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Abstract

Cancer, or malignant tumor, is the second leading cause of death worldwide. During tumor progression, cancer cells

actively act on and restructure their surrounding tissue, creating what is known as the tumor stroma or tumor mi-

croenvironment (TME). The TME supports tumors to survive, progress and become resistant to therapies.

Adenocarcinomas, such as pancreatic ductal adenocarcinoma (PDAC), are known for its high degree of desmoplasia

resulting in the increased deposition of extracellular matrix (ECM) which is mainly comprised of collagens type I and

III. Moreover, the increase in collagen type III appears to be more tumor-specific as compared to collagen type I.

Collagen as a therapeutic target to deliver therapeutic agents to the fibrotic TME is a promising but rarely investigated

strategy. While most researchers focus on targeting collagen type I, targeting collagen type III is a novel approach to

target desmoplastic tumors.

In this thesis, a novel collagen-binding peptide (CN3) was utilized and subjected to enzyme-linked immunosorbent

assays (ELISAs) to evaluate binding affinity to various proteins of the ECM. Then, in vitro and ex vivo experiments

were conducted to visualize binding of the peptide using collagen-producing cells, and murine PDAC models, respec-

tively. Thereafter, the peptide was conjugated to liposomes to establish collagen-targeted nanocarriers. Liposomes

were characterized, evaluated for binding affinity, and used for uptake experiments.

We found that first, the CN3-peptide showed increased binding affinity to collagen type III as compared to collagen

type I. Furthermore, in vitro and ex vivo studies revealed colocalization of the CN3-peptide with cell-produced colla-

gen. Yet, the CN3-peptide showed unspecific binding which might be related to its properties.

Next, the CN3-peptide could be coupled to the liposomes and showed increased binding affinity to both collagen types

I and III as compared to the control. Uptake studies did not reveal a difference between between CN3-liposomes and

control liposomes. Yet, data showed that the uptake studies were far from optimized.

In conclusion, we developed novel collagen-binding nanoparticles that could be used to target desmoplastic tumors.

Further studies should focus on improving peptides’ properties and binding specificity and evaluate the nanocarriers

in more advanced models.
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1 Introduction

1.1 Cancer and the tumor microenvironment

Cancer, or malignant tumor, is the second leading cause of death worldwide. Based on data from the Global Cancer

Observatory (GCO), an estimated 19.3 million people were diagnosed with cancer and roughly 10 million cancer-related

deaths were reported in 2020 [2].

In men, lung cancer, prostate cancer, and colorectal cancer were found to be most common cancers. Cancers of

the lung, stomach, liver, esophagus, brain, and the pancreas appeared to be the most lethal cancers. Most deaths

reside from lung cancer, colorectal cancer, stomach cancer, and liver cancer [2]. For women, breast cancer, colorec-

tal cancer, and lung cancer were the most common diagnosed cancers in 2020. Cancers of the cervix uteri, colon,

lung, ovary, stomach, liver, blood, esophagus, brain, and pancreas were found to be the most lethal types of can-

cers. Most deaths reside from breast cancer and lung cancer [2]. Due to declines in smoking, improved diagnostic

and treatment modalities, the overall incidence and fatality rates are reducing since the 1990s. Still, the lifetime

probability of being diagnosed with cancer is roughly 40% for men and 39% for women [3]. Following a projection

that only takes growth and aging of the population into account, the predicted new cancer cases will be 28.4 million

in 2040 [2]. The incidence rates and the predicted new cancer cases, indicate that cancer is still a major health problem.

Cancer is a multi-staged disease that is depicted by abnormal cell growth and proliferation [4, 5]. Hallmarks of cancer

include: 1) sustaining proliferative signaling, 2) evading growth suppressors, 3) activating invasion and metastasis,

4) enabling replicative immortality, 5) inducing angiogenesis, and 6) resisting cell death [4]. Mutations in so-called

tumor-suppressor genes and proto-oncogenes, which are usually genes that control proliferation and the cell cycle,

generally lead to cancer. Recessive mutations in tumor-suppressor genes are characterized by a loss of functionally

active tumor-suppressing proteins [4]. On the other hand, mutations in proto-oncogenes are dominant. Mutated

proto-oncogenes become oncogenes and exhibit increased production of certain proteins that lead to over-stimulation

of certain cell processes which, in its case, leads to the development of cancer [6, 7].

In recent years, the focus in cancer research has been shifted from the individual tumor cells towards the immediate

environment surrounding the tumor cells. It has been found that during tumor progression, cancer cells actively act

on and restructure their surrounding tissue, creating what is known as the tumor stroma or tumor microenvironment

(TME) [8]. The TME supports tumors to survive, progress and become resistant to therapies [9, 10, 11]. In general,

each tumor type has its own unique TME, including specific nonmalignant cells and extracellular matrix (ECM)

proteins. Furthermore, the TME composition and structure can vary drastically from patient to patient, which makes

a general description or classification of the TME difficult, however, certain characteristics of a TME can be shared

among tumors. For instance, fibrotic tumors such as pancreatic ductal adenocarcinoma (PDAC), breast cancer, and

lung cancer share common features in their TME such as an abundance of cancer-associated fibroblasts (CAFs) or the

presence of desmoplasia, the overproduction of ECM proteins [12, 13, 14]. In figure 1, a schematic overview of the

TME in fibrotic tumors is presented.

1.2 The extracellular matrix and cancer-associated fibroblasts

Shortly after the discovery of the TME and its role in cancer progression, the ECM, as the part of the TME, was

initially discussed the least. However, many articles were published over the last decade that explained the role of the

ECM in tumors [11].

In the early days, Dvorak et al. described tumors as ‘wounds that do not heal’ and evidence was presented that the
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Figure 1: Schematic representation of the tumor microenvironment (TME) including different nonmalignant cellular
components surrounded by extracellular matrix (ECM) created with BioRender.com.

progression of the tumor and its stroma are induced by the activation of the host’s wound-healing response. However,

this wound-healing response in tumors is continuously activated and seems to have much in common with the onset

and progression of fibrosis [15]. Now, it has become clear that certain cells within the fibrotic TME are responsible

for an excessive production of ECM molecules after chronic inflammation in a similar mechanism that drives tissue

fibrosis [16, 17, 18]. ECM molecules, such as collagen, fibronectin, elastin, and laminin, can comprise up to 70% of the

fibrotic TME. The creation of a hypoxic environment is a key feature of an abundant ECM within the fibrotic TME.

As tumor cells have greater survival as compared to normal cells, a hypoxic environment favors proliferation of tumor

cells [9].

While ECM-molecules are also produced by tumor cells themselves [11], most of the ECM is produced by cancer-

associated fibroblasts (CAFs) [19, 20]. CAFs are spindle-shaped cells which are one of the most dominant components

within the fibrotic TME. In the recent years, several growth factors and cytokines have been identified that can cause

the activation of fibroblasts into a cancer-promoting or cancer-associated state, hence the name CAFs, as depicted in

figure 2 [1]. CAFs are, as compared to normal fibroblasts, perpetually activated, and do not undergo apoptosis. The

role of CAFs depends on their subtypes which has been thoroughly investigated in recent years [21, 22]. The CAF-

population can roughly be divided into three subtypes, namely 1) myofibroblastic CAFs (myCAFs), 2) inflammatory

CAFs (iCAFs), and 3) antigen-presenting CAFs (apCAFs) [22]. MyCAFs are known to build up and remodel the

ECM structure while iCAFs are characterized by an immunomodulating secretome [22, 21, 23]. ApCAFs, as the name

suggests, are able to present antigens to immune cells which can trigger an immune response [22]. By producing and

maintaining the optimal environment for the tumor, these cells play a crucial role in the progression and survival of

the tumor [24].
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Figure 2: Schematic representation of different stimuli that can drive CAF activation [1].

1.3 Collagen as part of the extracellular matrix

Collagen is the major component of the ECM in fibrotic tumors [25, 26]. There are currently 28 identified types

of collagens which are numbered with Roman numerals and are classified into four subfamilies, namely: i) fibril-

forming collagens (I-III, V, XI, XXIV, XXVII), (ii) fibril-associated collagens (IX, XII, XIV, XVI, XIX, XX-XXII),

(iii) network-forming collagens (IV, VIII, X), and (iv) membrane-anchored collagens (XIII, XVII, XXIII, XXV) [27].

Among all these types of collagens, collagen type I comprises 90% of the total collagen content in the human body

[28].

Focusing on the fibrillar collagens, collagen type I is found in many tissues and is the main type of collagen in the

human body [29]. Collagen type II is the main component of the cartilage matrix while collagen type III is usually

found in soft tissues, tissues that need to withstand stretching, and near collagen type I [29, 30]. In addition, collagen

type III is present during early stages of the wound healing process and, since this type of collagen is less rigid as

compared to collagen type I, collagen type III is often regarded as immature and weak [31]. At later stages of wound

healing, collagen type III is usually replaced by collagen type I [31, 32]. Fibril-forming collagens type I, III, and V are

mainly produced by (activated) fibroblasts, like myCAFs during remodeling of the fibrotic TME [33, 34]. Therefore,

the main types of collagens found in the ECM of the fibrotic TME are fibrillar collagens [25]. Fibrillar collagen is a

large, right-handed helix glycoprotein that consists of three α-chains [35]. This set of α-chains can be homologous or

heterogenous. In collagen type II and III, the α-chains are homologous which means that these collagens consist of

three identical chains (e.g., three α1(II) chains for collagen type II) while in collagen type I, which is heterogenous, the

protein consists of two α1(I) chains and one α2(I) chain [36]. The amino acid sequence of the α-chains in all types of

collagens are characterized by X-Y-Glycine repeats where X and Y can be any amino acid [37]. In most cases, the X- and

Y-position in the sequence is filled up by proline and hydroxyproline, respectively. Indeed, the proline-hydroxyproline-

glycine sequence is the most common triplet in collagen [38]. The high content of proline and hydroxyproline facilitate

hydrogen bond-formation between the α-chains while glycine stabilizes the protein [27]. The name of the α-chains is

given according to their genes encoding for the particular type of collagen (e.g., COL1A1, COL1A2, COL3A1) [27].

These genes are transcribed followed by translation into a polypeptide in the rough endoplasmic reticulum (rER).
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Several enzymes and molecular chaperones are required to facilitate post-translation modification (PTM) to form and

process procollagen, including heat shock protein 47 (HSP47), prolyl-hydroxylase, and protein disulfide isomerase [39].

During PTM, one major step is the addition of hydroxyl groups to the lysine and proline residues which is facilitated

by cofactor vitamin C [40]. The hydroxylated and glycosylated procollagen chains assemble into a triple helix in which

three left-handed helices form a right-handed coil. In the extracellular space, tropocollagen is formed by removing the

loose termini of procollagen [41]. Then, tropocollagen, which is also known as mature collagen, will spontaneously

form collagen fibrils. Fibrils can form into mature collagen fibers by covalent linking of hydroxylysine and lysine by

the lysyl oxidase (LOX) enzyme [42, 43, 44]. The process of collagen synthesis is schematically depicted in figure 3.

