-associated peptide 
(LAP) release activated TGF-β (red). TGF-β binds to TGF-β receptor type II and this receptor activates TGF-β receptor I. This receptor 
activates SMAD-2 (blue to green). Active SMAD-2 binds with SMAD-3. This in turn binds with SMAD-4. This complex moves to the 
nucleus and regulate transcription of fibrogenic genes. [Xu, 2016 TGF-b] 
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Appendix B – MMPs and their role in Liver diseases 
Table 2. All MMPs with their different function in liver diseases. 

MMP Group Roll in Liver disease Reference 

MMP-1 Collagenase Degrades ECM and thereby attenuates liver fibrosis 
Decreased expression in histological progression of chronic hepatitis  

(17) 
(53) 

MMP-2 Gelatinase Increased expression in chronic hepatitis induced fibrosis 
Upregulated in HCV induced liver fibrosis and cirrhosis 
Limits collagen I expression in liver fibrosis 
Absence supports liver fibrosis 
Serum marker for severity if ALD 
Expressed during liver regeneration after ischemia/reperfusion (I/R) 
Increased expression in biliary atresia fibrosis 

(54,55) 
(54) 
(56) 
(56,57) 
(58) 
(59) 
(60) 

MMP-3 Stromelysin Strongly expressed in HCC, especially in blood vessel adjacent ECM 
Involved in metastasis regulation during HCC 
Expressed during inflammation reaction after (I/R) 

(61) 
(62) 
(59) 

MMP-7 Matrilysin Increased expression in biliary atresia fibrosis 
Associated with colorectal cancer liver metastasis 
Serum biomarker for advanced fibrosis 
Upregulated during oval cell-mediated regeneration 

(60) 
(63) 
(64) 
(65) 

MMP-8 Collagenase Viral adeno MMP-8 overexpression ameliorates cirrhosis 
Activity correlates with repairment of cholestatic liver injury 
Regulates leukocyte infiltration in resolution of TNF-induces acute hepatitis 
Serum biomarker for advanced ALD induced liver cirrhosis 

(66) 
(67) 
(68) 
(58) 

MMP-9 Gelatinase Induces liver regeneration after partial hepatectomy 
Induce activated HSC apoptosis 
Upregulated by infiltrated leukocytes in I/R 
Leukocyte recruitment and activation in I/R 
Downregulation of MMP-9 inhibits I/R injury 
Promotes brain extravasation and edema in fulminant liver failure (FLF) 
Inhibition of MMP-9 decreases brain injury in FLF 
Promotes tumor invasion and metastases of HCC 
Biomarker for HCC prognosis 
Serum marker for advanced ALD induced liver cirrhosis 

(69) 
(70) 
(71) 
(72–74) 
(72,74) 
(75,76) 
(75) 
(77,78) 
(79) 
(58) 

MMP-10 Stromelysin Strongly expressed in HCC, especially in blood vessel adjacent ECM 
Promotes hepatic wound healing after partial hepatectomy and bile duct 
ligation 

(61) 
(80) 

MMP-11 Stromelysin Expressed in a later stage of liver regeneration 
Upregulated in the early stage of HCV induced liver fibrosis 

(59) 
(54) 

MMP-12 Others  Roll in ischemia-induced Kupffer cell migration and activation after I/R 
Regulates elastin degradation in liver fibrosis 
Inhibits MMP regulated ECM degradation in fibrosis; deficiency attenuates 
fibrosis 

(59) 
(81) 
(82) 

MMP-13 Collagenase Elevated expression during acute liver injury 
Accelerates fibrogenesis in cholestatic livers via initiation of inflammation 
Promotes GF expression and thereby fibrosis progression in early stage LF 
Serum marker for ALD induced liver cirrhosis 

(83) 
(84) 
(85) 
(86) 
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Upregulated in the early stage of HCV induced liver fibrosis 
Helps degrading ECM and thereby attenuates LF 
Overexpression accelerates LF recovery by hepatocytes GF stimulation and 
ECM degradation by MMP-2 and MMP-9 stimulation 

(54) 
(87–89) 
(90) 

MMP-14 Membrane-
type MMP 

Stimulates recruitment of macrophages in cold IR injury 
Involved in the invasion potential of HCC 
Activates MMP-2 thereby leading to fibrolysis  

(91) 
(92) 
(55,93) 

MMP-15 Membrane-
type MMP 

Can activate MMP-2 
Down regulated after partial hepatectomy 

(94) 
(9) 

MMP-16 Membrane-
type MMP 

Expressed in hepatitis, HCC and cirrhosis (9,95) 

MMP-19 Stromelysin Deficiency lowers response to TGF-β and promotes fibrolysis (96) 

MMP-23 Other Upregulated in oval cell regulated liver regeneration (65) 

MMP-24 Matrilysin Upregulated in oval cell regulated liver regeneration 
Expressed 48h after partial hepatectomy 

(65) 
(97) 

MMP-25 Membrane-
type MMP 

Involved in tumor invasion by MMP activation (9) 

MMP-28 Other Upregulated in ALD induced inflammation progression and hepatocyte 
damage 

(9) 
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Appendix C – Primer specification 
Table 3. Specification of used primers; primer name, forward and reverse, melting temperature, GC content and accessions 
number. 

Primer Forward 
Reverse 

Tm GC% Accessions number 

Col 1α1 human 
GTACTGGATTGACCCCAACC 
CGCCATACTCGAACTGGAAT 57,88/57,77 55,0/50,0 NM_000088.3 

Col 3α1 human 
AAGAAGGCCCTGAAGCTGAT 
GTGTTTCGTGCAACCATCCT 59,00/59,05 50/50 NM_000090 

α-SMA human 
CCCCATCTATGAGGGCTATG 
CAGTGGCCATCTCATTTTCA 56,61/56,01 55,0/45,0 NM_001613.2  

TIMP1 human 
GGGGACACCAGAAGTCAACC 
GGGTGTAGACGAACCGGATG 60,25/60,18 60,0/60,0 NM_003254.2 

MMP1 human 
TGGTGTCTCACAGCTTCCCA 
CTCCACATCTGGGCTGCTTC 61,05/60,75 55/60 NM_002421.3 

GAPDH human 
TCCAAAATCAAGTGGGGCGA 
TGATGACCCTTTTGGCTCCC 59,89/59,96 50/55 NM_001256799.1 

RPS18 human 
TGAGGTGGAACGTGTGATCA 
CCTCTATGGGCCCGAATCTT 58,96/58,94 50/55 NM_022551.2 

 
  

http://www.ncbi.nlm.nih.gov/nucleotide/110349771?report=genbank&log$=nucltop&blast_rank=1&RID=HRDC7T7N01R
http://www.ncbi.nlm.nih.gov/nucleotide/213688378?report=genbank&log$=nucltop&blast_rank=4&RID=HRD21047013
http://www.ncbi.nlm.nih.gov/nucleotide/73858576?report=genbank&log$=nucltop&blast_rank=1&RID=J47T6Y8P015
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=225543092
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=378404907
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