Figure 3: Schematic overview of the complexity of collagen synthesis created with BioRender.com. Collagen synthesis

requires intracellular events as well as extracellular events.
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1.4 Collagen in cancer

Collagen is known to provide structural support in the ECM. In healthy tissues, remodeling of the collagen helps to

maintain tissue integrity and function. Remodeling is depicted by new collagens being synthesized and older proteins

being degraded by metalloproteinases (MMPs) [45]. In cancer, myCAFs produce collagens uncontrollably, resulting in

a dense network of collagen. A dense network of collagen may result in limited drug diffusion towards the tumor cells,

and a reduced oxygen and nutrient supply. Reduced oxygen supply can result in hypoxia within tumors, inhibition

of cytotoxic stress response, and induction of a process called epithelial-to-mesenchymal transition which is known

to increase the number of ECM-producing cells [46, 11, 47]. Overexpression of certain collagens in certain types of

cancers can be a hallmark of the disease. Many studies have shown a significant upregulation of collagen type I and

type III in adenocarcinomas, which is a type of cancer that starts in the glands of various organs. As an example,

Tian et al. found that 90% of the ECM in pancreatic ductal adenocarcinoma (PDAC) predominantly consisted of

collagen types I and III [25]. Although collagen type III is less abundant as compared to collagen type I, the increase

in collagen type III expression is a unique feature of many adenocarcinomas, including PDAC, breast cancer, colon

cancer, and more [48, 49, 50].

1.5 Collagen as a target in the tumor microenvironment

Targeting and modulating myCAFs seems to be the best strategy to decrease the stromal density found in the fibrotic

TME [51]. However, the population of CAFs within the TME has a high level of heterogeneity. This heterogeneity of

the CAFs is expressed in multiple cell markers (e.g., α-SMA, FAP, FSP-1) that can define the entire CAF population.

However, due to overlap in cell markers, there is no single marker that can distinguish one type of CAF from all

other CAFs which makes it difficult to find a specific receptor [52]. In addition, the markers expressed in the CAF

population varies among cancers which makes the process of selecting a target even more difficult [53, 54]. Therefore,

instead of targeting markers on the collagen-producing cells (e.g., myCAFs), direct targeting of the produced collagen

might be an effective way to deliver any therapeutic agent, which could have its effect on various types of cells, to

the fibrotic TME. Moreover, the fact that collagen types I and III are overexpressed in all adenocarcinomas, targeting

these types of collagens could aid in the development of the desired universal anti-cancer therapy for aggressive types

of cancers.

Collagens in the fibrotic TME are exposed to the bloodstream due to the hyperpermeability of the tumor vasculature,

a common feature in cancers [55]. By using the so-called enhanced permeability and retention (EPR) effect, collagen-

binding moieties can enter the fibrotic TME in a passive manner [55]. Once entered, collagen-binding moieties can

actively target the collagen in the fibrotic TME [55]. The most obvious strategy to realize targeting of collagen, is

to use antibodies against collagen. Although antibodies have a high affinity towards its specific antigen, they do

come with certain problems, including limited stability in vivo, high costs, a high molecular weight and its high

affinity which might cause limited penetration into the targeted area [56, 57]. Therefore, using a molecule with a low

molecular weight and moderate binding affinity is preferred. Here, peptides which are small, can have a moderate

binding affinity, are comparably cheap, and can be chemically synthesized might come into play [58]. Peptides can be

designed to bind to various molecules by utilizing non-covalent binding, such as forming hydrogen-bonds and binding

through electrostatic interactions [59].
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1.6 State-of-the-art

Literature on collagen-binding peptides has shown many applications to deliver therapeutics to or to diagnose, for

instance, cartilage-defects by targeting collagen type II [60, 61, 62]. Only few have used these types of peptides to

target the fibrotic TME by creating or using a peptide that has affinity towards collagen type I and/or collagen type

III. Jeffrey A. Hubbell and co-workers conjugated many proteins and therapeutic agents to the collagen-binding do-

main of the von Willebrand factor. The A3-domain of the von Willebrand factor has a length of 186 amino acids,

a molecular weight of 39.9 kDa, and shows high affinity against collagen types I and III [63, 64]. The same group

also conjugated the collagen-binding domain to interleukin-2 [65], interleukin-12 [66], and to serum albumin which

was conjugated to doxorubicin [67]. In all cases, the therapeutic agent displayed increased therapeutic efficacy and,

in certain cases, less toxicity as compared to non-targeted therapeutic agents. A few years ago, Liang and colleagues

conjugated an antibody-fragment to a small collagen-binding peptide. The collagen-binding antibody-fragment showed

higher binding affinity to collagen type I as compared to the antibody-fragment without the collagen-binding pep-

tide. Although, there was not an improvement in the therapeutic efficacy, Liang and colleagues did observe a longer

retention time within tumors [68]. More recently, Deng and coworkers conjugated another small collagen type I-

binding peptide to polymeric “nanoscavengers”, a type of polymeric nanoparticles, and showed high accumulation in

the ECM in various murine tumor models [69]. All these studies demonstrate that targeting collagen in the ECM

of fibrotic tumors could be a good strategy to develop a universal therapy against tumors with dense stromal networks.

To date, using small peptides that favours binding to collagen type III, is a field that has not been discovered. As

stated in section 1.4, this type of collagen is abundantly expressed in the fibrotic TME and seems more tumor-specific

as compared to collagen type I. Therefore, aiming for collagen type III might increase specificity to fibrotic tumors.

1.7 Goal of the project

In this project, collagen-binding nanoparticles will be prepared and evaluated. Using a novel collagen-binding peptide,

which will be named CN3 throughout the rest of the report, nanoparticles will be able to bind to the collagen within the

fibrotic TME. The CN3-peptide is derived from the collagen-binding domain of the mannose receptor found mainly on

macrophages [70]. The CN3-peptide has been studied previously within the group. Previous research focused mainly

on the intracellular uptake of collagen types I and III by CAFs, and whether the uptake of the CN3-peptide is enhanced

when bound to collagen type III as compared to collagen type I. Although the peptide seems to show increased bind-

ing to collagen type III, the binding affinity of the peptide to collagen types I and III was not evaluated in previous work.

In this study, the CN3-peptide will be tested on its binding affinity to various types of fibrillar collagens and other ECM

proteins. Since collagen types I and III are abundantly expressed in the fibrotic TME, this report will mainly focus

on these types of fibrillar collagens. Furthermore, the peptide will be examined for its binding affinity in vitro and ex

vivo using activated human pancreatic stellate cells (hPaSteCs), the main CAF-precursor cells in PDAC, and tissue

sections of mice bearing PDAC, respectively. Thereafter, the CN3-peptide will be coupled to liposomes, consisting of

HSPC lipids, DSPE-PEG lipids, DSPE-PEG-DBCO lipids and cholesterol, to actively target the TME [71]. Liposomes

are known to have good biocompatibility, low toxicity, and ease of functionalization [71]. The payload flexibility and

the fact that many liposome-based formulations are already approved by the Food and Drug Administration (FDA),

make these type of carrier an interesting candidate [72, 73]. After optimizing and characterizing the CN3-coupled

liposomes, its binding affinity will be tested on collagen-coated plates and an uptake study will be performed using

collagen-coated plates and phagocytic cells. The eventual goal is to develop novel collagen-binding nanoparticles that

could modify various players in the TME which is schematically depicted in figure 4.
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Figure 4: Schematic representation of the goal of the project. Collagen-bound drug-loaded liposomes can degrade and

release its contents, or collagen-bound drug-loaded liposomes can be engulfed and alter behavior of the cells in the

fibrotic TME.
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2 Materials & Methods

2.1 Materials

Human collagen type III (C4407 and CC054) and human collagen type I (CC050) were purchased from Merck KGaA

(Darmstadt, Germany). Human fibronectin was obtained from RD systems (RD Systems, Inc., Minneapolis, MN,

Canada) and human collagen type II (Abcam, Cambridge, UK) was kindly provided by the DBE group at the Univer-

sity of Twente. Bovine collagen type I solution G1 was purchased from MATRIX BioScience GmbH (Mörlenbach, Ger-

many). 3, 3′,5 ,5′-Tetramethylbenzidine Liquid Substrate, Supersensitive (T4444) and HRP-Streptavidin (RABHRP3)

were purchased from Merck KGaA (Darmstadt, Germany). Hydro Soy Phosphatidylcholine (HSPC), Lipoid PE

18:0/18:0 PEG-2000 (DSPE-PEG(2000)), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[dibenzocyclooctyl(poly

ethylene glycol)-2000] (ammonium salt) (DSPE-PEG(2000)-DBCO) were purchased from Avanti Polar Lipids (Al-

abaster, AL, USA). Cholesterol was purchased from Merck KGaA (Darmstadt, Germany) and 1,1’-Dioctadecyl-

3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate (’DiI’; DiIC18(3)) was obtained from Thermo Fisher Scientific Inc.

(Waltham, MA, USA). Neutravidin and biotin was kindly provided by the DBE group at the University of Twente.

Goat Anti-Type I Collagen-UNLB (1310-01) and Goat Anti-Type III Collagen-UNLB (1330-01) were obtained from

SouthernBiotech (Birmingham, AL, USA). Streptavidin-Alexa Fluor™ 488 conjugate (16891) was purchased from AAT

Bioquest® (Sunnyvale, CA, USA) and donkey anti-Goat IgG (H+L) Cross-Adsorbed Secondary Antibody Alexa Fluor

594 (A11058) was purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA). CN3, CN3-PEG(6)-biotin,

and CN3-azide were obtained from China Peptide Co. Ltd. (Shanghai, China).

2.2 Cells

Human pancreatic stellate cells (hPaSteCs) were purchased from ScienCell™ (Carlsbad, CA, USA) and maintained in

Stellate Cell Medium (SteCM) supplemented with 2% v/v FBS, 1% v/v SteCGS, and 1% v/v Penicillin-Streptomycin.

KPC Cell Line (C57/BL6 genetic background) were purchased from Ximbio (London, UK) and maintained in Gibco™

DMEM/F-12 (Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% v/v FBS, 1% v/v L-

glutamine, and 1% v/v Penicillin-Streptomycin.

2.3 Peptide identification and binding experiments

2.3.1 Peptide membrane array experiments

PepSPOTs™ cellulose membranes containing different sequences of potential collagen type III-binding peptides were

obtained from JPT Peptide Technologies GmbH (Berlin, Germany). The membranes were soaked in methanol for 1

minute followed by a three-times rinse in TBS pH 8.0. The membranes were then incubated in a blocking solution

consisting of 3% bovine serum albumin (BSA) in TBS with 0.05% Tween 20 (TBST) for 3 hours at room temper-

ature. After washing once in TBST for 10 minutes, the membranes were incubated overnight with human collagen

type III (Merck KGaA, Darmstadt, Germany) or bovine collagen type I (Collagen G1, MATRIX BioScience GmbH,

Mörlenbach, Germany) at a concentration of 5 µg/ml in 3% BSA in TBST at 4°C. On the next day, membranes were

washed thrice in TBST and further incubated with goat anti-collagen type III or type I antibodies (SouthernBiotech,

Birmingham, AL, USA) in a 1:1000 dilution in 3% BSA in TBST for 3 hours at room temperature. After three-times

wash in TBST, the membranes were incubated with rabbit anti-goat Immunoglobulins/HRP at a dilution of 1:2000

in 3% BSA in TBST for 1 hour at room temperature. Thereafter, the membranes were washed four times in TBST

and chemiluminescence was developed using the SuperSignal™ West Pico PLUS Chemiluminescent substrate (Thermo

Fisher Scientific Inc., Waltham, MA, USA) and measured using the FluorChem M system (ProteinSimple, San Jose,
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CA, USA). Membranes were regenerated in Restore™ Western Blot Stripping Buffer (Thermo Fisher Scientific Inc.,

Waltham, MA, USA).

2.3.2 Binding affinity assay

The binding affinity of the CN3-peptide was examined using a modified enzyme-linked immunosorbent assay (ELISA).

A ninety-six-well ELISA plate (Nunc™ MediSorp) was coated with human collagen type III (Merck KGaA, Darmstadt,

Germany), type I bovine collagen solution (Collagen G1, MATRIX BioScience GmbH, Mörlenbach, Germany), human

collagen type II (Abcam, Cambridge, UK), and human fibronectin (RD Systems, Inc., Minneapolis, MN, Canada) at

10 µg/ml and left at room temperature for 2 hours under continuous shaking at 225 RPM followed by incubation

at 4°C overnight. All types of collagens were diluted in 0.01 N HCl and fibronectin was diluted in 1x PBS. On the

next day, unbound collagen-solution was then discarded, and the wells were washed twice with 0.05% Tween 20 in

PBS (PBST). After blocking the wells with 2% BSA in PBS for 1 hour at room temperature using a shaker at 225

RPM, the wells were washed twice with PBST and further incubated with increasing concentrations of CN3-PEG(6)-

biotin with or without a 10-times molar excess of the non-biotinylated CN3-peptide in 1% BSA in PBS for 2 hours at

room temperature using a shaker at 225 RPM. Then, the wells were washed three times with PBST, followed by an

incubation with 1:4000 or 1:400 HRP-Streptavidin (Merck KGaA, Darmstadt, Germany) diluted in 2% BSA in PBS at

room temperature for 1 hour using a shaker at 225 RPM. After thoroughly washing the wells, the bound CN3-PEG(6)-

biotin was detected using 3, 3′,5 ,5′-Tetramethylbenzidine Liquid Substrate, Supersensitive (Merck KGaA, Darmstadt,

Germany). After sufficient color development, the reaction was stopped using 2 N H2SO4 and the absorbance was

measured at 450 nm with subtraction of the background-absorbance at 570 nm. The KD-values were estimated by

fitting the Hill-equation (equation 1), assuming one-site-specific binding, to the data using nonlinear curve fitting in

Origin® 2019b (OriginLab Corporation, Northampton, MA, USA).

θ =
[L]n

KD + [L]n
(1)

Where:

θ = fraction occupied receptor concentration to total receptor concentration

[L] = total ligand concentration

KD = dissociation constant

n = Hill coefficient

2.4 In vitro and ex vivo binding studies

2.4.1 In vitro modified immunofluorescence on hPaSteCs

hPaSteCs were seeded in a 24-well plate at cell density of 5,000 cells per cm2 in complete SteCM. After 24 hours, the

wells were washed once with DPBS and further incubated in serum-free SteCM. On the next day, the medium was

changed by serum-free SteCM supplemented with 5 ng/ml TGF-β1 (RD Systems, Inc., Minneapolis, MN, Canada)

to activate the quiescent hPaSteCs. After 48 hours incubation, the wells were washed once and fixed ice-cold ace-

tone/methanol (1:1) for 30 minutes at -20°C. The acetone/methanol was then discarded, and the plate was dried,

using a conventional hairdryer, for 30 minutes. A Dako or PAP pen (Agilent Technologies, Santa Clara, CA, USA)

was used to mark a hydrophobic barrier around the edges of the sections to limit the amount of antibody-solution

during incubation. When the hydrophobic barrier was dry, the cells were rehydrated in PBS for 5 minutes followed

by blocking of unspecific sites using a 2% BSA solution in PBS for 1 hour at room temperature using a shaker at

150 RPM. The BSA solution was then discarded and goat anti-collagen types I and III antibodies (SouthernBiotech,
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Birmingham, AL, USA), diluted in 1% BSA in PBS, were added to the wells. After incubation with the antibodies

for 1 hour at room temperature using a shaker at 150 RPM, the wells were washed thrice with PBS and incubated

with CN3-PEG(6)-Biotin at a concentration of 5 µM for 1 hour at room temperature using a shaker at 150 RPM.

After washing thrice, 5 µg/ml streptavidin-Alexa Fluor™ 488 (Thermo Fisher Scientific Inc., Waltham, MA, USA) and

1:100 dilution of donkey anti-goat Alexa Fluor™ 594 (Thermo Fisher Scientific Inc., Waltham, MA, USA) in 1% BSA

were added to the wells for 1 hour at room temperature using a shaker at 150 RPM. The wells were washed for five

consecutive times and mounted in Fluoroshield™ with DAPI (Merck KGaA, Darmstadt, Germany). A coverslip was

added to each well and the wells were analyzed using the EVOS cell imaging system (Thermo Fisher Scientific Inc.,

Waltham, MA, USA). Images were further processed and quantified in ImageJ. Colocalization was measured using the

JACoP-plugin by Bolte et al. [74].

2.4.2 In vitro modified immunofluorescence on deposited collagen by hPaSteCs

hPaSteCs were seeded in a tissue-culture treated 24-well plate at cell density of 5,000 cells per cm2 in complete SteCM.

After 24 hours, the wells were washed once with DPBS and further incubated in serum-free SteCM. On the next day,

the medium was changed by serum-free SteCM supplemented with or without 5 ng/ml TGF-β1 (RD Systems, Inc.,

Minneapolis, MN, Canada) and 100 µg/ml Dextran Sulfate (DxS) sodium salt >500 kDa (Merck KGaA, Darmstadt,

Germany). After 48 hours incubation, the wells were washed once and fixed in 4% formaldehyde for 15 minutes at room

temperature. Then, the wells were washed thrice and kept in PBS at 4°C until used. When the staining proceeded,

the PBS was removed and a Dako or PAP pen (Agilent Technologies, Santa Clara, CA, USA) was used to mark

a hydrophobic barrier around the edges of the sections to limit the amount of antibody-solution during incubation.

When the hydrophobic barrier was dry, the cells were incubated with a 2% BSA solution in PBS for 1 hour at room

temperature using a shaker at 150 RPM. The BSA solution was then discarded and goat anti-collagen types I and

III antibodies (SouthernBiotech, Birmingham, AL, USA), diluted in 1% BSA in PBS, were added to the wells. After

incubation with the antibodies for 1 hour at room temperature using a shaker at 150 RPM, the wells were washed

thrice with PBS and incubated with CN3-PEG(6)-Biotin at a concentration of 5 µM for 1 hour at room temperature

using a shaker at 150 RPM. After washing thrice, 5 µg/ml streptavidin-Alexa Fluor™ 488 (Thermo Fisher Scientific

Inc., Waltham, MA, USA) and 1:100 dilution of donkey anti-goat Alexa Fluor™ 594 (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) in 1% BSA were added to the wells for 1 hour at room temperature using a shaker at 150

RPM. The wells were washed for five consecutive times and mounted in Fluoroshield™ with DAPI (Merck KGaA,

Darmstadt, Germany). A coverslip was added to each well and the wells were analyzed using the EVOS cell imaging

system (Thermo Fisher Scientific Inc., Waltham, MA, USA). Images were further processed and quantified in ImageJ.

Colocalization was measured using the JACoP-plugin by Bolte et al. [74].

2.4.3 Ex vivo modified immunofluorescence in pancreatic tumor cryosections

Cryosections of mice bearing PDAC were obtained from animal experiments using the KPC mouse model [75]. Frozen

tissue sections on microscopy slides were dried using a hairdryer and were then fixed in pre-cooled acetone (-20°C)

for 10 minutes at room temperature. The slides were then air dried and a Dako or PAP pen (Agilent Technologies,

Santa Clara, CA, USA) was used to mark a hydrophobic barrier around the edges of the sections to limit the amount

of antibody-solution during incubation. Once the hydrophobic barrier was dry, the sections were hydrated in using

1x PBS for 5 minutes. Then, a 2% BSA solution with 200 µg/ml neutravidin (Merck KGaA, Darmstadt, Germany)

in PBS was used to block unspecific sites and endogenous biotins, respectively, for 1 hour at room temperature. The

sections were washed thrice using 1x PBS and the remaining binding sites of neutravidin were blocked by incubating

the sections with 2% BSA solution supplied with 50 µg/ml biotin (Merck KGaA, Darmstadt, Germany) for 1 hour at

room temperature. After washing the sections thrice, the sections were incubated overnight at 4°C with or without 2.5
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µM CN3-PEG(6)-biotin and goat anti-collagen type I and/or III antibodies (SouthernBiotech, Birmingham, AL, USA)

diluted in 1% BSA in PBS. After washing thrice, 5 µg/ml streptavidin-Alexa Fluor™ 488 (Thermo Fisher Scientific

Inc., Waltham, MA, USA) and 1:100 dilution of donkey anti-goat Alexa Fluor™ 594 (Thermo Fisher Scientific Inc.,

Waltham, MA, USA) in 1% BSA were added to the sections for 1 hour at room temperature. The sections were

washed for four consecutive times and mounted in Fluoroshield™ with DAPI (Merck KGaA, Darmstadt, Germany).

A coverslip was added, and the sections were analyzed using the Zeiss LSM 880 confocal microscope (Carl Zeiss AG,

Oberkochen, Germany). Images were further processed in ImageJ.

2.5 Preparation and characterization of (peptide-coupled) PEGylated liposomes

2.5.1 Preparation of (peptide-coupled) PEGylated liposomes

Liposomes were produced according to the ethanol-injection method followed by extrusion to downsize the liposomes

[76]. In brief, HSPC, cholesterol, Lipoid PE 18:0/18:0-PEG 2000, and DSPE-PEG(2000)-DBCO were mixed in a

molar ratio of 6.5:3:0.4:0.1 which was determined experimentally (table A1) and partly derived from literature [77, 78].

Liposomes without DSPE-PEG(2000)-DBCO contained 5 mol% Lipoid PE 18:0/18:0-PEG 2000 and when fluorescent

labeling of liposomes was desired, 1 mol% of lipid soluble DiI was added to the lipid mixture. Then, all lipids and

dyes were dissolved in absolute ethanol at 10% v/v of the final volume using a block-heater at 70°C. At the same

time, 1x PBS (90% v/v of final volume) was pre-warmed to 70°C. When the lipid mixture was dissolved completely

and the PBS was pre-warmed, the lipid mixture was injected into the pre-warmed PBS while vortexing vigorously.

After obtaining crude liposomes when injecting the lipid mixture in the PBS, the liposomes were downsized using the

LiposoFast LF-50 extruder (Avestin Inc., Ottawa, ON, Canada). The liposomes without DBCO were extruded through

Whatman® Nucleopore™ Track-Etched Membranes (Merck KGaA, Darmstadt, Germany) for 10 times by starting

with a combination of 0.4-0.4 µm, followed by 0.2-0.2 µm, and finally 0.1-0.1 µm. DBCO-containing liposomes were

extruded 19 times starting with a membrane combination of 0.4-0.4 µm, followed by 0.2-0.2 µm, 0.1-0.1 µm, and 0.08-

0.08 µm to obtain the desired hydrodynamic diameter of around 100 nm. Coupling of the azide-modified peptides to the

DBCO-group on the liposomes was accomplished using copper-free click chemistry using strain-promoted azide–alkyne

cycloaddition reactions (SPAAC) [79]. In short, a four-times molar excess of azide-modified CN3-peptide to DSPE-

PEG(2000)-DBCO was added to the extruded liposomes containing DBCO. The mixture was then diluted 1 to 1 in 1x

PBS and then left on a roller for 2 hours at RT, followed by incubation on a roller overnight at 4°C. After 24 hours, 20

µL of the mixture was diluted 5 times and then ultracentrifuged for 2 hours at 100,000 × g at 4°C using the Sorvall™

WX-80 supplied with a Fiberlite™ F50L-24 x 1.5 rotor (Thermo Fisher Scientific Inc., Waltham, MA, USA). After

centrifugation, the supernatant was collected for coupling-efficiency measurements. The rest of the volume, containing

the liposomes and the azide-conjugated peptides, was dialyzed overnight at 4°C against 1x PBS using a Slide-A-Lyzer™

MINI Dialysis Device 20K MWCO (Thermo Fisher Scientific Inc., Waltham, MA, USA) to remove unbound peptide.

2.5.2 Size, polydispersity index, and zeta potential measurements

The hydrodynamic diameter and polydispersity index (PDI) of the liposomes were measured by Dynamic Light Scat-

tering (DLS) using the ZetaSizer Nano ZS equipped with a 633 nm HeNe laser (Malvern Panalytical Ltd., Malvern,

UK). The original liposome suspensions were diluted 1:50 or 1:100 in 1x PBS and equilibrated for at least 5 minutes

before measuring at 25°C. The zeta potential (ζ-potential) was determined by Electrophoretic Light Scattering (ELS)

using the ZetaSizer Nano ZS equipped with a 633 nm HeNe laser. The original liposome suspensions were diluted

1:50 or 1:100 in 10 mM KCl and placed in a folded capillary zeta cell (Malvern Panalytical Ltd., Malvern, UK). The

dilutions were equilibrated for at least 5 minutes before measuring at 25°C.
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2.5.3 Peptide coupling-efficiency

The absorbance at 205 nm of known concentrations of CN3-azide in 1x PBS was measured before and after all

measurements to establish a calibration curve using the Shimadzu UV-2401 PC (Shimadzu corporation, Kyoto, Japan).

Then, the collected supernatant was diluted 1:10 in 1x PBS and measured for absorbance at 205 nm. The coupling-

efficiency (CE%) was calculated using equation 2.

CE% = (mf × (1− (
Cm × df

Ci
)× 100% (2)

Where:

CE% = estimated coupling-efficiency (%)

mf = molar excess factor of azide-conjugated peptide to DBCO

Cm = measured concentration (µM)

Ci = initial concentration (µM)

df = total dilution factor of the collected supernatant

2.5.4 Liposomal stability

The stability of the DBCO-liposomes and the peptide-conjugated liposomes at storage temperature (i.e., 4°C) was

evaluated by DLS at fixed timepoints. The hydrodynamic diameter and the PDI were measured according to section

3.5.2.

2.6 Liposome binding studies

2.6.1 Binding affinity assay

A ninety-six-well ELISA plate (Nunc™ MediSorp) was coated with human collagen type III (Merck KGaA, Darmstadt,

Germany), type I bovine collagen solution (Collagen G1, MATRIX BioScience GmbH, Mörlenbach, Germany) at 10

µg/ml in 0.01 N HCl and left at room temperature for 2 hours followed by incubation at 4°C overnight. On the next

day, unbound collagen-solution was then discarded, and the wells were washed twice with 1x PBS. After blocking the

wells with 2% BSA in PBS for 1.5 hours at room temperature using a shaker at 225 RPM, 100 µl of approximately

200 µM DiI-containing PEGylated liposomes and CN3-coupled liposomes in 1% BSA in PBS with or without a 50-

times molar excess of CN3-peptide were added to the wells and incubated for 2 hours at room temperature using

a shaker at 225 RPM. Before adding the liposomes to the wells, the fluorescent intensity was set equal for both

formulations. Then, the wells were washed trice with PBST and 100 µl DMSO was added to each well. After 5

minutes of incubation at room temperature using a shaker at 225 RPM, the content of each well was transferred to a

black clear F-bottom ninety-six-well plate (Greiner Bio-One, Kremsmünster, Austria) for fluorescent measurements.

The fluorescent intensity was measured using a TECAN Infinite® 200 Pro (Tecan Group Ltd., Switzerland). The

excitation wavelength was 530 nm, and the emission wavelength was 567 nm.

2.6.2 In vitro binding studies

Type I bovine collagen solution (Collagen G1, MATRIX BioScience GmbH, Mörlenbach, Germany) was diluted in

sterile 0.01 N HCl to a recommended concentration of 38 µg/ml to obtain a collagen amount of 10 µg/cm2. Tissue-

culture treated 24-well plates were coated with the diluted type I collagen and left at room temperature for 2 hours

followed by incubation at 4°C overnight. The unbound collagen-solution was then aspirated, and the wells were washed

twice with DPBS. After blocking the wells with sterile 2% BSA in PBS for 1 hour at room temperature using a shaker
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at 150 RPM, the wells were washed once with DPBS, and 300 µl of approximately 1500 µM DiI-containing PEGylated

liposomes and CN3-coupled liposomes in sterile PBS were added to the wells. The liposomes were incubated at room

temperature for 2 hours using a shaker at 150 RPM. The wells were then washed twice with sterile PBST and once

with DPBS. Then, non-activated hPSteCs were seeded in the wells at a cell density of 2,500 cells per cm2 in complete

SteCM and incubated at 37°C for 20 hours. The wells were washed twice with DPBS and 300 µl of trypsin was added

to each well to detach the cells. Trypsin was then neutralized using 1000 µl of complete SteCM and the content of

each well was collected in a FALCON® round-bottom polystyrene test tube (Corning Inc., NY, USA). More precise,

the content of three wells of the same condition were collected in one tube which had a cell count of >10,000 cells.

The tubes were centrifuged at 300 × g for 5 minutes and the supernatant of each tube was then aspirated. After

resuspending the cells in 200 µl DPBS, the sample was ready for flow cytometry analysis using the MACSQuant®

VYB Flow Cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany). In brief, forward (FSC) and side scatter (SSC)

were measured, and cells were gated to separate the live cells from the cell debris in Flowing Software version 2.5.1

(Turku Bioscience, Turku, Finland). Simultaneously, the fluorescence in channel PE-A (Y1: 586/15 nm) was used to

measure the mean fluorescent intensity per sample.

2.7 Statistical analysis

The data is presented as mean ± standard deviation (SD). Statistical analyses were performed using Origin® version

2019b (OriginLab Corporation, Northampton, MA, USA). To assess differences between groups, one-way analyses of

variances (ANOVA) were performed, and the data was considered statistically significant at p<0.05 (∗), p<0.01 (∗∗),
and p<0.001 (∗ ∗ ∗).
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3 Results

3.1 Binding of CN3-peptide to collagen types I and III

Earlier in the group, the CN3-peptide was designed using interaction studies between mannose receptor and collagen.

In this experiment, the binding of the CN3-peptide was further confirmed using a PepSPOTs™ cellulose membrane

containing different sequences of potential collagen type III-binding peptides. In short, the membranes were incubated

with either collagen type I or collagen type III. Then, the membranes were washed and incubated with antibodies

against either collagen type I or collagen type III. The last steps included the addition of HRP-conjugated secondary

antibodies and development of chemiluminescence.

As depicted in figure 5A, signal is observed for the CN3-peptide for both collagens type I and type III while peptide

X, another candidate for binding to collagen type III, did not show any signal. As peptide X did not show any signal,

the signal of the CN3-peptide was compared to that of peptide X. From the bar diagram in figure 5B, the CN3-peptide

showed a 3.5-fold increase in signal as compared to peptide X for collagen type I, while a 6.5-fold increase in signal

was observed in collagen type III. Results suggests that the CN3-peptide binds to both collagen type I and collagen

type III.

Figure 5: CN3-peptide binding to collagen types I and III. A) Chemiluminescence observed in peptide X and the
CN3-peptide for collagen type I and collagen type III (n=1). B) Relative chemiluminescence standardized to peptide
X (n=1).
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3.2 Binding of CN3-peptide to plates coated with collagen and fibronectin

To evaluate the binding affinity of the CN3-peptide, a direct modified ELISA was performed. In brief, various types

of collagens were coated on ELISA plates and incubated with the biotinylated CN3-peptide (CN3-biotin). Then,

HRP-conjugated streptavidin was added, and color was developed using TMB substrate. Absorbance was measured

and the KD-values were estimated by fitting the Hill equation assuming one-site-specific binding.

For both collagen type I and collagen type III, the absorbance increased with concentration CN3-biotin, as depicted in

figure 6A. The absorbance values for collagen type III appeared to be higher as compared to collagen type I, suggesting

a better binding of the CN3-biotin to collagen type III. The estimated KD-values were 222 ± 37 nM and 195 ± 10

nM for bovine collagen type I and human collagen type III, respectively. In an earlier experiment, the KD-value was

determined at 113 ± 58 nM, which indicates even better binding to collagen type III (figure A1A). In earlier conducted

experiments in which collagen was coated at a concentration of 2 µg/ml and CN3-biotin was not mixed with 2% BSA

before incubation, human collagen type I showed KD-value of 261 ± 35 nM (figure A1B). All experiments suggest that

CN3-biotin binds to both types of collagens but preferably to collagen type III which consistent with the observations

from figure 5A and 5B.

Exploring more binding characteristics of CN3-biotin, its affinity to few other ECM-proteins was tested as well (figure

6B). As the absorbance values for collagen type II and fibronectin were low, hardly any binding to fibronectin and

collagen type II was observed. This indicates that the peptide does not show unspecific binding to other ECM-proteins.

Further demonstrating specific binding to collagen type III, an experiment was performed in which CN3-biotin was

blocked with a 10- and 50-times molar excess of CN3-peptide. From figure 6C, signal of CN3-biotin was significantly

reduced. Points at which the s-shaped curve develops at the fastest rate showed statistically significant differences

between CN3-biotin, 10-times molar excess CN3-peptide, and 50-times molar excess CN3-peptide (p<0.001). This

indicates specificity of the CN3-peptide as it can be blocked on collagen type III-coated plates.
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Figure 6: CN3-biotin binding experiments using ELISAs. A) Comparison between collagen type I and III in terms

of absorbance and their estimated binding affinities (n=3). B) Comparison between collagen types I, II, III, and

fibronectin (n=3). C) Measurements of absorbance on collagen type III using CN3-biotin and a 10- and 50-times

molar excess of unconjugated CN3-peptide (n=6, 3 experimental replicates). Statistical analyses were done using

analysis of variance (ANOVA). ∗ ∗ ∗p<0.001.
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3.3 In vitro binding of the CN3-peptide to collagen-producing cells

Immunofluorescence on collagen-producing cells was conducted to visualize the binding of the CN3-peptide in vitro.

In brief, hPaSteCs were seeded followed by starvation after 24 hours. Then, the cells were incubated with 5 ng/ml

TGF-β1 in serum-free medium for 48 hours. Afterwards, the cells were fixed and stained for collagen type I and

collagen type III. Simultaneously, the sections were incubated with the biotinylated CN3-peptide which was visualized

using streptavidin-Alexa Fluor™ 488.

As depicted in figure 7, a higher production of collagen type I (figure 7A) as compared to collagen type III (figure 7B)

by activated hPaSteCs was detected. Furthermore, most collagen was found intracellularly suggesting that simple in

vitro cultures are not sufficient to mimic collagen production in vivo.

CN3-biotin appeared all over the cells with certain brighter areas, as indicated by the white arrows in figure 7A.

Merging collagen type I with CN3-biotin showed clear colocalization while this was hard to detect by merging collagen

type III with CN3-biotin, since collagen type III was expressed in low amounts. However, quantification of both

collagens with CN3-biotin showed clear overlap in signal intensity plots (figures 8A and 8B). Calculating the Pearson

correlation coefficient r, a measure for correlation between two variables, revealed a correlation higher than r=0.76 for

both types of collagens (figure 8C). Moreover, correlation between collagen type III and CN3-biotin was significantly

higher as compared to correlation between collagen type I and CN3-biotin (p<0.05), again suggesting that the peptide

preferably binds to collagen type III. Interestingly, staining KPC cells as a negative control did not show any collagen

production while lower concentrations CN3-biotin (i.e., 2 µM and 0.5 µM) did show similar staining patterns as

observed in figure 7 (figure A2). These results suggest that CN3-biotin undergoes more interactions with the cells.

Quantification of the intensity of the CN3-biotin showed that blocking CN3-biotin with a 10-times molar excess of

CN3-peptide revealed a statistically significant difference as compared to the wells without blocking (p<0.001, figure

8D). These results suggest that blocking with the CN3-peptide reduces signal intensity and binding of the CN3-biotin

could be blocked in vitro.
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Figure 7: Immunofluorescence of activated hPaSteCs. A) Staining of TGF-β1 activated hPaSteCs with 4′,6-diamidino-

2-phenylindole (DAPI, blue), CN3-biotin (green), and goat anti-collagen type I (red). CN3-biotin was stained with

and without a 10-times molar excess of non-conjugated CN3-peptide. B) Staining of hPaSteCs with 4′,6-diamidino-

2-phenylindole (DAPI, blue), CN3-biotin (green), and goat anti-collagen type III (red). CN3-biotin was stained with

and without a 10-times molar excess of non-conjugated CN3-peptide. Representative images (n=3), scale bar = 200

µm.
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Figure 8: Quantification of the staining depicted in figure 7. A) Intensity plot showing the gray value per pixel for

CN3-biotin (green) and collagen type I (red). B) Intensity plot showing the gray value per pixel for CN3-biotin (green)

and collagen type III (red). C) Quantification of colocalization of CN3-biotin and both collagen types I and III using

the Pearson correlation coefficient r (n=3, 4 measurements per well). D) Quantification of the fluorescent intensity for

CN3-biotin, CN3-biotin with a 10-times molar excess of unconjugated CN3-peptide (blocked), and negative control

(no peptide) (n=6, 4 images per well). Statistical analyses were done using analysis of variance (ANOVA). ∗p<0.05;

∗ ∗ ∗p<0.001.
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3.4 In vitro binding of the CN3-peptide to cell-secreted collagen

Since the collagen and the CN3-peptide in figure 7 could only be found intracellularly, it was still unknown whether the

CN3-peptide could bind to deposited, mature collagen. Therefore, methods for facilitating collagen deposition in vitro

were utilized. Briefly, hPaSteCs were seeded and starved for 24 hours. Then, hPaSteCs were treated with 5 ng/ml

TGF-β1 and 100 µg/ml macromolecular Dextran Sulfate, and further incubated for 48 hours. The cells were fixed and

stained for collagen type I and collagen type III. Simultaneously, the sections were incubated with the biotinylated

CN3-peptide which was visualized using streptavidin-Alexa Fluor™ 488.

As displayed in figure 9, an increased collagen deposition in hPaSteCs was observed, and this was verified by quantifying

the collagen intensity (figure A3). In figure 9A, fragments of collagen could be observed in the samples with treatment.

These collagen fragments were situated around and below the cells, as indicated by the grey arrows. However, in

samples stained for collagen type III, the appearance of collagen fragments was not observed (figure 9B). Differences

in collagen type I deposition between samples with and without treatment showed statistic significancy (p<0.001)

while collagen type III did not, indicating that Dextran Sulfate has a function in the deposition of collagen type I. In

general, collagen type I appeared more abundantly expressed as compared to collagen type III (p<0.01, figure A3).

In figure 9, CN3-biotin showed signal all over the cells, which was also observed in figure 7 and, as this signal was

again detected in the samples without treatment, it gave further evidence that the CN3-biotin probably interacts with

moieties in or on the cells. Merging the green and red channel showed overlap, but certain collagen fragments (grey

arrows) did not seem to colocalize with the CN3-biotin (figure 9). As pointed out by the blue arrows, the pattern of

the CN3-biotin appeared to be present in the red channel in the sample without treatment, while collagen type I was

not present in that group as indicated by the sample without treatment and without peptide. The latter was also

observed, and even more clear, in the samples with treatment stained for collagen type III, as pointed out by the green

arrows (figure 9B). These results might suggest that the intensity of the green channel leaks into the red channel.

Colocalization was visualized using intensity plots and revealed certain overlap between the green and the red channel

for both types of collagens (figure 10A and 10B). Interestingly, in places where collagen type I clearly showed signal,

CN3-biotin was absent. Furthermore, the intensity plot for collagen type III showed almost perfect overlap between

collagen type III and CN3-biotin which was verified by calculating the Pearson correlation coefficient r (figure 10C). The

CN3-biotin showed significant higher colocalization with collagen type III as compared to collagen type I (p<0.001).

However, as observed in figure 9B and figure A3, hardly any collagen type III was present, suggesting that the leaking

of green channel into the red channel contributed to the observed Pearson correlation coefficient r. Interestingly,

samples treated with both TGF-β1 and Dextran Sulfate which were stained with CN3-biotin revealed an increase in

signal intensity as compared to the group without TGF-β1 and Dextran Sulfate (p<0.001, figure 10D).
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Figure 9: Immunofluorescence of activated and non-activated hPaSteCs (+TGF-β1, -TGF-β1) with or without Dextran

Sulfate >500 kDa (+DxS, -DxS). A) Staining of deposited collagen by hPaSteCs with 4′,6-diamidino-2-phenylindole

(DAPI, blue), CN3-biotin (green), and goat anti-collagen type I (red). B) Staining of collagen deposited by hPaSteCs

with 4′,6-diamidino-2-phenylindole (DAPI, blue), CN3-biotin (green), and goat anti-collagen type III (red). Repre-

sentative images (n=3), scale bar = 200 µm.
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Figure 10: Quantification of the staining depicted in figure 9. A) Intensity plot showing the gray value per pixel

for CN3-biotin (green) and collagen type I (red). B) Intensity plot showing the gray value per pixel for CN3-biotin

(green) and collagen type III (red). C) Quantification of colocalization of CN3-biotin and both collagen types I and

III using the Pearson correlation coefficient r (n=3, 3 images per well). D) Quantification of the fluorescent intensity

for CN3-biotin in hPaSteCs when supplemented with TGF-β1 and DxS, and without both TGF-β1 and DxS (n=6, 3

images per well). Statistical analyses were done using analysis of variance (ANOVA). ∗ ∗ ∗p<0.001.
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3.5 Ex vivo binding of the CN3-peptide in pancreatic tumor cryosections

Having difficulties to develop sufficient amounts of collagen type III in vitro, tissue sections from mice bearing PDAC

were used in an ultimate attempt to visualize whether the CN3-peptide could bind to mature native collagen type I

and III. In short, cryosections were fixed and stained for collagen type I and collagen type III. Simultaneously, the

sections were incubated with the biotinylated CN3-peptide which was visualized using streptavidin-Alexa Fluor™ 488.

From figure 11A and 11B, both collagens type I and III were highly expressed in the tissue sections. CN3-biotin was

again observed all over the cells, yet it showed colocalization with the collagen. Enlargement of certain areas could

clearly identify overlap between CN3-biotin and both collagens, as indicated by the magenta arrows. From observations,

it appeared that the peptide colocalizes better with collagen type III, but as this could not been quantified these results

should be handled with care.

Figure 11: Immunofluorescence of KPC tumor tissue sections. A) Staining of tissue sections with 4′,6-diamidino-2-

phenylindole (DAPI, blue), CN3-biotin (green), and goat anti-collagen type I (red). B) Staining of deposited collagen

by hPaSteCs with 4′,6-diamidino-2-phenylindole (DAPI, blue), CN3-biotin (green), and goat anti-collagen type III

(red). Representative images (n=2), scale bar = 100 µm.
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3.6 Preparation and characterization of CN3-coupled liposomes

To fulfill the goal to deliver therapeutics and/or diagnostics to the TME, a carrier was needed. Here, liposomes

were used due to the aforementioned characteristics. PEG- and DBCO-liposomes were synthesized according to the

ethanol-injection method and extruded through multiple track-etched membranes with descending pore sizes [76]. The

molar ratio of lipids and the extrusion-process of the DBCO-liposomes were optimized to obtain the desired size (table

A1). Coupling of the CN3-peptide to the DBCO-liposomes was facilitated using copper-free click chemistry (SPAAC)

(figure 12A). After 24 hours incubation, the coupling efficiency was determined by a self-developed method. In brief,

a small part of the mixture containing CN3-coupled liposomes and free CN3-azide was diluted and ultracentrifuged

immediately after coupling. Then, the absorbance of supernatant was measured, and the coupling efficiency was

calculated using equation 2. The size, PDI, zetapotential, and coupling efficiency of the liposomes can be found in

figure 12B.

3.6.1 Hydrodynamic size and zeta potential of CN3-liposomes

The size of the PEG-liposomes, which were used as a control for all experiments, were 113 ± 1 nm. The DBCO-

liposomes had an average size of 112 ± 3 nm while the CN3-coupled liposomes had an average size of 171 ± 10 nm,

indicating that the size increases when the DBCO-liposomes are interacting with the CN3-azide. Noteworthy, efforts

were performed to optimize sCN3-liposomes. Yet, sCN3-liposomes kept measuring particle sizes over 1000 nm (data

not shown). A representative distribution of PEG-, DBCO-, and CN3-liposomes can be found in figure A4.

In addition, the PDI, a measure ranging from 0 (low) to 1 (high) that describes the dispersity of the particle size

distribution [80], was 0.09 ± 0.02 for the PEG liposomes, 0.17 ± 0.03 for the DBCO-liposomes, and 0.23 ± 0.01 for

the CN3-coupled liposomes which indicated monodispersity of the samples. Measuring the potential of all liposomal

solutions did not show any difference as the zetapotential was -10.4 ± 0.4 mV, -10.9 ± 0.8 mV, and -10.6 ± 0.5 mV

for the PEG, DBCO, and CN3-coupled liposomes, respectively.

The coupling efficiency of the CN3-coupled liposomes was measured (figures 12B and A4) and calculated using equation

2. By taking the loss of the concentration liposomes after extrusion into account, the coupling efficiency was measured

at 62.4 ± 12.6%, suggesting that CN3 has been successfully coupled to the liposomes.

3.6.2 Colloidal stability of CN3-liposomes

To research the colloidal stability of the liposomes for long-term storage, the DBCO-liposomes and the CN3-liposomes

were measured for their size and PDI at fixed time points over the course of 56 days (figure 12C and 12D). As shown

in figures 12C, the size of the DBCO-liposomes at day 0 was measured at 103 ± 1 nm while after 56 days the size was

measured at 117 ± 1 nm. The PDI at day 0 was measured at 0.12 ± 0.01 and increased to 0.23 ± 0.01 in 56 days.

Both parameters appeared to increase most rapidly in the first 14 days. Yet, only a slight increase in size and PDI

over the course of 56 days indicate stability of the formulation.

In figure 12D, the stability of the CN3-liposomes is depicted. At day 0, the CN3-liposomes were measured at 152 ±
1 nm, while the size increased to 168 ± 3 nm in 56 days. The PDI increased from 0.16 ± 0.02 to 0.25 ± 0.01. The

small increase in size and PDI over the course of 56 days indicate overall colloidal stability of the CN3-liposomes.

3.7 Binding of CN3-liposomes to collagen-coated plates

To examine binding of the CN3-liposomes to collagen type I and type III, a liposome binding assay was performed. In

short, collagen types I and III were coated on an ELISA plate and blocked before red fluorescent CN3-liposomes were

allowed to bind to the collagen with or without a 50-times molar excess of CN3-peptide. Then, unbound liposomes

were washed off, DMSO was added to the wells, and the content of each well was transferred to a black plate to measure
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fluorescent intensity. Collagen-coated wells incubated without any liposomes and with red fluorescent PEG-liposomes

were used a control. The fluorescent intensity of the collagen-coated wells without liposomes was subtracted from the

other values. Results of the binding assay can be found in figure 12E.

The CN3-liposomes showed a six-fold increase in binding to collagen type I (5.9 to 1, p<0.001) and a seven-fold

increase in binding to collagen type III (6.6 to 1, p<0.001), indicating a slightly better binding to collagen type III.

However, no statistically significant difference was observed for the CN3-liposomes between both collagens. Blocking

the liposomes with excess CN3-peptide showed no statistically significant difference in collagen type I (p = 0.2453)

while it did in collagen type III. However, it should be mentioned that in both individual experiments a statistically

significant difference was observed between CN3-liposomes and ‘blocked’ for both types of collagens (data not shown).

Interestingly, a 50-times molar excess of CN3-peptide did not seem to inhibit binding of the CN3-liposomes much

which might indicate that there are still binding sites left for the individual peptides to bind to.
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Figure 12: Preparation and characterization of CN3-coupled liposomes. A) Schematic representation of the liposomes

and the coupling mechanism of dibenzocyclooctyl (DBCO) and azide-conjugated CN3-peptide. B) Characterization in

terms of size, zetapotential, and PDI for the PEG- (n=6, 2 experimental replicates), DBCO-, and CN3-liposomes (n=9,

3 experimental replicates). For the CN3-liposomes, the coupling-efficiency is measured as well (n=6, 3 experimental

replicates). C) Stability in terms of size and PDI for the DBCO-liposomes (n=3). D) Stability in terms of size and

PDI for the CN3-liposomes (n=3). E) Quantification of the liposome binding assay on collagen types I and III for

PEG-liposomes, CN3-liposomes, and CN3-liposomes with a 10-times molar excess of CN3-peptide (blocked) (n=6, 2

experimental replicates). Statistical analyses were done using analysis of variance (ANOVA). ∗p<0.05.; ∗ ∗ ∗p<0.001.
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3.8 Cellular uptake of CN3-liposomes

To investigate whether the collagen-bound liposomes could be engulfed by phagocytic cells, a preliminary liposome

uptake study was performed. In brief, tissue-culture treated 24-well plates were coated with collagen type I and blocked

with 2% BSA. Then, red fluorescent CN3-liposomes were allowed to bind to the collagen and unbound liposomes were

washed away afterwards. Collagen-coated wells incubated without any liposomes and with red fluorescent PEG-

liposomes were used a control. To verify binding of the CN3-coupled liposomes, DMSO was added to certain wells

after washing and the fluorescent intensity was measured as described in section 2.6.1.

From figure 13A, a seven-fold increase in fluorescent intensity was observed (6.8 to 1, p<0.001), indicating more

binding of the CN3-liposomes to the collagen as compared to the PEG-liposomes. After washing the wells, hPaSteCs

were added to the wells and incubated at 37°C overnight. Cellular uptake of the liposomes was analyzed using flow

cytometry twice per well. The results can be found in figure 13.

The number of viable cells were measured to ensure equal comparison between groups. Approximately 10,000 cells

were recovered from three wells (data not shown), indicating a low yield of cells. Gating the detected population

revealed the live cells (figure 13B). The live cell population was approximately 66% of the total number of recovered

cells, indicating a high fatality rate (data not shown). Although there was a slight increase in viable cells in the group

containing the CN3-liposomes, this difference was not statistically significant (p = 0.22211).

Surprisingly, investigating the uptake of collagen-bound liposomes by hPaSteCs revealed an equal shift in peak in

the fluorescent PE-A channel for both PEG and CN3-coupled liposomes, as compared to the group without any

treatment. In figure 13D, the Mean Fluorescent Intensities of the gated populations are depicted. Consistent with

figure 13C, hPaSteCs incubated with liposomes showed higher signal as compared the hPaSteCs without liposomes.

Yet, no statistically significant difference was observed between no liposomes versus PEG liposomes (p = 0.0745),

PEG-liposomes versus CN3 liposomes (p = 0.2695), and no liposomes versus CN3-liposomes (p = 0.6999). Results

from 13C and 13D suggest improper uptake of both liposomes by hPaSteCs.
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Figure 13: Quantification of the preliminary liposome uptake experiment. A) Comparison between PEG- and CN3-

liposomes bound to the collagen type I-coated surface in terms of fluorescent intensity (n=2). B) Number of viable

cells counted for no liposomes, PEG-liposomes, and CN3-liposomes (n=3, 2 measurements per sample). C) Count

versus fluorescence of PE-A for no liposomes, PEG-liposomes, and CN3-liposomes, Representative measurements

displayed. D) Mean Fluorescent Intensity in channel PE-A for no liposomes, PEG-liposomes, and CN3-liposomes

(n=3, 2 measurements per sample). Statistical analyses were done using analysis of variance (ANOVA). ∗ ∗ ∗p<0.001.
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4 Discussion

For the last decade, cancer research has been focusing on the tumor stroma and the number of published articles in

which active targeting of the tumor stroma is discussed, has taken an immense leap. Hereby, targeting cell-surface

receptors on different cells in the TME has been proven to be successful [81]. Nevertheless, this strategy requires

the selection of specific cells of the TME and identifying specific cell-surface receptors for each type of cancer. In

addition, targeting cells via specific receptors might induce drug resistance because of loss of receptors by mutation

[82]. Therefore, targeting the most abundant structural protein within the fibrotic TME, namely collagen, could

provide the establishment of a universal targeting strategy. By targeting collagens in the fibrotic TME, a reservoir of

therapeutic agents can be created which could potentially enhance treatment of various cancers.

In this study, we identified and evaluated the novel CN3-peptide which showed increased affinity to collagen type III

but also showed affinity to collagen type I. In vitro studies and staining of ex vivo KPC tissue sections demonstrated

colocalization of the CN3-peptide with both collagen types I and III. The CN3-peptide could be coupled to liposomes,

showed stability, and demonstrated increased binding to collagen type I and III as compared to controls. Uptake

experiments exhibited no statistically significant difference between PEG-liposomes and CN3-liposomes.

The CN3-peptide showed binding to both fibrillar collagens type I and type III on the PEPspot™ membrane which

is consistent with literature regarding binding of mannose receptors to collagens [70, 83]. The mannose receptor,

from which the CN3-peptide is derived, can bind to native and fragmented collagen types I, III, and IV through

the fibronectin type II domain [70]. Binding of the CN3-peptide to collagen type IV, which is regarded as the main

collagen component of the basement membrane, was not evaluated. Yet, literature showed that collagen type IV

is overexpressed in patients with PDAC and is mainly produced by the cancer cells themselves [84, 85]. Therefore,

whether the CN3-peptide binds to collagen type IV might be interesting to investigate in future.

Comparison of peptide binding to both collagens was successfully evaluated using ELISAs. After trying various types

of ELISAs and different conditions, a proper protocol was established and revealed that the CN3-peptide had a higher

binding affinity towards collagen type III as compared to collagen type I. Furthermore, binding to collagen type II and

fibronectin, another large ECM-protein [86], was rather low. In addition, binding of the CN3-biotin was successfully

conducted by adding a 10- and 50-times molar excess of CN3-peptide.

Increased binding and inhibition was indicated by the overall higher absorbance values, indicating a greater anti-

gen/peptide concentration [87], and, in comparing affinity to collagen type I and III, the differences in KD-values in

which a lower KD-value implements stronger binding affinity [88]. The KD-values were calculated by fitting the Hill

equation to the data to determine ligand-receptor interactions, as described by Syedbasha et al. and Eble [89, 90].

The Hill coefficient, which may give information about interacting sites of the peptide with the protein [91], was set to

1 in all experiments. A Hill coefficient of 1 could mean either one-site-specific binding or multiple-site-binding with-

out cooperativity. Furthermore, choosing a Hill coefficient of 1 opened the possibility to compare the data with the

existing literature. However, it should be mentioned that the number of interacting sites is still unknown. Parameters

of the Hill equation could be determined more exact by Surface Plasmon Resonance (SPR). SPR, a golden-standard

regarding ligand-receptor interactions, is technique used to measure ligand-receptor interactions at real-time and can

be used to reveal binding affinities and kinetics [92].

The calculated KD-values for CN3-biotin showed moderate binding affinity as the values lay between 0.1 nM and 1

µM [93]. Having a moderate binding affinity, the peptide and peptide-conjugated moieties should be able to deeply

penetrate tumors [58, 67]. In terms of the peptide size and binding affinity towards collagen type III, uniqueness of the

CN3-peptide is highlighted when comparing to other studies that have used collagen type I and/or type III-binding
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peptides. Hubbell et al. found their collagen-binding domain to have higher binding affinities as compared to CN3-

biotin (1.8 nM and 40.6 nM for collagen type I and type III, respectively) [67]. However, as their collagen-binding

domain has a molecular weight of 35 kDa compared to 1.2 kDa for the CN3-peptide, conjugation to, for instance,

nanoparticles could be an issue. Liang and colleagues showed their peptide of 0.9 kDa having a binding affinity of

210 nM for collagen type I, which is comparable to the binding affinity of CN3-biotin to collagen type I [68]. More

interestingly, the binding affinity of the mannose receptor and the fibronectin type II domain of the mannose receptor

was evaluated by Napper and coworkers. Both the receptor and its specific domain showed the same binding affinity

and was estimated at 4.2 ± 0.3 µM for collagen type I and 6.0 ± 1.4 µM for collagen type III [70]. This suggest that

the CN3-peptide has a higher binding affinity to both collagens as compared to the receptor and its collagen-binding

domain from which it is derived. Yet, Napper and colleagues used a different method to estimate the binding affinity

which makes it hard to compare estimated binding affinities.

The CN3-biotin showed low to no binding to collagen type II, another type of fibrillar collagen [30]. Binding to fi-

bronectin, which is also upregulated in the fibrotic tumor stroma [94], showed low signal as well, emphasizing specificity

of the CN3-peptide to collagen types I and III. However, binding to other common proteins, with various properties,

of the fibrotic TME was not evaluated which is a limitation of the experiment.

Regarding the studies in which the CN3-biotin was blocked with a 10- and 50-times molar excess of CN3-peptide,

indication of specific binding was observed [89]. Yet, one might expect greater inhibition of the signal when using a

50-times molar excess of CN3-peptide. This could be explained by unoccupied binding sites on the collagen which

might suggest that the peptide is able to bind to multiple sites on the collagen. The latter could be reason to change

the Hill coefficient used when calculating the KD-values in ELISA [91].

A possible binding mechanism which drives binding of the CN3-peptide to the collagens could be related to the hy-

drophobic properties of the peptide. Collagen types I and III have been found to display hydrophobic pockets or

‘grooves’ to which hydrophobic side chains of the CN3-peptide could possibly bind to [95, 96]. Hu and colleagues

proposed a similar mechanism for the binding of the fibronectin type II domain to collagen and revealed that binding

to collagen might depend on pH, degree of glycosylation, and concentration of calcium-ions [96]. In addition, since the

CN3-peptide contains a cysteine residue, there is a possibility that the peptide can form disulfide bridges, which are

strong, covalent interactions, when binding to its specific site on the collagen [97]. Regarding the differences between

the evaluated collagen types, the fibril diameter of collagen type III is smaller as compared to collagen type I. Birk

et al. concluded that collagen type III probably has more charged and hydrophobic regions as compared to collagen

type I, resulting in the difference in fibril diameter [95]. The latter study also showed that collagen type II had smaller

fibril diameters as compared to collagen type III which suggests that collagen type II has even more hydrophobic and

charged regions [95]. Yet, the extent of fibril formation, which could determine the eventual fibril structure, was lower

for collagen type II as compared to collagen type III. Referring to the ELISA in which collagen type II was coated as

well, the CN3-peptide did hardly show any binding. This indicates that the CN3-peptide probably undergoes more,

or even different, interactions with collagen type III as proposed and are yet to be explored. As a major limitation,

experiments in which CN3-biotin is blocked, were not conducted with collagen type I, collagen type II, nor fibronectin.

The latter could give more information binding properties of the CN3-peptide.

In vitro binding experiments demonstrated that collagen types I and III were produced by TGF-β1-activated hPaSteCs

and CN3-biotin appeared all over the cells. CN3-biotin did show colocalization with both collagens and had a greater

value for collagen type III. Using a 10-times molar excess of CN3-peptide, the fluorescence of CN3-biotin was signifi-

cantly reduced.

TGF-β1, a common factor to increase the α-smooth muscle actin (α-SMA) protein in fibroblasts, was used to enhance

fibroblast-to-myofibroblast differentiation in hPaSteCs [98]. Myofibroblasts have increased collagen type I and collagen
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type III production and this effect was also demonstrated by stimulating hPaSteCs with TGF-β1 [99, 100]. A higher

concentration of collagen type I as compared to collagen type III is observed in patients, as well as in cultured hPaSteCs

[101, 100, 102]. In addition, the produced collagen remained intracellular which is common in two-dimensional cultures

of hPaSteCs [101].

Although the cells were fixed with acetone/methanol, which is known to permeabilize the cell membrane, CN3-biotin

appeared all over the hPaSteCs and not just on the collagen. In search for a proper negative control, a similar

pattern of green signal was observed in KPC cells. Since there was no collagen present in the KPC cells and the

green fluorescence was observed everywhere, it was suggested that CN3-biotin interacts with cells in a different way.

By recalling the properties of the peptide, the CN3-peptide is largely hydrophobic and has a net charge of +1 at

pH 7.0. Therefore, a possible explanation is that the peptide interacts with the cell membrane as shown by many

using antimicrobial peptides [103, 104, 105]. More precise, the higher the hydrophobicity of a peptide, the deeper

the peptide will penetrate the lipid bilayer of the cell membrane [104]. The small positive charge could interact with

the negatively charged headgroups of the phospholipids [104]. Considering the CN3-peptide was conjugated to biotin

using a hydrophilic PEG(6)-spacer, the CN3-peptide could penetrate the lipid bilayer while PEG(6)-biotin is then

displayed on the extracellular side of the lipid bilayer.

The Pearson correlation coefficient r was used to determine colocalization between the fluorescence coming from the

CN3-biotin and either collagen type I or type III. The Pearson correlation coefficient r describes pixel correlation

between fluorophores and is a number between -1 and +1. A coefficient of -1 means perfect but negative correlation,

0 means no correlation, and +1 means perfect positive correlation [106]. Mander’s overlap coefficient has been used to

quantify colocalization in literature as well. However, since Mander’s overlap coefficient is hard to interpret and favors

high intensity combinations, the use of Pearson correlation coefficient r is regarded as the golden-standard [106].

A high degree of colocalization was observed for both types of collagens. Yet, the colocalization of CN3-biotin with

collagen type III was greater as compared to collagen type I. Unfortunately, the expression of collagen type III was

low which could hamper the comparison of colocalization.

In a slightly different in vitro experiment, hPaSteCs were subjected to TGF-β1 and Dextran Sulfate. This resulted in

an increase in deposition of collagen type I, but not in collagen type III. CN3-biotin appeared all over the cells in both

treated and non-treated samples. Colocalization was visualized and revealed a high degree of colocalization, especially

in collagen type III. However, unspecific signal contributed to this difference. Interestingly, the signal of CN3-biotin

was significantly increased in treated samples, as compared to non-treated samples.

Deposition of collagen is a multi-steps process and requires upregulation of certain enzymes to execute post-translational

modification of the collagen [11]. There is, however, a short-cut to facilitate collagen deposition in vitro. The use of

Dextran Sulfate (DxS) 500 kDa in ECM-producing cells has been demonstrated by many [107, 108, 109]. DxS has

a similar structure to natural glycosaminoglycans and can bind to cytokines, such as TGF-β1 [108]. Furthermore,

DxS has shown to enhance growth factor-mediated signaling, including signaling of TGF-β1 [110]. In search for the

mechanism of DxS, it was believed that collagen deposition was promoted by the macromolecular crowding effect

[109, 111]. A recent study has shown that collagen deposition is promoted by aggregation of negatively charged DxS

with collagen and fibronectin [108].

Since DxS was found to enhance TGF-β1-mediated signaling and collagen deposition, it was expected that, when

incubating the samples with both TGF-β1 and DxS, the expression both collagen type I and III should increase. The

latter was indeed the case for collagen type I, as described in literature [108], but not for collagen type III which is a

major limitation of the model. From literature, using DxS with and without TGF-β1 did not result in an increased

collagen type III deposition, as compared to negative controls and other macromolecules known to enhance collagen

deposition [112, 113]. Using longer incubation times and cultures with low amounts of serum, did not enhance collagen
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type III production but rather in a decreased cell viability.

As demonstrated by the ELISAs, the CN3-peptide has affinity to collagen type I. Therefore, the experiment was con-

tinued with CN3-biotin. Like the previous in vitro experiment, CN3-biotin appeared all over the cells, but a certain

degree of CN3-biotin was found on the deposited collagen fragments. Yet, certain collagen fragments, positioned away

from the cells, did not show colocalization which could be a result of the collagen having an aberrant pattern as a

results of DxS [113]. A high degree of colocalization was observed for both types of collagens. However, as shown by

the samples without peptide, there was no deposition of collagen type III while the Pearson correlation coefficient r

was close to +1. As the pattern of the green channel overlapped with the red channel in samples stained for collagen

type III, it was clear that there might be channel leaking. Channel leaking, also known as bleed-through, is known

to negatively affect reliability of colocalization measurements [79]. Referring to the excitation and emission spectra

of AlexaFluor™ 488 and AlexaFluor™ 594, it becomes clear that the emission spectrum of AlexaFluor™ 488 overlaps

with the excitation spectrum of AlexaFluor™ 594.

CN3-biotin revealed increased signal intensity when the samples were treated with both TGF-β1 and DxS. Since

formaldehyde fixation is speculated to slightly destruct the integrity of the cell membrane, it could be possible that

small molecules, like CN3-biotin, can enter the cell while antibodies cannot [114]. Yet, the earlier described mechanism

in which the CN3-peptide could interact with the cell membrane is still plausible since fibroblasts are known to increase

in size and spread out more when activated [115]. Removing cells before staining could be an interesting approach to

avoid unspecific binding of the CN3-peptide [116].

Staining of ex vivo sections was conducted by using a genetically engineered mouse model of pancreatic cancer [75].

The model showed high amounts of matured and fibrillar collagen type I and collagen type III which made it more

suitable for staining as compared to the in vitro models.

CN3-biotin was observed in proximity of the nuclei. However, CN3-biotin was also found near both collagens and

colocalization of CN3-biotin with both collagens was observed. It appeared that CN3-biotin showed better colocal-

ization with collagen type III, which is consistent with the previous data. Quantification of colocalization and the

use of consecutive tissue sections would strengthen the analysis. In addition, injecting mice with fluorescent labeled

CN3-peptide could provide more information. When injecting the mice, the CN3-peptide could bind to the collagen

before fixation of the tissue sections. Fixation is known for damaging the tissue sections and could give skewed results

[117].

The appealing properties of liposomes, as stated in section 1.7, make these type of nanocarriers good candidates for

active targeted drug delivery. Yet, rapid clearance of these particles by the reticuloendothelial system make them

vulnerable. Therefore, certain surface modifications are necessary to extent their circulation time in vivo. By using

hydrophilic polymers, such as PEG, this circulation time can be extended [72].

Characterization of the produced PEG-, DBCO- and CN3-liposomes revealed a size increase for the CN3-liposomes.

Stability tests showed a minor change in size and PDI. The coupling efficiency was measured at an average 62.4 ±
12.6%. Binding studies showed increased fluorescent signal as compared to controls.

In vivo passive targeting using the EPR-effect is most effective when nanoparticles have hydrodynamic diameters

between 100 and 400 nm, which is in the range of the produced CN3-liposomes [118]. Yet, the EPR effect is highly

heterogenous phenomenon and is known to be much larger in rodents as compared to humans [119]. Therefore, the

produced CN3-liposomes might give difficulties when administered to humans. In addition, the increase in size of

approximately 60 nm for the CN3-liposomes is not solely due to the peptide. The peptide has an approximate size

of 0.42 nm, which adds, in theory, 0.84 nm to the diameter of the DBCO-liposomes. A possible explanation for the

size increase could be fusion, swelling, and aggregation of the liposomes which can be induced by peptides [120].
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Nonetheless, a slight negative charge on the liposomes could prevent aggregation and could have beneficial uptake

properties while not being toxic to cells [121].

Coupling of the CN3-peptide to the liposomes was facilitated using strain-promoted alkyne-azide cycloaddition (SPAAC),

a type of copper-free click chemistry [122]. DBCO-liposomes were coupled to azide-conjugated CN3-peptide at physi-

ological pH [123, 122]. Noteworthy, although the DBCO-liposomes were stable over the course of 56 days, it did not

mean that the liposomes could still be used for coupling. Gai and coworkers demonstrated that the DBCO-molecules

per liposome decreased by more than 50% in the first week and it was suggested that the hydrophobic DBCO buries

itself in the hydrophobic lipid bilayer over time [123].

The coupling-efficiency was calculated by measuring the absorbance of the supernatant after centrifugation of CN3-

liposomes with free CN3-azide. For protein/peptide analysis, the most frequently used wavelength for detection is 280

nm. At 280 nm, aromatic amino acids tryptophan and tyrosine absorb the UV light [124]. Since our peptide does not

contain any tryptophan and tyrosine, absorbance at a wavelength of 205 nm was detected. The absorbance between

180 and 230 nm is solely due to peptide-bonds [125]. Based on the developed equation (equation 2), the coupling-

efficiency can never reach 100% as the DBCO-molecules are situated inwards as well as outwards of the liposomes.

A perfect coupling-efficiency holds a number from 50% and above. An exact measurement of the coupling-efficiency

should include measuring the availability of unbound DBCO on the liposomes, as proposed by Gai and colleagues

[123], after coupling.

PEG-liposomes were used as a negative control for the liposome binding experiments and the uptake experiments. A

similar study demonstrated the use of a scrambled version of the main peptide which functioned as a control [126].

A scrambled peptide displays the same sequence of amino acids, however, arranged in a different order as compared

to the main peptide. Therefore, the lack of a scrambled version of the CN3-peptide, which could be coupled to the

liposomes, is a limitation of the binding experiments.

Regarding the comparison of fluorescent intensities in the liposome binding experiments, one might expect a higher

degree of binding of CN3-liposomes to both collagens as compared to the negative control. As discussed before, since

the coupling efficiency did not include a measurement of the available DBCO-molecules, it is uncertain where the

peptide ends up. In addition, if large amounts peptide gets buried in the lipid bilayer and only a small part is available

for binding, one can expect an impairment of potential binding affinity [104, 123]. Using a 50-times molar excess of

free CN3-peptide to block binding of the liposomes, only a small difference was observed which was not statistically

significant in the combined measurements on collagen type I. A possible explanation could be that when CN3-liposomes

bind, the free CN3-peptides are sterically hindered by these liposomes which make them unable to bind to the coated

collagen [127]. The use of non-fluorescent CN3-liposomes to block the red fluorescent CN3-liposomes could be a better

strategy. Yet, Ai and coworkers did manage to block liposomes with free peptide by pre-treating the collagen-coated

plates with free peptide [61]. Thus, not pre-blocking the collagen-coated plates and not using proper controls are both

major limitations of these binding experiments.

In a preliminary uptake experiment, hPaSteCs showed equal uptake of PEG- and CN3-liposomes. Yet, this difference

was not statistically significant to the cells on collagen-coated surfaces without liposomes. Fibroblasts have shown

to adhere to collagen type I within 2 hours and slowly spread afterwards [128, 129]. Regarding phagocytic behavior,

quiescent hPaSteCs are known to act as phagocytic cells in the pancreas and is essential in limiting the extent of

inflammation [130].

A low number of hPaSteCs (5,000 cells per well) was used to ensure a higher positive signal per cell when engulfing

liposomes that were bound to the collagen. As a total of 15,000 cells were supposed to be counted per measurement,

only 10,000 cells could be recovered from which 66% was indicated as viable.
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Counting approximately 5,000 cells per measurements, which is regarded as low, had its effect on the measured

fluorescent intensity [131]. Since the histograms revealed a ragged appearance and the count was rather low, the

statistics were regarded as questionable. Since CN3-liposomes revealed an overall higher fluorescent intensity on

the collagen-coated plates, it was expected that hPaSteCs in that group would contain an overall higher fluorescent

intensity. Yet, the detected mean fluorescent intensities fluctuated a lot and did not reveal any statistically significant

difference between samples. A possible explanation could be that the liposomes or peptides were degraded over time

at physiological conditions in culture medium. The stability of the liposomes was not evaluated at those condition.

Another explanation for the low fluorescent signal observed, could be that the phagocytic activity of hPaSteCs was

overestimated. Not much is known about the phagocytic activity of hPaSteCs. Stellate cells of the liver (HSCs)

have been researched for their phagocytic behavior in quiescent state which could be applicable to hPaSteCs as well

[132, 133]. Regarding the possible role of collagen type I, HSCs cultured on collagen type I gels stimulated activation

of these cells which might alter the phagocytic behavior [134].

In an interesting review written by McKleroy et al., it was discussed that collagen is degraded by MMPs, Cathepsin

K, and by spontaneous denaturation and that these collagen fragments could be engulfed by fibroblasts [135]. Since

the amount of collagen used in these experiments is rather high, it could be possible that the hPaSteCs were saturated

with collagen fragments before engulfing fragments that include collagen-bound particles. In this regard, increasing

the cell number could solve this problem. Yet, this does not explain the difference between PEG-liposomes and

CN3-liposomes.
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5 Conclusion

Targeting collagen in the tumor stroma could provide a novel approach to target desmoplastic adenocarcinomas.

This study demonstrated increased binding of the novel CN3-peptide to collagen type III as compared to collagen type

I. Furthermore, neglectable binding to collagen type II and fibronectin was observed, indicating the specificity of the

CN3-peptide to the collagens that are upregulated in the tumor stroma of adenocarcinomas. However, more proteins

which could interact with the peptide were not evaluated.

Then, the CN3-peptide showed colocalization with collagen types I and III in vitro. Yet, collagen type III production

was low as compared to collagen type I and the CN3-peptide was observed to bind unspecifically as well, which could

be a result of its hydrophobicity.

Using PDAC tissue section from KPC mice, increased amounts of matured and fibrillar collagen types I and III was

present as compared to in vitro experiments. Although the CN3-peptide appeared all over the cells, clear overlap was

observed for both collagens which suggests that the CN3-peptide can bind to PDAC-induced native collagen types I

and III.

In the search for collagen-binding nanoparticles, the CN3-peptide was coupled to liposomes and revealed high coupling-

efficiencies which was measured using a self-developed method. Nevertheless, whether the hydrophobic CN3-peptide

is encapsulated in the lipid bilayer or displayed on the exterior of the liposomes, remains unknown.

CN3-coupled liposomes showed great stability over time and demonstrated binding to collagen types I and III in a

binding assay. Furthermore, although the CN3-liposomes could be blocked with excess free peptide, the inhibition of

binding was low which could be due to steric hindrance of the liposomes.

Evaluating uptake of CN3-coupled liposomes, which were bound to collagen, showed no difference between CN3-coupled

liposomes and control liposomes. Yet, the low cell count and choice of cells could have hampered the experiment. In

addition, the stability of the liposomes at physiological conditions was not evaluated and could have its impact on the

experiment as well.

Since the CN3-peptide did already show specific binding to collagen type I and collagen type III, further research

should focus on improving the peptides’ properties and binding specificity; evaluating different nanocarriers and their

stability at physiological conditions; the choice and the ability to load therapeutic agents in the nanocarriers; improving

in vitro models to evaluate binding, penetration, toxicity, and therapeutic efficacy of CN3-coupled nanocarriers; and

performing in vivo distribution, toxicity, and efficacy studies.

All in all, this study demonstrated the use of the novel CN3-peptide to actively target collagen types I and III which

are both known to be abundantly expressed in the fibrotic TME.

6 Future perspectives

Suggestions for future research were briefly mentioned in the conclusion. In this section, a more elaborate discussion

on these ideas is provided.

At first, future research should focus on the properties and the binding specificity of the CN3-peptide. When binding

of the CN3-peptide was visualized in in vitro and ex vivo experiments, it became clear that the CN3-peptide had

some unspecific binding to the cells. As unspecific binding was not observed in ELISAs, the question arose what the

possible mechanism could be. By searching for the properties of the CN3-peptide, the CN3-peptide showed to be

largely hydrophobic and had hardly any charge. Therefore, it was suggested that the CN3-peptide could interact with

the cell membrane or other hydrophobic molecules which should be investigated.

More difficulties were encountered when coupling the CN3-peptide to liposomes. As the binding affinity of the CN3-

coupled liposomes was low, the above proposed phenomenon might be happening as well. Therefore, one should focus
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on improving characteristics of the CN3-peptide by, for instance, adding or interchanging amino acids. Interchanged

amino acids should contain increased charge or increased hydrophilicity that could possibly reduce unwanted effects.

Furthermore, cyclization of the CN3-peptide might increase binding affinity and specificity as well. A better binding

affinity and specificity was observed when producing cyclic RGD-peptides as compared to the linear versions of RGD-

peptides [136]. A combination of the latter named modifications could result in a peptide with higher binding affinity

and specificity.

In addition, selecting the right nanocarrier could solve the earlier named problems as well. By using nanocarriers that

have more hydrophilic properties, one could prevent hydrophobic interactions of the peptide with the nanocarrier.

The use of polymers to produce nanocarriers, such as poly (lactic-co-glycolic acid) (PLGA), allow tunability of the

nanocarriers as one can vary the LA/GA-ratio to tune hydrophilicity [137]. Another benefit of using polymers is

that the peptide can be coupled to the polymers before synthesizing the nanoparticles. Furthermore, as polymeric

nanocarriers are more likely to appear as a network instead of a capsule, interactions such as those observed with

hydrophobic peptides and lipid bilayers are undone.

After finding the right nanocarrier that allows the CN3-peptide to bind to the collagen to its full extend, one must

thoroughly research the stability of the carriers at physiological conditions. Thereafter, one must determine which

therapeutic agent to use in further experiments.

Improving in vitro models to evaluate binding, penetration, toxicity, and therapeutic efficacy of CN3-coupled nanocar-

riers is another aspect for future research. The current study has shown that two-dimensional cultures of activated

hPaSteCs did not result in the desmoplastic reaction observed in vivo. Three-dimensional in vitro models in which

fibroblasts are activated and in which high expression of collagen types I and III is observed, could be interesting to

use [138, 139]. In such a model, one can evaluate binding and penetration of the nanocarriers. The penetration depth

of the nanocarriers could reveal whether this approach is substantial or not, as demonstrated in a study performed by

Ai et al. [61].

All the existing studies that have used collagen-binding moieties, proceeded to in vivo rather quickly. After experiments

that demonstrated binding characteristics of their collagen-binding moiety, the moiety was coupled to a therapeutic

agent or a carrier, and was then injected in mice [61, 65, 66, 67, 68, 69]. Since the tissue sections provided a

lot of information and showed high amounts of collagen, injecting KPC mice with fluorescent-labeled CN3-coupled

nanocarriers could give more information about the distribution and penetration of CN3-coupled nanocarriers.
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A Appendix

Figure A1: CN3-biotin binding experiments using ELISAs . A) Estimated binding affinity of CN3-biotin to collagen

type III (n=6, 3 experimental replicates). B) Comparison between human collagen types I and III using few methodical

alterations, as described in the results section (n=3).

Figure A2: Immunofluorescence of KPC cells. KPC cells were stained with 4′,6-diamidino-2-phenylindole (DAPI,

blue), CN3-biotin (green), and goat anti-collagen type I (red). CN3-biotin was used at 2 µM, 0.5 µM, and 0 µM.

Representative images (n=3), scale bar = 200 µm.
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Figure A3: Quantification of collagen deposition for collagen type I and collagen type III with or without TGF-β1

and Dextran Sulfate >500 kDa (n=6). Statistical analyses were done using analysis of variance (ANOVA). ∗∗p<0.01;

∗ ∗ ∗p<0.001.
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Table A1: Lipid molar ratio (HSPC, Cholesterol, Lipoid PE 18:0/18:0-PEG 2000, and DSPE-PEG-DBCO) and the

extrusion protocol tested that lead to the final formulation. ∗Extrusion and new collection tube on the next day
Lipid molar ratio Extrusion filter (pore size in µm) Extrusion repetitions Size (nm) (n=3) PDI (n=3) Remarks

7.5:2:0.25:0.25

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

3

3

6

171 ± 2 0.24 ± 0.02 Sedimentation when stored at 4°C

7.5:2:0.4:0.1

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

3

3

8

133 ± 2 0.13 ± 0.02

6.5:3:0.4:0.1

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

3

3

12

142 ± 1 0.12 ± 0.01 30 mol% cholesterol for more stable particles

6.5:3:0.4:0.1

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

0.08 + 0.08*

3

3

3

5

125 ± 1 0.10 ± 0.02

6.5:3:0.4:0.1

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

0.08 + 0.08

0.05 + 0.05*

3

3

3

5

5

114 ± 1 0.20 ± 0.01

6.5:3:0.4:0.1

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

0.08 + 0.08

0.08 + 0.05*

0.05 + 0.05*

3

3

3

10

3

4

92 ± 1 0.13 ± 0.01

6.5:3:0.4:0.1

0.4 + 0.4

0.2 + 0.2

0.1 + 0.1

0.08 + 0.08

3

3

3

10

98 ± 0 0.10 ± 0.01 New collection tube after extrusion 0.1 µm filters
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Figure A4: Raw data on liposome size and absorbance of CN3-peptide. A) Size distribution intensities as measured

by the Malvern ZetaSizer (n=3, representative distributions shown). B) Absorbance per wavelength (nm) of different

concentrations CN3-azide as measured on the Shimadzu spectrophotometer. Strong absorbance can be observed

around 205 nm. C) Calibration curves used to calculate the coupling-efficiency of CN3-azide to the DBCO-liposomes.
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